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Operational strategy preventing scaling and wetting in an
intermittent membrane distillation process
Hye-Won Kim1✉, Am Jang2 and Seongpil Jeong 1,3✉

The solar-powered membrane distillation (SPMD) process can improve the energy efficiency by using solar energy as a heat source.
However, the SPMD process can only be intermittently operated due to the variation of the daily solar irradiation. In this study,
effects of intermittent modes (IMs with/without temperature variations (IM-1/IM-2)) and continuous mode (CM) on scaling and
wetting are investigated according to three types of shutdown protocols (P1: non-draining, P2: draining, P3: flushing after draining).
A direct contact membrane distillation coupled with a real-time visualization system using the normalized light intensity and SEM-
EDS are used for analysis of the MD performance in each condition. Consequently, scaling and wetting tendencies of SPMD at P3
are lowest among the tested shutdown protocols. Furthermore, scaling and wetting in CM and IM (IM-1 and IM-2) at P3 show low
differences, indicating that shutdown protocols have a more profound effect than temperature variations and operation mode.
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INTRODUCTION
Membrane distillation (MD) is a process that uses the vapor
pressure difference generated by the temperature difference
between the feed and permeate1–3; it is driven by the principle
that water vapor evaporated from the surface of the porous and
hydrophobic membrane moves to the permeate side through the
pores and is condensed into treated water2,4. The MD process
theoretically removes 100% of non-volatile substances and can be
operated at lower temperatures (60–90 °C) than those used in
commercialized thermal desalination processes and at lower
pressures than those in reverse osmosis processes2,5. Therefore, it
has been extensively evaluated for its applicability to seawater
desalination and zero-discharge systems because it can treat
highly concentrated solutions6,7. In particular, the MD process has
drawn attention as a replacement for the seawater reverse
osmosis process because renewable heating sources such as solar
power or waste heat can economically compensate for the
thermal energy required for the MD process8.
However, scaling and wetting are important problems in MD

process. According to previous studies, the major substances
causing fouling in the MD process for seawater desalination are
CaCO3 and CaSO4

9. Moreover, CaCO3 and CaSO4 are easier to
precipitate in the MD process driven at 40–60 degrees compared
to the non-thermal process such as reverse osmosis operated at
20–30 degrees. Also severe scale tendency occurs at the higher
operating temperature10. CaCO3 reaches the supersaturation level
at the initial concentration in seawater and the operating
temperature, while CaSO4 exceeds the supersaturation level
when the feed solution is thickened during the MD process11.
According to Kim11, CaSO4 scale is observed on the membrane
surface when the seawater is concentrated up to 3.5 times. In
addition, Mg-based scales have been reported to have a high
potential for fouling in seawater desalination.
In particular, membrane wetting occurs only in the MD process

because of direct water penetration across the hydrophobic MD

membrane, which deteriorates the quality of the treated water
and leads to an additional process during the recovery of the
contaminated membrane12,13. According to previous studies,
membrane wetting can be caused by pressure spikes14, tempera-
ture changes due to temporary shutdown15, surface adhesion of
surfactants and organic substances on the membrane surface16,17,
and penetration of scales14. Wetting caused by temperature and
pressure changes can be prevented and dealt by paying close
attention to the operation. Wetting by organic matter in seawater
has a relatively low effect, owing to the small amount of organic
matter in seawater. However, membrane wetting caused by
scaling damages the membrane structure18 and deteriorates the
quality of the treated water and the system on the permeate side,
including pipe lines19,20. Therefore, wetting can delay system
recovery for the next operation cycle.
Recently, interest in sustainable technologies that reduce

energy consumption has increased. Since the MD process can
be operated at a lower temperature than the thermal desalination,
it can be operated by combining with waste heat or renewable
energy. The solar-powered membrane distillation (SPMD) is a
representative MD process operated with renewable energy, in
particular with a solar thermal. Scaling and wetting in SPMD
process, which is operated intermittently, is important problem to
be considered as like in MD process operated continuously.
According to previous studies21, scaling and wetting occur
significantly in the SPMD. The SPMD works during the daytime
when a solar panel is irradiated and stops in the evening when
there is no sunlight. Therefore, the SPMD process is commonly
operated intermittently22,23. An intermittent operation can cause
variations in the quantity and quality of water. According to
Hejazi23, the flux fluctuated in the range of 3 to 14 Lm−2 h−1,
owing to the daily temperature variations being 50 to 70 °C for 5 h
a day. Guillen–Burrieza24 reported that the treated water quality
deteriorated rapidly for 1 h after the MD system was resumed. This
phenomenon was explained to be a result of the formation of
crystals on the membrane surface during cooling of the
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membrane after operation at a high temperature, thereby causing
water quality deterioration. Based on this phenomenon, it was
expected that membrane wetting would be low in continuous
operation. Guillen–Burrieza25 performed the soaking the mem-
brane into the 80 °C of seawater and drying the membrane by
taking out of beakers to simulate wet/dry condition occurred in
the intermittent mode, without an actual MD operation. The test
was aimed to understand the interaction between salts and MD
membrane only caused by the wet/dry condition, ignoring the
uncontrolled factors such as variation in flux and temperature and
pressure spike that occur during the actual MD process. As a
result, contact angle of membrane was steadily decreased due to
severe scaling, and PVDF membrane lost the hydrophobicity
showing the contact angle lower than 90° after the first week.
Therefore, the intermittent operation could cause more severe
scaling and wetting phenomenon than in continuous operation.
In addition, selection of shutdown protocol has significant

effects on scaling and wetting during the intermittent operation in
SPMD. In previous studies, membrane module was drained and
dried after operation until next operation22,24. In this case,
distillate quality was deteriorated with a beginning of next
operation after shutdown period21. Also, severe scaling and
wetting were reported during the shutdown period if membrane
was dried without rinsing and cleaning26,27. Based on the high
impacts of shutdown protocol on scaling and wetting in SPMD
process, Hejazi23 compared different shutdown protocols to SPMD
system e.g. 1. wash and drain 2. drain, and 3. on/off (without
drain), and suggested that the on/off protocol was the best choice
since scales formed on the membrane during the shutdown
period in the drain protocol. However, Li26 pointed that periodic
cleaning and drying is crucial to achieve stable performance of
hydrophobic membrane in SPMD process. In SPMD studies, the
impact of the shutdown protocol on scaling and wetting was
evaluated through indirect experimental result such as electrical
conductivity and flux. Therefore, in order to select a protocol
suitable for stable and long-term operation, it is necessary to
compare and analyze the morphologies of scaling and wetting
tendency according to the protocol type by applying various
analysis methods under the same conditions.
There are two types of SPMD: a compact system (one loop

system) in which feed water is directly heated through a collector
and then flows into the module, and a two-loop system in which a
collector and heat exchanger are installed separately and feed
water is heated through a heat exchanger. Direct circulation in a
compact system can cause corrosion of the equipment. In
addition, the two-loop system has higher stability against
corrosion compared to the compact system, and is mainly applied
in combination with a heat storage device28,29. In addition, in the
case of the compact system, since the solar heat directly heats the
feed water, the operating temperature varies greatly depending
on the amount of solar energy. The two-loop system combined
with the heat storage device can set the temperature and keep it
constant.
To understand the scaling and wetting phenomena, a monitor-

ing system was applied to the MD process. Monitoring systems
enable the detection of the occurrence of scaling and wetting in
terms of space and time during operation in real-time30,31.
Furthermore, monitoring images collected by a camera can be
quantified by image processing32. In a previous study, an optical
coherence tomography (OCT) system was applied to the MD
process to observe scaling30. This system enabled the observation
of the critical point of scale formation by CaSO4. Furthermore, the
MD process requires a system that can simultaneously detect
scaling and wetting as these phenomena are interrelated.
Therefore, the improved monitoring system using light
sources31,33 and a scanning electron microscopy-energy disper-
sion spectrometry (SEM-EDS) analysis34 has been proposed, which

aids in determining the causes and correlations of scaling and
wetting.
SPMD research is mostly focused on improving thermal

efficiency. However, the understanding of scaling and wetting in
the intermittent SPMD process, which is important phenomena in
MD process, is still lacking. Therefore, this study intensively studies
scaling and wetting in SPMD operated intermittently, and
proposes a more stable method for SPMD operation.
Firstly, the effect of the shutdown protocol was analyzed. In the

intermittent operation mode, the shutdown protocol can act as an
important influencing factor on scaling and wetting. Therefore,
shutdown protocols that have been applied in previous studies
are selected, and an optimal protocol based on the scaling and
membrane wetting phenomenon according to each protocol is
proposed.
Second, scaling and wetting in the intermittent operation mode

and the continuous operation mode are compared to verify the
impact of operation modes. By comparing scaling and wetting in
intermittent operation and continuous operation under the same
conditions, it is intended to suggest stable intermittent operation
from scaling and wetting. Here, the compact system with
temperature change (IM-1) and two loop system coupled with
heat storage (IM-2) without temperature change were analyzed
separately for the intermittent operation mode. In addition, in
previous studies, scaling and wetting were analyzed depending
on flux and EC values. A major feature of this study is that in-situ
(visualization system) and ex-situ (SEM-EDS) method are applied
to the analysis of scaling and wetting in the SPMD process.

RESULTS
Effect of shutdown protocol on fouling and wetting
(experimental)
As shown in Fig. 1a, the flux of the MD process in the intermittent
mode of operation using three different shutdown protocols up to
four cycles followed the temperature variations in Fig. 4. The
average maximum flux of each cycle in P1 (non-draining) was 66.5,
65.0, 63.6 and 32.7 kg m−2 h−1, and the average maximum flux of
each cycle in P2 (draining) was 68.5. 67.3, 66.2, and
46.7 kg m−2 h−1. In addition, the average maximum flux of each
cycle in P3 (flushing after draining) was 66.9, 66.0, 59.8, and
57.3 kg m−2 h−1. The fluxes of the three experimental conditions
were the highest in the first cycle and then gradually decreased,
and the flux reduction rate was the highest in cycle 4. The average
maximum flux at cycle 4 was 14% lower than that at cycle 1 when
the shutdown protocol P3 was applied, as compared to the flux
reduction of 51% and 32% for shutdown protocols P1 and P2,
respectively. This gradual decrease in flux could be explained by
membrane fouling and the increasing concentration of salts in the
feed solutions. In addition, the concentration rate of each
condition was the same as VCF 1.2 in cycle 1, VCF 1.5 in cycle 2,
and VCF 2.0 in cycle 3. The concentration rate of cycle 4 under the
conditions of P1 and P2 was the same as VCF 2.5, however, cycle 4
of P3 was operated up to VCF 2.7. Therefore, it was verified that
the scaling tendency appears differently depending on shutdown
protocols, showing the highest concentrate rate in P3.
Figure 1b shows the variation in electrical conductivity (EC), and

the increase of EC value means that deterioration of treated water
quality indicating the wetting tendency. At the start of each cycle,
the electrical conductivity increased compared to the last value of
the previous cycle (Fig. 1b). Comparing the electrical conductivity
values of each protocol (Table 1), the electrical conductivity at VCF
of 2.5 was the highest in P1. The electrical conductivity of P1 was
4.5 μS cm−1 after the end of cycle 1 and increased to 7.3 μS cm−1

after the start of cycle 2. It increased from 6.1 μS cm−1 at the end
of cycle 2 to 11.9 μS cm−1 at the start of cycle 3, and from
10.4 μS cm−1 at the end of cycle 3 to 12.4 μS cm−1 at the start of
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Fig. 1 The performances and visualization results of SPMD processes according to the shutdown protocol. Results of intermittent mode
with temperature variation (IM-1) in different shutdown protocols (P1-P3) according to the VCFs: (a) water flux (b) electrical conductivity (EC)
of distillate water, (c) normalized light intensity of visualization images and visualization images (d) at P1 (VCF 1.9, 21 h), (e) at P2 (VCF 1.5,
16 h), (f) at P2 (VCF 2.0, 16.3 h), (g) at P3 (VCF 1.5, 16 h), and (h) at P3 (VCF 2.0, 24 h).
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cycle 4. In the case of P2 and P3, the electrical conductivity
increased after the start of the next cycle; however, the degree of
increase was negligible in P3. Based on this result, it was verified
that distillate quality can be changed according to the shutdown
protocols, and it was verified that the selection of P3 protocol
enabled to keep the stability of water quality from the wetting.

Effect of shutdown protocol on fouling and wetting (real-time
observation)
Figure 1c shows the variations in the normalized light intensity
value of IM-1 for the three types of shutdown protocols (P1: non-
draining, P2: draining, P3: flushing after draining). The normalized
light intensity value can be decreased by scaling deposited on the
membrane surface and increased by feed water and scaling
penetrated into the hydrophobic membrane. Therefore, the

decreasing and increasing normalized light intensity values imply
the occurrence of scaling and wetting, respectively.
The normalized light intensity values in three types of protocols

were slightly increased at VCF 1.1 (4 h) in the range of 1.0–1.1 and
then decreased again at the first cycle. It is expected that the light
transmittance was increased owing to the improvement of the
flux. In addition, significant decrease in the normalized light
intensity value was observed in common from cycle 3 of three
types of protocols, confirming that scale formation started from
cycle 3. The normalized light intensity value showed decreasing
trend up to 4 cycle in P2 and P3, and the trend was greater at P2
than P3. In particularly, the largest variation of normalized light
intensity value in cycle 3 was observed in P1 among the shutdown
protocols. The normalized light intensity value decreased at a VCF
of 1.8 (20 h) and increased sharply when it exceeded 1.9 (21 h) in
P1. It was inferred that a scale began to be formed at a VCF of 1.8
(20 h), at which the light intensity value started to decrease in P1.
In addition, white spots indicating full wetting33 started to form at
the two inlet points when VCF became 1.9 (21 h) (Fig. 1d) and
normalized light intensity started to increase (Fig. 1c) in P1. As like
the normalized light intensity trend of P1, the formation of scale in
the MD process is related to wetting. In the seawater composition
used in this study, scale formation appeared from VCF 1.8. So that
membrane cleaning or flushing is required before feed concen-
tration reaches VCF 1.8 to prevent scaling and wetting. Also,
among the three protocols, normalized light intensity changes
were significant in the order of P1 > P2 > P3, indicating the degree
of scaling and wetting. The scale tendency depending on the
protocol could be proven through SEM-EDS results.
Figure 2a–c shows the membrane surface after cycle 3 in

intermittent mode with temperature variation (IM-1). In P1 and P2
conditions, a relatively large amount of CaCO3 covers the

Fig. 2 Membrane surface morphologies of the SPMD processes according to the shutdown protocol. The SEM-EDS results in the
intermittent mode with temperature variation (IM-1) according to the shutdown protocols; (a) non-draining protocol (P1, VCF 2.0, 24 h), (b)
draining protocol (P2, VCF 2.0, 24 h) and (c) flushing after draining protocol (P3, VCF 2.0, 24 h) in cycle 3, and (d) draining protocol (P2) without
rinsing and (e) draining protocol (P2) with rinsing in cycle 1. Red scale bar for Fig. 2a–c: 40 μm and green scale bar for Fig. 2d, e: 10 μm.

Table 1. Initial and final distillate conductivity value (μS cm−1) during
the intermittent operation with temperature variation (IM-1) at
different protocols (P1, P2, P3) (Unit: μS cm−1).

Shutdown
protocols

Measurement
time

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Protocol 1 (P1) Initial 6.4 7.3 11.9 12.4

Final 4.5 6.1 10.4 11.9

Protocol 2 (P2) Initial 7.0 5.6 5.1 6.5

Final 4.0 4.8 4.9 7.2

Protocol 3 (P3) Initial 8.9 6.2 5.2 5.4

Final 6.1 5.2 5.1 6.6
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membrane surface, and a relatively small quantity of CaCO3 scales
in P3 were detected than in P1 and P2. Also, a porous membrane
structure is observed with the CaCO3 scale in P3. It means that
scaling was less severe in P3 compared to P1 and P2.
In case of P2, the normalized light intensity values in cycle 2, 3,

and 4 tended to rise rapidly within 1 h of operation. Visualization
images showed that scaling gradually faded from the beginning
of the operation and then almost disappeared after 20 min
(Fig. 1e, f). The variations in normalized light intensity from the
initial period to 1 h of operation were approximately 23% in cycle
2 and 21% in cycle 3. It is worth mentioning that the scale formed
on the surface is partially recovered by cross-flow after the start of
operation, although a scale is formed on the surface due to drying
of the membrane in P2. Figure 2d shows the scale formation
caused by drying of high saline feed solution remaining on the
membrane surface. Also Fig. 2e shows the membrane obtained by
washing the dried membrane after one day. It can be verified that
the observed scale in Fig. 2d has almost disappeared. Based on
this, it is expected that the scale formed in Fig. 2d is not strongly
fixed to the membrane and can be successfully removed by cross
flow after re-operation.
In case of P3, least variable normalized light intensity value in

the range of 0.9–1.1 was identified, indicating stable performance
among the shutdown protocols. The normalized light intensity
value in cycle 3 decreased significantly compared to the normal-
ized light intensity values in cycles 1 and 2, and in cycle 4 it was
relatively constant (Fig. 1g, h). In addition, the normalized light
intensity value at the beginning of cycle did not show a tendency
to increase rapidly during the initial 1 h, and the initial value was
relatively high in cycles 2, 3, and 4 compared to P2. This means
that membrane in P3 was successfully controlled against scaling

and wetting during the shutdown period. Therefore, among the
three protocols, P3 was determined as the optimal protocol.

Effect of operational mode on fouling and wetting
(experimental)
The fouling and wetting phenomena were verified depending on
the different operation modes. In the case of intermittent mode
without temperature variations (IM-2) at P3 (flushing after
draining) (Fig. 3a), the average flux from cycles 1 to 4 gradually
decreased to 32.5, 30.5, 29.8, and 28.0 kg m−2 h−1. The concentra-
tion rate of each cycle was VCF 1.2 in cycle 1, VCF 1.5 in cycle 2,
VCF 2.0 in cycle 3, and VCF 2.8 in cycle 4. Compared with the
results of P3 for intermittent mode with temperature variations
(IM-1), the same concentration rate was observed up to cycle 3. In
addition, intermittent mode with temperature variation (IM-1) at
P3 was concentrated up to VCF 2.7 in cycle 4, indicating that the
concentration was slightly increased in IM-2.
In the case of continuous mode (CM) (Fig. 3a), the flux

decreased smoothly from VCF 1.0 to 1.8 (6 % reduction) and
increased temporarily at VCF 1.8. Then, the flux again reduced as
the VCF increased 1.9 to 2.8 (initial flux: 33 kgm−2 h−1).
Concentration rates were VCF 1.2 after 8 h, VCF 1.5 after 16 h,
VCF 2.0 after 24 h and VCF 2.7 after 32 h. In addition, the amount
of water produced for each cycle was compared to understand
the performance according to the temperature variation and
operational mode (Table 2). The daily water production for IM-1
(P3), IM-2 (P3), and CM were 2525 g, 2592 g, and 2537 g for up to
cycle 4, respectively. Even if there were slight differences in the
quantity of water production, it could be negligible with P3
application.
As shown in Fig. 3b, the continuous operational mode showed

continuous reduction of electrical conductivity value indicating no

Fig. 3 The performances, visualization results, and membrane surface morphologies of SPMD processes according to operational modes.
Results in intermittent mode (IM-1 and IM-2) with flushing after draining protocol (P3) and continuous mode (CM) according to the VCFs: (a)
water flux, (b) electrical conductivity (EC) of distillate water (c) normalized light intensity of visualization images, and SEM-EDS images for (d)
CM and (e) IM-2 modes. Scale bar: 10 μm.
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wetting up to VCF 2.8. In the intermittent mode, IM-1 (P3) and IM
−2 (P3), slight increase of value was shown at the initial stage of
each cycle, while electrical conductivity values gradually
decreased at each cycle up to cycle 4. The fluctuations of the
values in IM−1 (P3) and IM-2 (P3) were negligible, showing stable
water quality compared to in IM-1 with P1 application (Fig. 1b).
Furthermore, the concentration and rejection rates in IM-2 were

slightly higher than those in IM-1 with P3. However, there was no
significant difference in the experimental performance between
IM-1 and IM-2.
The time of continuous contacting time with feed water for the

experimental conditions except IM-1 (P1) was 32 h while that of
IM-1 (P1) was 96 h. Therefore, it is worth to mention that P3
protocol could decrease the time of continuous contacting time
with the feed solution by the draining and remove scalant from
the membrane surface by the flushing.

Effect of operational mode on fouling and wetting (real-time
observation)
Figure 3c shows the variation in the normalized light intensity
value depending on the operational modes (CM, IM-1 (P3), IM−2
(P3)). In case of continuous mode (CM), normalized light intensity
values were constant up to VCF 1.7 and a sharp decrease was
observed at VCF 1.7–1.9, indicating the beginning of scaling from
cycle 3. This result was consistent with the result of the significant
change in normalized light intensity value from 3 cycles in IM−1
condition with the application of three protocols (Fig. 1c).
In addition, according to the results of intermittent mode with

temperature variation (IM-1) and without temperature variation
(IM-2), the range of normalized light intensity value was
maintained at 0.9–1.1 during the operation, despite the fluctua-
tion of the normalized light intensity value in cycles 1 and 2. This is
similar to the normalized light intensity ranges in CM maintained
in the 0.9–1.0 range. In the case of IM-1 and IM-2 with P3
application, a stable trend in terms of scaling and wetting can be
confirmed when comparing the normalized light intensity value
range of 0.9–1.4 for IM-1 (P1) and 0.7–1.1 for IM-1 (P2). Therefore, if
P3 is applied to IM-1 and IM-2, stable operation is possible from
scaling and wetting.
Figure 3d and e shows the results of SEM-EDS analysis

according to VCFs in the CM and IM-2. CaCO3 scale was dominant
component in CM and IM-2 (Fig. 3d and e), and both CaCO3 scales
and porous membranes were detected in IM-2 (P3) (Fig. 3e (The
porous membrane was marked as red circle.)) as in IM-1 (P3) (Fig.
2c). Less severe scaling in IM-1 and IM-2 with P3 application
contributed to higher performance in flux and rejection than in
IM-1 with P1 and P2 applications.
Based on this result, it can be inferred that the scaling and

wetting are significantly influenced by the shutdown protocol
(P1–P3) rather than temperature change (IM-1 and IM-2) and
operation modes (IM and CM). Therefore, it is expected that the
differences in scaling and wetting tendencies between IM-1 and
IM-2 would not be significant if the best protocol such as P3 is
selected.

DISCUSSION
This study investigated scaling and wetting phenomena in an
ordinary membrane distillation and intermittent membrane
distillation system under different shutdown protocols.
Based on the experimental and real-time observation results, it

was possible to understand the principle of scaling and wetting in
the three protocols. In the first case of P1 (non-draining), feed
water was penetrated into permeate through the point where
partial wetting occurred during the shutdown period. In the
intermittent mode with temperature variation (IM-1) condition,
pore condensation occurred as the temperature gradient
decreased in the process of dropping the temperature from high
to low. And the feed solution flowed into permeate during the
shutdown period of P1, resulting in deterioration of water quality.
Also, scaling deposited on the membrane surface preserved
during the shutdown period, and the tendency of scaling was
getting severe with increased cycle. In the case of P2 (draining),
the feed water remaining on the membrane surface evaporated to
form crystal. However, it was confirmed that the scale formed
during the shutdown period was partially recovered by washing
out by cross flow with operation restart. Also, water quality
maintained stable, because the membrane pores were dried
during the shutdown period. Nevertheless, longer shutdown
period can cause the increase in adhesion forces between scaling
and membrane by complete dry-out of scaling on the membrane
surface22. So that there is a possibility that the scale tendency may
become serious depending on the operating circumstances and
conditions. Lastly, in the case of P3 (flushing after draining), the
surface and pores were dried without formation of crystal during
the shutdown period, showing the most stable performance from
scaling and wetting. Therefore, P3 protocol is selected as best
option to prevent the scaling and wetting in the intermittent
operation.
Considering the cost-effectiveness of the three protocols, it can

be a concern that additional facilities or clean water for membrane
cleaning may be required in the P3 protocol. Even taking those
concerns into account, the P3 protocol may be cost effective. In
general, the membrane process in practice requires facilities for
flushing and periodic cleaning to remove irreversible fouling on
the membrane and to decrease the frequency of membrane
replacement. So that, additional facilities for the P3 protocol are
not required in practice. Moreover, the water production of the
experiment (IM-1 (P3)) at the first cycle was 644 (ml d−1). The only
10ml (1.5 %) of produced water was required for flushing if P3
protocol was applied. Also, wastewater generated by the P3
application can be reused by treating in MD process. However, the
application of P1 and P2 causing severe scaling and wetting
increases the frequency of chemical cleaning and membrane
replacement. It means that P1 and P2 have high potential to
reduce cost-effectiveness of SPMD process. Therefore, it could be
cost-effective to prevent fouling and wetting by applying the P3
protocol in practice.
In addition, scaling and wetting according to continuous and

intermittent operation modes were compared. When the P3
protocol was applied, normalized light intensity trend as well as
the recovery rate and rejection rates in IM-1, IM-2, and CM showed
constant or slight variation. Based on this, it was verified that the
tendency of scaling and wetting can vary depending on the
shutdown protocol rather than temperature change (IM-1 and
IM-2) or operation mode (IM and CM).
Consequently, in this study, the most important factor for

controlling scaling and wetting in intermittent operation mode
was verified as a selection of the shutdown protocol. In addition, it
was suggested that the method of managing the membrane
through drainage and washing (P3 protocol) is the most effective
among the three representative protocols that have been applied
in the field. Also, analysis of scaling and wetting was performed

Table 2. Amount of water production according to the operational
modes (cumulative water production (g) / instantaneous water
production (g)).

IM-1(P1) IM-1(P2) IM-1(P3) IM-2 (P3) CM

Cycle 1 689 / 689 681 / 681 644 / 644 674 / 674 682 / 682

Cycle 2 1372 / 683 1378 / 697 1328 / 684 1328 / 654 1328 / 646

Cycle 3 1984 / 612 2073 / 695 1953 / 625 1968 / 640 1971 / 643

Cycle 4 2381 / 397 2409 / 336 2525 / 572 2592 / 624 2537 / 566
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based on the results of visualization system and characterization
(SEM-EDS) as well as experimental results. Proposing the opera-
tional strategy of intermittent operation based on the scaling and
wetting phenomenon analyzed by various analytic methods is
conducted in this study.
The field conditions (operation temperature and thermal

energy) were simulated in this study, and meaningful results
were derived by performing scaling and wetting analysis under
the limited condition. However, there are different field conditions
(operating temperature according to season and weather, shut-
down period, etc.), and it is necessary to study the phenomenon
that changes under the various conditions. Also, the scaling and
wetting phenomenon could be different depending on the
membrane types such as PVDF and PTFE with different structures,
as specified in Supplementary Table 1. Therefore, system
development for field application of the visualization system is
required in a further study, and an understanding of scaling and
wetting phenomenon is needed through characterization of the
membrane used in the field.

METHODS
Membrane
This study used an asymmetric hydrophobic microporous
membrane made of polyvinylidene fluoride (PVDF) (GVHP,
Durapore, USA) for the MD operation. The physicochemical
features of the membrane were suggested by the manufacturer,
as shown in Table 3. The liquid entry pressure (LEP) indicating the
anti-wetting property of the hydrophobic membrane was
measured using the LEP system (Supplementary Fig. 1), and the
average LEP value resulting from the three measurements was
211 kPa.

Feed solution
Normal seawater was used as the feed solution in each
experiment and collected from the East Sea of the Republic of
Korea. The composition of normal seawater was characterized by
atomic absorption spectroscopy (AAS), inductively coupled
plasma-optical emission spectroscopy (ICP-OES), and ion chroma-
tography (IC); the results are shown in Table 4.

Direct contact membrane distillation (DCMD)
A direct contact membrane distillation (DCMD) system, in which
the feed and permeate solution were in direct contact with the
membrane, was applied in this study. As shown in Supplementary
Fig. 2, the DCMD system comprises a heater, gear pump, flow rate,
pressure gauge on the feed side, chiller, gear pump, flow rate, and
pressure gauge on the permeate side. Temperature controllers
were installed to simulate the temperature change caused by solar
irradiation. The water quality and temperature in the feed and
permeate solutions were monitored in the feed and permeate
tanks using electrical conductivity (EC) and thermal meter,
respectively. Increase in electrical conductivity value is regarded
as occurrence of wetting. Flow rates were 0.8 L min−1 in the feed
and permeate sides, and pressure difference between feed and
permeate sides was maintained under 7 kPa. Initial volumes of
solutions were 4 liter of normal seawater in feed and 1 liter of Milli-
Q water in permeate, respectively. DCMD module (77 mm ´
35mm ´ 3mm) with observation window (58mm ´ 40mm) was

used, and the effective membrane area was 2695mm2. The water
flux (J) was converted into the amount of water permeated
through the membrane area (A) per hour by measuring the water
volume on the permeate side every 5 min. And flux and electrical
conductivity are drawn according to the volumetric concentration
factor (VCF), which is defined as the ratio of the initial volume to
the volume at each point during the operation, to compare the
scaling and wetting phenomenon at the same concentration of
feed solution.

Visualization system
This system comprised a charge coupled-device (CCD) camera
(INFINITY2–1M, LUMENERA, Canada), and a plate-type of light-
emitting diode (LED) attached to the module in the permeate was
emplaced to observe the fouling and wetting during the
operation, as verified in a previous study33 (Supplementary
Fig. 2). Experiments using the visualization system were performed
in the black room, and the amount of light of LED was kept
constant to minimize the effect on the variation in the light
intensity of images. Scaling and wetting can be observed as dark
and white spots, respectively, by using the visualization system.
The mechanism of observation through the visualization system

composed of CCD camera and LED light was explained in previous
study13. When light is transmitted through the hydrophobic and
porous membrane, the light is reflected or scattered due to the
difference in refractive index (ND) between the air (ND: 1) in the
pores occupying 75% of the membrane and the PVDF material
(ND: 1.42). However, if the pores of the membrane are filled with
water (ND: 1.33) or scale (ND of CaCO3: 1.6, ND of CaSO4: 1.5), the
difference in refractive index compared to air is reduced and light
transmittance increases. On the other hand, when scale is formed
on the membrane surface, the difference in refractive index
between the scaling and the membrane increases, thereby
reducing light transmittance. Therefore, scaling and wetting can
be detected by monitoring the changes in light intensity.
Decrease in intensity indicates formation of scaling on the
membrane surface, and increase in intensity means occurrence
of wetting.
The light intensity value can be quantified in the range of

0–255; 0 and 255 indicate black and white, respectively. The
visualization images can be quantified using the intensity value,
depending on the degree of light brightness, using ImageJ
software. In this study, the intensity values were expressed as
normalized light intensity values by dividing maximum value of
each image by the maximum intensity value of the initial image.
So that, the normalized light intensity value represents the degree
of change in light intensity compared to the initial image. The
background of selection of normalized light intensity values
among the mean, minimum, maximum value and normalized light
intensity values is specified in Supplementary Note 1.

Table 3. Characteristics of PVDF membrane (GVHP, hydrophobic PVDF
membrane).

Thickness Pore size Porosity Refractive index

125 μm 0.22 μm 75% 1.42

Table 4. Composition of normal seawater and its analytic methods.

Component Concentration (mg L−1) Instrument

Na+ 9280 AAS

Cl− 16,864 IC

Mg2+ 1170 ICP-OES

Ca2+ 385 ICP-OES

K+ 381 AAS

SO4
2− 2541 IC

Sr2+ 5.46 ICP-OES

B3+ 3.17 ICP-OES

Si4− 0.11 ICP-OES
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Normalized light intensity is calculated by the formula:

Normalized light intensity ¼ MIx
MI0

(1)

Where,MIx is maximum light intensity value of visualization
image at x (operation time or volumetric concentration factor
(VCF)) and MIo is maximum light intensity value of initial
visualization image.

Protocol of MD operation
In order to confirm the difference between scaling and wetting
caused by operation modes, intermittent operation (IM) and
continuous operation (CM), experiments were performed in each
operation mode.
Figure 4 show the feed temperature in each condition

according to the operation time. Intermittent operation mode
can be classified into two types according to temperature change,
IM-1 and IM-2. First, IM-1 is a condition that simulates a direct
heating solar system (IM-1), and the temperature is adjusted to
increase and then decrease according to the amount of solar
irradiation. After driving in the range of 20–80 degrees for 8 h a
day, it is intermediated for 16 h. Second, IM-2 is a condition that
simulates a solar thermal system using a heat storage (IM-2),
which is operated for 8 h a day at a constant temperature
(operation temperature: 68.5 °C). The operational temperature in
each condition was referred to the annual average solar irradiation

per hour in Seoul of Republic of Korea, as specified in
Supplementary Note 2. In addition, the temperature in permeate
was adjusted to 20 °C under all conditions.
In addition, the shutdown protocol may affect occurrence of

scaling and wetting during the shutdown period in the
intermittent mode (IM). Therefore, three shutdown protocols that
are commonly applied to SPMD plants were selected (P1: non-
draining, P2: draining, P3: flushing after draining) (Table 5), and
scaling and wetting according to each protocol were compared.
To select the most efficient protocol among P1-P3, three protocols
were compared under the IM-1 condition, and the protocol shown
the highest efficiency in IM-1 was applied to IM-2. Table 6
summarizes the combinations of each experimental condition and
parameter to help understand the various MD experimental
conditions.

Membrane characterization
A SEM-EDS analysis (FEI, Inspect F-50, USA) was performed to
observe the membrane structure and crystal morphology. The
membrane samples were collected by rinsing the membrane
surface with Milli-Q water after each experiment, which prevented
further scaling from forming during membrane sample drying.
And collected samples were dried at room temperature for 24 h.
The samples were placed on a sampling plate and coated with ion
sputter (E1045, Hitachi, Japan) before the SEM-EDS analysis.

Fig. 4 The feed and permeate temperatures of the SPMD processes according to the operational modes. Temperature gradients for the
feed (F) and permeate (P) of the continuous mode (CM) of membrane distillation process, and intermittent mode with temperature variation
(IM-1) and without temperature variation (IM-2) of simulated solar powered membrane distillation (SPMD) process.

Table 5. Specification of drainage protocols.

Types Specification

Protocol 1 (P1) Non-draining The system is turned off right after the MD operation without draining the feed solution from the module. And
feed solution keeps in contact with a membrane during shutdown period

Protocol 2 (P2) Draining Feed solution the module is drained into the feed tank. And membrane in the module is dried during the
shutdown period

Protocol 3 (P3) Flushing after
draining

The membrane surface is rinsed after feed solution is drained into the feed tank. And membrane in the module
is dried during shutdown period

H.-W. Kim et al.
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Table 6. Combination of experimental parameters and conditions.

Continuous mode (CM) Intermittent mode with temperature variation
(IM-1)

Intermittent mode without temperature variation
(IM-2)

Operation time 32 h 8 h a day for 4 days 8 h a day for 4 days

Temperature 68.5 °C 20–80 °C 68.5 °C

Shutdown protocol - P1/P2/P3 P3
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