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ABSTRACT: Solar-assisted distillation is considered promising to
solve the freshwater supply for off-grid communities. In this work, a
passive and flexible multistage membrane distillation (F-MSMD)
device is devised to produce freshwater via solar distillation with the
latent heat of vapor condensation being recycled to enhance its energy
efficiency. By designing a siphon effect, source water is continuously
wicked into the evaporation layer and the concentrated brine flows out
of the device before reaching saturation, which successfully solves the
otherwise challenge of salt accumulation inside the device. To achieve
such siphon flow, the recycled paper is prepared from spent copy paper
and used as the evaporation layer for efficient water delivery owing to
its large pore size and high hydrophilicity. An eight-stage F-MSMD
device exhibits a stable clean water production rate at 3.61 kg m−2 h−1

in the newly designed siphon-flow mode. This work provides a green route for designing a solar-assisted distillation device.
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■ INTRODUCTION

Freshwater scarcity is emerging as one of the great challenges
in the way of global sustainability.1−3 As one of 17 sustainable
development goals (SDG) established by the United Nations
General Assembly in 2015, SDG6 highlights the importance of
ensuring availability and sustainable management of water and
sanitation for all.4,5 Although the world has witnessed
successful advancement in centralized freshwater supply at
urban areas,6 great challenges remain in freshwater supply in
rural and remote regions. Worldwide, over 800 million people
do not have daily access to safe drinking water and around 80%
of them live in rural regions.7

Solar-assisted distillation, which produces freshwater by
converting solar energy into heat to drive water evaporation−
condensation, is an attractive and suitable option for off-grid
freshwater supply in remote regions owing to its low barrier of
entry.8−10 Recent developments in the field are largely focused
on the photothermal materials and their structural designs to
improve the solar-to-vapor efficiency, with the importance of
designing the whole evaporation−condensation system being
paid disproportionately less attention. As a matter of fact, the
design of the condenser is equally, if not more, significant as it
is the “last mile” step to achieve the targeted purpose of
freshwater production. A conventional solar-assisted distilla-
tion device is composed of a photothermal material or simply
bulk water as the evaporator and a transparent cover as the
condenser.11−13 The evaporation−condensation process is

driven by the vapor pressure difference between the evaporator
and condenser due to their temperature difference. In the
conventional solar still, the condenser surface is purposefully
designed to be much larger than the area of the evaporator in
order to provide large surface area for the dissipation of the
large amount of the latent heat released by the vapor
condensation. Consequently, the conventional solar-assisted
distillation devices are generally rigid, heavy, bulky, and still
with an unsatisfactory clean water production rate, typically
<1.20 kg m−2 h−1.11,14

To this end, an energy-efficient, flexible, lightweight, and
compact solar-assisted distillation device is highly desired but
has not been reported thus far. Such a device, if successfully
produced, shall further extend the application breadth of the
solar distillation. Recent work has developed a solar-assisted
multistage membrane distillation (MSMD) device. In such a
device, each stage consists of an evaporation layer, hydro-
phobic and porous membrane, condensation layer, and thermal
conduction layer.15−18 The latent heat of vapor condensation
is recycled to drive another evaporation−condensation process
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rather than dissipating into the ambient environment. Due to
the recycle of the latent heat, no extra heat dissipation surface
is demanded and the area of the condenser can be designed to
be equivalent to that of the evaporator. However, the challenge
remains in how to design a flexible MSMD device with a high
desalination performance, which requires a holistic optimiza-
tion of materials preparation and selection, light absorption,
heat management, water transportation, among others.
Herein, we demonstrate a fully passive and flexible

multistage membrane distillation (F-MSMD) device with the
state-of-the-art solar real seawater desalination performance.
The design of the F-MSMD device is based on a compact
direct contact membrane distillation design within each stage.
The thickness of a typical eight-stage F-MSMD is less than 2
cm, while it compares very favorably against the thickness of
>10 cm of the traditional solar distillation devices.11,12,19 The
evaporation layer in F-MSMD is made of the recycled copy
paper (R-paper). A fully passive siphon-flow mode is devised in
F-MSMD to allow the concentrated brine produced to flow
out before reaching saturation and thus solves the salt
accumulation issue in the evaporation layer.
As a proof-of-concept, an eight-stage F-MSMD device was

fabricated, and it exhibited a clean water production rate of
3.61 kg m−2 h−1 for real seawater desalination, which is
comparable to the state-of-the-art solar-assisted seawater
distillation performances reported in the literature. It needs
to be pointed out that real seawater was employed to evaluate

the seawater desalination performance in this work as
compared to many literature works using 3.5% NaCl as
seawater surrogate.20−23 The F-MSMD device subversively
changes the rigid physical form of the conventional solar
distillation system and opens the possibility of MSMD being
applied in such mobile situations as camping and hiking. The
results of this work shine lights on further developing solar
distillation processes toward practical applications in real
scenarios and will inspire more research efforts to be diverted
into this important topic.

■ RESULTS AND DISCUSSION
Structure of the Multistage Membrane Distillation

Device. The structure of the F-MSMD device is shown in
Figure 1a and Figure S1. Each stage consists of a transparent
thermal conduction layer, evaporation layer, hydrophobic
porous membrane, and condensation layer. Additionally, an
evaporative cooler is designed under the device to dissipate the
low-grade latent heat of the last stage by evaporating the source
water. During operation, the water is delivered by siphon
effect, which demands the materials in the evaporation layer to
be hydrophilic and have a large pore size to enhance the flow
rate. To this end, we developed a simple method to prepare a
recycled paper (R-paper) from commercial copy paper (Figure
2b), which was used as evaporation layer and condensation
layer. Moreover, the PPy coated paper (P-paper), which is
obtained by modifying the R-paper with PPy, is used as the

Figure 1. Schematic illustration of the recycle of copy paper and structure of the flexible multistage membrane distillation device: (a) schematics of
two-stage flexible paper-based MSMD; (b) recycle procedure of the copy paper (steps 1 and 2) and modification of the recycled paper by
polypyrrole (step 3).

Figure 2. Wettability of the paper and their UV−vis−NIR spectrum: (a-1 to a-3) contact angles of water on raw copy paper, recycled paper (R-
paper), and polypyrrole modified R-paper (P-paper); (b) UV−vis−NIR spectrum of the papers.
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photothermal material in the top evaporation layer for sunlight
absorption (see more details in Figures S2 and S3, Supporting
Information).
Hydrophilicity of the Paper. The hydrophilicity of the

paper was evaluated by its contact angle of water. As shown in
Figure 2a-1, the raw copy paper exhibited an initial
hydrophobicity with a contact angle of 105°, and after around
118 s, the water was completely adsorbed by the paper,
indicating that the paper turned hydrophilic after sufficient
contact with water. In comparison, 1 s after the water was
dropped on the R-paper (Figure 2a-2), it was completely
adsorbed, demonstrating that the R-paper was hydrophilic.
The wettability change is presumably attributed to the removal
of the hydrophobic pigments from the raw commercial copy
paper in the process of the water removal from the formed
pulp via filtration. Additionally, after the R-paper was modified
by PPy, the obtained P-paper exhibited comparable hydro-
philicity with respect to R-paper (Figure 2a-3), indicating that
the PPy modification has little effect on the hydrophilicity of
the R-paper. The SEM images of the raw copy paper, R-paper,
and P-paper are shown in Figure S4. As seen, the raw copy
paper is assembled by fibers in compact structure while in the
R-paper and P-paper, the fibers are assembled more loosely.
The pore sizes of P-paper and R-paper are over 20 μm, while
the pore size of the raw copy paper is mostly below 5 μm. It is
known that elevating the pore size in porous materials
increases the capillary-induced flow rate.24−26 Therefore, the
water flow rate in R-paper and P-paper is expected to be higher
relative to the raw copy paper.
Solar Absorptance of the P-Paper. The UV−vis−NIR

absorption spectra of the obtained R-paper and P-paper were
collected and shown in Figure 2b. The P-paper exhibited a
high light absorption between the wavelengths of 300 and
2500 nm, while the R-paper delivered a weak light absorption.
The solar absorptance values of the R-paper and P-paper
(calculated from a weight fraction between absorbed radiation
energy and incoming solar radiation energy)14 are 0.96 and

0.17, respectively. Since the absorption of the porous material
can be affected by its working state (dry or wet) due to the
different refractive index of the air, water, cellulose, and PPy,
the absorption of the wet P-paper was also measured and the
solar absorptance was calculated to be 0.97. Moreover, in the
F-MSMD device, the P-paper was covered by a piece of
transparent EVA film and part of the sunlight was reflected or
absorbed by the EVA film. Note that as long as the sunlight is
not reflected, the sunlight absorbed by the EVA film is also
largely used by the F-MSMD system. Therefore, the solar
absorptance of the F-MSMD system was equivalent to the
solar absorptance of the wet P-paper covered by EVA film, and
the corresponding solar absorptance was measured to be at
0.89.

Clean Water Production Performance. The clean water
production performance of the F-MSMD device was first
evaluated by a homemade experimental setup (Figure 3a)
under one-sun radiation with pure water as source water in the
dead-end mode. The mass change of the collected clean water
was monitored and presented in Figure 3b. The average clean
water production rates of two-stage, four-stage, six-stage, and
eight-stage F-MSMD device (calculated from the slope of the
mass change curve) were 1.81, 2.95, 4.10, and 5.15 kg m−2 h−1,
respectively. A linear relation between the clean water
production rate and the number of stages of the F-MSMD
can be found (Figure 3c). Besides, the clean water production
rates per stage of the two-stage, four-stage, six-stage, and eight-
stage F-MSMD devices were calculated to be 0.91, 0.74, 0.68,
and 0.64 kg m−2 h−1, respectively, indicating that further
addition of stages decreases the clean water production rate per
stage. The temperature of the top photothermal evaporation
layers in the four devices was monitored by infrared camera
(IR). As presented in Figure 3d-1 to d-4, all of them show an
uneven temperature distribution, varying within the range of
40−60 °C, which should be resulting from the low thermal
conductivity of the wet P-paper. The porosity of R-paper and
P-paper was around 0.90 and 0.88, respectively, and the

Figure 3. Clean water production performance of the F-MSMD device: (a) experimental setup; (b) mass change of the collected clean water from
F-MSMD at different stages under one sun illumination; (c) relation between the clean water production rate and number of stages; (d-1 to d-4) IR
image of the photothermal layer in F-MSMD device with different number of stages.
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thermal conductivity of wet paper is assumed to be lower than
that of water (0.6 W m−1 K−1) considering that the space of
the wet paper is occupied by water and small air bubbles. The
area, where the temperature was higher than 50 °C, was
marked in Figure S5, which presents an increasing proportion
with the increment in the number of stages, indicating that the
photothermal evaporation layer in the devices with more stages
had a higher temperature. As a result, more heat was lost by
thermal radiation, leading to a lower clean water production
rate per stage as the number of stages increased.
Seawater Desalination in Dead-End Mode. The F-

MSMD device is aiming to be applied to desalinate various
quality-impaired source water, such as brine, seawater, and
brackish water. In this work, we adopted the real Red Sea
seawater to evaluate its clean water production performance.
Compared to 3.5% NaCl solution that is typically utilized as
seawater surrogate in considerable amount of litera-

tures,20−22,27 desalinating real seawater is more challenging
because the crystallization of the minor species, e.g., MgSO4,
can cause the clogging of the porous structure, resulting in a
massive reduction in evaporation rate.28 It was recently
reported that this problem can be solved by adding trace
amount of nitrilotriacetic acid (NTA) into the real seawater
(more details can be found in Figure S6 and Supporting
Information). To this end, the real seawater was pretreated by
adding small amounts of NTA (10 ppm). As shown in Figure
4a, the eight-stage F-MSMD device working in the dead-end
mode exhibited a monotonically reduced clean water
production rate from 4.34 kg m−2 h−1 to 1.39 kg m−2 h−1

during the 8 h illumination. The average clean water
production rate was calculated to be 2.62 kg m−2 h−1. As
compared to the case with pure water as source water at 5.15
kg m−2 h−1, the device showed a lower initial clean water

Figure 4. Seawater desalination performance of the F-MSMD device working in the dead-end mode: (a) mass change of the collected clean water
from F-MSDM device using seawater as source water and the corresponding clean water production rate; (b) rinsing process of the F-MSMD
device by raw seawater.

Figure 5. Seawater desalination performance of the F-MSMD device working in siphon-flow mode: (a) experimental setup of the F-MSMD device
working in siphon-flow mode; (b) mass change of the collected clean water and the corresponding clean water production rate when seawater was
used as source water under one-sun illumination; (c) clean water production rate in five cycles; (d) mass change of the collected water from F-
MSMD with different stages; (e) ion concentration in the collected water and raw seawater.
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production rate, which should be attributed to the lower
saturated vapor pressure of the seawater.
To remove the salt inside the pores in the evaporation layer,

the evaporation layer was rinsed by the raw seawater. As shown
in Figure 4b, the source water container was lifted to be higher
than the device, allowing the seawater to flow across and
through the evaporation layer before finally exiting from the
outlet on the other side. The salt inside the pores can be
redissolved and taken away by the flowing seawater−water.
After rinsing the evaporation layers overnight, the source water
container was placed back to its original position and the
seawater desalination test was conducted again (second cycle).
As shown in Figure 4a (red line), the device exhibited only
slightly compromised clean water production rate of around
2.50 kg m−2 h−1, indicating that the seawater desalination
performance can be largely recovered by the rinsing procedure.
The temperature of a fixed point in the top photothermal

layer (Figure S7) was continuously monitored in the course of
the experiments. Although such a point does not represent the
temperature of the whole photothermal layer, the point and
the whole photothermal layer have a synchronous temperature
change. As shown in Figure S7, the temperature of this point
increased greatly from the ambient temperature to 53.1 °C in 8
h. The highest temperature of the top evaporation layer at the
end of the experiment was measured to be 69.4 °C, which is
much higher than the scenario with pure water as source water.
The temperature rise should be attributed to the gradual pore
clogging of the evaporation layer because when the pores are
occupied by the crystallized salts, the seawater transport and
evaporation would be inhibited. Consequently, a higher
temperature is the result, leading to more thermal radiation
energy loss and thus reduced clean water production rate.
Seawater Desalination at Siphon-Flow Mode. To

address the challenge of the pore clogging and desalination
performance reduction in the dead-end mode, the siphon-flow
mode was then designed (Figure 5a). The source water was
first wicked into the evaporation layer and then dripped down
from the end of the strip on the outlet side. The flow rate of
the seawater across the evaporation layer driven by this siphon-
flow mode was investigated under both dark and illumination
conditions. Herein, we use the term “discharge rate” to
represent water flow rate as it was evaluated by measuring the
mass change of the collected source water from the outlet. As
shown in Figure S8, the system exhibited a stable discharge
rate in the dark of 2.93 kg m−2 h−1. Once the light was
switched on, the discharge rate decreased dramatically to <1.5
kg m−2 h−1, and in the next 8 h, the discharge rate showed a
descending trend owing to the decline in the water level in the
source water container. The average discharge rate under
illumination was around 0.88 kg m−2 h−1. Under illumination,
when the liquid water passes through the evaporation layer,
part of liquid water is evaporated and condensed in the
condensation layer. As a result, less water flows to the outlet,
leading to a reduced discharge rate. After the light was turned
off, the water discharge rate was increased back to 2.72 kg m−2

h−1, which is slightly lower than that before illumination. The
reduced flow rate should be attributed to the water level drop
in the source water container (around ∼0.5 cm). The mass
change of the collected clean water was monitored
simultaneously, and the results are presented in Figure 5b.
At the siphon-flow mode, the device exhibited a stable clean
water production rate during the 8 h illumination at around
3.61 kg m−2 h−1, which is much higher than the average clean

water production rate when the device worked in the dead-end
mode (i.e., 2.62 kg m−2 h−1). It is worth emphasizing that the
water discharge rate in the dark is not equivalent to the sum of
water evaporation rate and water discharge rate under
illumination, because the evaporation of water from the
pores creates a negative pressure, providing an extra driving
force to pull the water out of the source water container. Such
passive water transport is similar to the transpiration of the
plant. These results demonstrate that the newly designed
siphon-flow mode is capable of eliminating the salt
accumulation in the evaporation layer during seawater
distillation, allowing the device to have a stable clean water
production rate. As shown in Figure S9, the temperature of a
certain point in the top photothermal layer exhibited stable
change with a slightly increased trend from ambient temper-
ature to 37.1 °C in 8 h. The top evaporation layer showed a
maximum temperature of 58.2 °C at the end of the experiment,
which is much lower relative to the case that the device works
in the dead-end mode.
After illumination, the device was kept in the dark overnight,

allowing the source water to continuously rinse the
evaporation layer. The following four cycles were conducted
under the otherwise the same conditions. As shown in Figure
5c, the clean water production rate of the F-MSMD device
working at siphon-flow mode in the five cycles changed slightly
within the range of 3.57−3.66 kg m−2 h−1, exhibiting an
excellent operation durability. Moreover, when seawater was
used as source water, one may raise the concern that small
amounts of additives and stains remaining in the R-paper can
affect the performance of the device. To this end, the pulp was
washed 10 times to ensure the removal of the additives and the
prepared R-paper was used to fabricate a new eight-stage F-
MSMD device. As shown in Figure S10, the device exhibited a
comparable clean water production rate of 3.62 kg m−2 h−1,
confirming that the small amounts of additives remaining in
the paper have little effect on the performance of the device.
The seawater desalination performance of the F-MSMD device
at different number of stages was also measured (Figure 5d),
and the clean water production rates were 1.37 kg m−2 h−1 for
two-stage, 2.32 kg m−2 h−1 for four-stage, and 2.90 kg m−2 h−1

for six-stage. The ion concentrations of the collected water and
source water were measured by ICP-OES, and the results are
shown in Figure 5e. The results demonstrate that the major ion
(i.e., Na+, K+, Ca2+, Mg2+) concentrations of the collected
water were all lower than 10 ppm, indicating satisfactory water
quality for meeting the drinking water guideline of World
Health Organization (WHO) for these ions. Moreover, no
carbon species was detected in the collected clean water by
total organic carbon (TOC), indicating that the NTA was not
evaporated during distillation. This result further demonstrates
that collected clean water is safe enough for drinking.
A larger eight-stage F-MSMD device (10 cm × 10 cm) was

further fabricated for the outdoor test. As presented in Figure
S11a,b, the F-MSMD device is easily rolled up, manifesting its
good flexibility. The outdoor experiment was conducted on the
campus of King Abdullah University of Science and
Technology (Thuwal, Saudi Arabia). The experimental setup
is shown in Figure S12 and Figure S13a, while the ambient
environmental conditions during the experiment are presented
in Figure S13b. With a total solar power of 5.06 kWh m−2, the
eight-stage F-MSMD large device exhibited a clean water
production rate of 16 kg m−2 per day, which is enough to meet
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the minimal drinking water demands for at least four adults per
day.

■ CONCLUSION
We developed a flexible multistage membrane distillation
device (F-MSMD). Highly efficient solar water desalination
was achieved by utilizing recycled paper as the primary
material in the F-MSMD device. In seawater desalination, a
stable clean water production rate of 3.61 kg m−2 h−1 was
realized by developing a newly designed siphon-flow operation
mode, which avoids the salt accumulation in the device.
Developing such a flexible device can make the solar water
distillation device become portable, flexible, and lightweight so
that its application can be further extended to some other
situations such as hiking and camping.
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