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ABSTRACT

The production of freshwater from seawater using solar energy is a sustainable process for resolv-
ing water scarcity problem. For increasing the utilization efficiency of solar energy, the recycle use
of the condensation heat released from water vapor is an effective method. This paper reports a
solar desalination of seawater using a compact multi-stage membrane apparatus, where the mem-
brane part for desalinating seawater by evaporation and the freshwater collecting part for reusing
the condensation heat were densely piled up. In the apparatus, heat transfer and water feeding were
significantly improved to increase the performance of longer time operation. A poly(methyl meth-
acrylate) sheet with low thermal conductivity was found to be more suitable than metal sheets with
high thermal conductivity for the efficient recycle of the condensation heat from water vapor. The
feeding of seawater by siphon mechanism, where seawater was flowed from top to bottom, sup-
pressed the salt deposition to maintain the performance of the freshwater production, while the
desalination performance was drastically deteriorated in the multi-stage apparatuses with cap-
illary action for seawater feeding. Using the apparatus, the energy efficiency based on the energy
from irradiated sunlight reached more than 200% by the repeated recoveries of the condensation
heat. Freshwater was successfully produced from actual seawater with natural sunlight.
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1. Introduction

Seawater accounting for approximately 97.5% of water
on the earth is an inexhaustible water resource. The produc-
tion of freshwater from the massive amount of seawater is
a potent process for solving water scarcity problem in the
world [1,2]. Although various kinds of industrial plants
practically produce freshwater from seawater, they are gen-
erally operated using the energy of fossil fuels. Since these
processes presumably accelerate global climate change
(global warming), seawater desalination by renewable
energies, especially by solar energy (solar desalination), is
strongly required for sustainable production of freshwater.
Some review papers have summarized the recent research

* Corresponding author.

activities on solar desalination [3-5]. Representative solar
desalination is a distillation process through the evapora-
tion of seawater with the heat generated by solar radiation
and the following condensation of water vapor [6,7]. Using
a membrane distillation-based mechanism [8], we have
also studied seawater desalination with sunlight [9-13]. In
our latest three-ply membrane apparatus, photothermal,
hydrophilic and hydrophobic membranes are piled up
in the order from top to bottom. The photothermal mem-
brane generates the heat using sunlight energy to vaporize
seawater of the hydrophilic one. Water vapor permeating
through the hydrophobic membrane produces desalinated
freshwater by condensation [13]. Although there have been a
number of examinations aimed at highly efficient solar light
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harvesting [14-19], the maximum production of freshwater
is determined by solar power irradiated per unit area (which
must be lower than solar constant 1,362 W/m?) and the
vaporization heat of water (more than 2,400 J/g at ambient
temperature), unless the energy released by the condensa-
tion of water vapor is reused. Therefore, the recycling man-
agement of the condensation heat of water is indispensable
in highly energy-efficient solar desalination.

Our latest study on solar desalination revealed that
the modification of the condensation step and the effective
release of the heat generated from water vapor significantly
enhance the recovered volume of desalinated water [13]. It
is expected that the reuse of the condensation heat for evap-
orating another seawater improves the energy efficiency
of our desalination process fundamentally. Recently, the
incorporation of the recovery of the latent heat (condensa-
tion heat) to solar desalination is highlighted for improving
the usage efficiency of solar energy [20-26]. For example, a
research group reported a multi-stage solar distiller with the
efficiency higher than 100% by the recovery of the conden-
sation heat [20]. They also developed sophisticated seawater
distiller systems recently [25]. Another group also claimed
a kind of multi-stage desalination apparatus with photo-
voltaic panel or sunlight absorber, where the efficiency is
sufficiently higher than 100% [23]. In addition, a systematic
apparatus of seawater desalination is reported with ther-
mally localized multi-stage solar still using capillary action
as seawater feeding [24]. In these processes, the part for sea-
water desalination and the part for condensation of water
vapor are piled into multi-stages. This paper reports our
latest developments of solar desalination by incorporating
the recovery of the condensation heat. Our three-ply mem-
brane apparatus was densely piled up to a multi-stage sys-
tem that was designed to be totally compact for the effectual
recovery of the condensation heat and its transfer to differ-
ent seawater. We also improved the materials for transfer-
ring the condensation heat from usually used materials and
the feeding method of seawater from capillary action.
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2. Materials and methods
2.1. Materials

Polytetrafluoroethylene (PTFE) membrane used here
was a PTFE membrane filter (diameter: 142 mm, thickness:
75 pm, pore size: 3.0 um) obtained from Toyo Roshi Kaisha
(ADVANTEC, Tokyo, Japan). Cellulose papers used as water
wick for feeding water were filter papers purchased from
Kiriyama Glass Co., Tokyo, Japan (No. 5A; diameter: 150
or 240 mm, thickness: 0.22 mm, retained particle diameter:
7 um). These papers were cut to suitable shapes for using
as water wicks. Fineshut SP ultra-black light absorbing
sheet (0.2 mm thick) employed as photothermal sheet was
obtained from KOYO ORIENT JAPAN CO., LTD., Saitama,
Japan. Poly(methyl methacrylate) (PMMA) sheet (0.3 mm
thick) was CLAREX Cast Acrylic Sheet obtained from Nitto
Jushi Kogyo Co., Ltd., (Tokyo, Japan). An artificial seawater
was prepared by dissolving the powder of MARINE ART
SF-1 (Osaka Yakken Co., Ltd., Osaka, Japan) into a proper
volume of distilled water. The contents of dissolved ions in
the artificial seawater are listed in our previous paper [11].
Actual seawater was taken from Sanriku Coast of Okatsu-
cho (Ishinomaki City, Miyagi Prefecture). After natural fil-
tration of insoluble materials, this seawater was directly
used in this study. Other materials were mainly purchased
from AS ONE Corporation (Osaka, Japan).

2.2. Experiments of multi-stage apparatus with capillary action

The schematic diagram of the multi-stage apparatus
where water was fed from the downside with capillary
action is illustrated in Fig. 1 (taking a three-stage apparatus
as an example). The apparatus was generally configured
based on a Fineshut SP, water wicks made of cellulose filter
papers (150 mm x 60 mm), circular PTFE membranes, spac-
ers (silicon rubber; 1 mm thick), separators (PMMA sheet;
110 mm x 110 mm) and a Cu base plate (100 mm x 100 mm,
3.2 mm thick). Silicone rubbers as the spacer were cut to

Cardboard photomask

W// 77/ PMMA plate 2 mm thick

W// //% (0.2 mm t)

<~ PETfim

Capillary Wick (Cellulose paper)

PTFE membrane
.\ Spacer (Silicone rubber)

Separator (PMMA sheet)

Water

Base Plate: Copper plate

‘ , Polystyrene petri dish

Fig. 1. Schematic diagram of the multi-stage apparatus by capillary action for water feeding (taking a three-stage system as an

example).
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U-shapes for opening one side of the water storage space
(Fig. 2a). Condensed water was stored in the space formed
by the PTFE membrane, the separator and the spacer. In
general, the Cu base plate, a spacer, a PTFE membrane, a
water wick and a separator were put on in the order from
bottom to top. This pile was stacked in prescribed layers. A
PET (polyethylene terephthalate) film (110 mm x 110 mm,
0.05 mm thick) was put on the top water wick, and a Fineshut
SP (60 mm x 60 mm, 0.2 mm thick) was set on the film.
The direction of water drain of the spacer was set perpen-
dicular to the water wick (Fig. 2b). Finally, a PMMA plate
(110 mm x 110 mm, 2 mm thick) with a hole (50 mm x 50 mm)
at the center was put on the Fineshut. This apparatus sys-
tem was firmly fastened with two wide rubber-bands and
was put horizontally on a polystyrene petri dish facing
upward. A cardboard photomask with 40 mm x 40 mm
hole or with 60 mm x 60 mm hole was put on the top when
it was used for light irradiation experiment.

(a) 110 mm

xmm

y mm

Water drain

In all light irradiation experiments, one end of the water
wick was immersed (approximately 10 mm long) into water
in a small basin. After the whole part of all wicks moistened,
a simulated sunlight from a solar simulator was irradiated
from directly above the apparatus to the prescribed areas
of the Fineshut SP. In the case of experiments of Table 1 and
Fig. 6, Solar Simulator XEF-300 (SAN-EI ELECTRIC Co.,
Ltd., Osaka, Japan) was employed with fixing the light irra-
diation range to 40 mm x 40 mm using a cardboard photo-
mask (110 mm x 110 mm with 40 mm x 40 mm hole at the
center, 3 mm thick) put on the PMMA plate. In the experi-
ments of Tables 2 and 3 and Fig. 9, Solar Simulator XES-70S
(SAN-EI ELECTRIC Co. Ltd.) was utilized with the irradia-
tion area of 60 mm x 60 mm controlled by a cardboard pho-
tomask (110 mm x 110 mm with 60 mm x 60 mm hole at the
center, 3 mm thick). The intensity of the simulated sunlight
was monitored with a pyranometer (ML-01 Si-pyranometer,
EKO instruments, Tokyo, Japan). The temperature of the

(b) 110 mm

Square hole
(50 X 50 mm)

Waterdraind\ /‘-

Fig. 2. (a) Shapes of spacers cut to U-shapes. x = 50, y = 80 when used in experiments of Table 1 (Irradiation area: 40 mm x 40 mm).
x =70, y = 90 when used in experiments of Tables 2 and 3 (Irradiation area: 60 mm x 60 mm). (b) Schematic diagram of the top
part of the multi-stage apparatus with water feeding by capillary action.

Table 1
Volumes of recovered water with multi-stage apparatuses”

Run Number of stage Recovered water on stages (L/m*h) Energy
First Second Third Total efficiency (%)

1 1 0.51 - - 0.51 35

2 2 0.39 0.47 - 0.86 59

3 3 0.41 0.44 0.44 1.29 89

4 3 0.35 0.42 0.44 1.21 83

5¢ 3 0.46 0.40 0.35 1.21 83

6! 3 0.32 0.29 0.23 0.84 57

7 3 0.38 0.44 0.43 1.25 86

& 3 0.27 0.39 0.22 0.88 60

9's 3 0.07 0.06 0.05 0.18 -

“Distilled water was fed with capillary action. Irradiation conditions: 1,000 W/m? for 1 h. Irradiated area: 40 mm x 40 mm using Solar Simulator
XEF-300 (SAN-EI ELECTRIC Co. Ltd.). Separator: PMMA sheet (0.3 mm thick). Spacer: 1.0 mm thick. Base plate: Cu plate (3.2 mm thick).
"Distance between PTFE membrane and separator was 0.5 mm. ‘Distance between PTFE membrane and separator was 2.0 mm. PMMA
plate (3 mm thick) was used as base plate. ‘Cu plate (6.4 mm thick) was used as base plate. /Artificial seawater (MARINE ART SF-1)

was used. SPTFE membrane was not used.
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Table 2
Seawater desalination using five-stage apparatus®

Time (h)  Seawater feeding Recovered water on stages (L/m?) Energy
method 1st 2nd 3rd 4th 5th Drain® Total efficiency (%)

0.5 Capillary 0.21 0.24 0.21 0.19 0.17 0.00 1.03 141

1 Capillary 0.56 0.46 0.35 0.26 0.32 0.00 1.95 133

2 Capillary 0.81 0.91 0.51 0.37 0.33 0.00 2.92 100

3 Capillary 0.39 0.50 0.64 1.12 0.46 0.00 3.10 71

4 Capillary 1.36 0.67 0.44 0.38 0.37 0.00 3.23 55

0.5 Siphon 0.31 0.27 0.25 0.19 0.16 0.00 1.19 162

1 Siphon 0.29 0.52 0.45 0.46 0.43 0.00 2.14 147

2 Siphon 0.52 0.69 0.73 0.75 0.87 0.26 3.82 131

3 Siphon 0.34 1.45 1.24 0.95 0.71 0.54 5.23 119

4 Siphon 0.77 0.83 1.04 1.40 191 0.00 5.95 101

“Artificial seawater (MARINE ART SF-1) was fed. Irradiation intensity: 1,000 W/m?. Irradiated area: 60 mm x 60 mm using Solar Simulator
XES-70S (SAN-EI ELECTRIC Co. Ltd.). "Volume of the recovered water collected in a rectangular vessel placed outside of the drain part of the

spacer as drained water (Fig. 2).

Table 3
Seawater desalination using ten-stage apparatus®

Sunlight Intensity Irradiation Total volume of recovered Electric conductivity Energy efficiency
(W/m?) time (h) water (L/m?) (uS/cm) (%)

Simulated 1,000 1 3.16 9 216

Simulated 1,000 4 9.38 7 160

Simulated 800 4 8.29 12 177

Simulated? 1,000 1 4.02 - 275

Natural* 616" 4 5.59 21 152

“Artificial seawater (MARINE ART SF-1) was fed with siphon mechanism. Irradiated area: 60 mm x 60 mm. "Distilled water was fed.

cActual seawater was fed. ‘Average intensity of 4 h.

experimental room was controlled approximately from 18°C
to 20°C by a common air conditioner. After the irradiation,
water permeated through PTFE membrane was collected
in the space under the PTFE membrane. Water spilled out
of the space was recovered in a rectangular vessel placed
outside of the drain part of the spacer as drained water
(Fig. 4). The volumes of water obtained on each separator
and in the drain vessel were estimated by weighing those
recovered waters. Results of the water volume were the
averages of several experiments, where no profound dif-
ferences were found in the respective experiments. When
seawater was used, the salinities of the recovered water
on the first stage and the last stage (on the Cu base plate)
were estimated from their electric conductivities analyzed
by a conductance meter, B-771 LAQUAtwin compact con-
ductivity meter (HORIBA, Ltd., Kyoto, Japan). Since there
were not many differences between them, the electric con-
ductivities on the first stage were listed in all tables as
representatives.

2.3. Experiments of multi-stage apparatus with siphon mechanism

The experiment apparatus with siphon mechanism was
based on that with capillary action, where only water wicks

were changed. The schematic diagram of the experimental
apparatus where water was fed from the upside with siphon
mechanism (taking a three-stage system as an example)
using a longer cellulose filter paper (240 mm x 60 mm) as
water wick and a photo image of a ten-stage apparatus are
illustrated in Figs. 3 and 4, respectively. The simulated sun-
light was irradiated by Solar Simulator XES-70S (SAN-EI
ELECTRIC Co. Ltd.) to the area of 60 mm x 60 mm limited
by a corresponding cardboard photomask. The water level
in the seawater basin (left side) was approximately 1 cm
higher than the first stage of the apparatus, and the end
terminal of the wick (right side) was placed at about 4 cm
lower than the bottom plate. Other items and conditions
were the same as those using capillary action.

2.4. Experiments of solar desalination of actual seawater with
natural sunlight

The solar desalination experiment of actual seawater
using natural sunlight was carried out on a roof terrace of a
building in Tohoku Center of National Institute of Advanced
Industrial Science and Technology (AIST Tohoku in Sendai
City, Miyagi Prefecture) in a comparatively sunny day of
March for 4 h (approximately 10 am. to 2 p.m.). In these
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Fig. 3. Schematic diagram of the multi-stage apparatus by siphon mechanism for water feeding (taking a three-stage system as an

example).

Fig. 4. An image of a ten-stage apparatus with water feeding by siphon mechanism.

experiments, the ten-stage apparatus with siphon mecha-
nism was used. The irradiated area was limited by a card-
board photomask to 60 mm x 60 mm. The solar energy was
monitored with a Solar Power Meter SPM-SD (SATO TECH,
Kanagawa, Japan) at the same time. Other experimental
procedures were similar to those with simulated sunlight.

2.5. Estimation of energy efficiency

The energy efficiency was calculated by the recovered
volumes of water and the energy of the irradiated light
using the following equation [13]:

(%)= %xloo 1)

e

where 1 is energy efficiency, H is the vaporization heat of
the recovered volumes of water, and Q, is the energy of the
irradiated sunlight to the prescribed areas. The vaporization
heat at 20°C was employed in this calculation, because the
initial temperature of water or seawater was approximately

20°C in most experiments. Since the energies used for the
vaporization of unrecovered water and for heating water
with temperature elevation were excluded in this cal-
culation, the energy efficiencies presented in this paper
are regarded as the minimum values of the efficiency.

2.6. Temperature measurements

The temperature variations of hot water on PMMA
sheet or Al sheet were monitored by the following way.
To a thermocouple attached on the top surface of PMMA
or Al sheet, 1 mL of hot water (approximately 90°C) was
dropped. The measurement of the temperature was started
just before the dropping. The temperature variations of the
back side of PMMA sheet or Al sheet were monitored by the
analogous manner, where the thermocouple was attached
on the bottom surface of PMMA or Al sheet. Thermography
images were recorded by an infrared thermography camera
Testo 871 (Testo K.K., Kanagawa, Japan). The temperature
of the experimental room was controlled at around 22°C
by a common air conditioner. The images of Fineshut SP
were taken from obliquely upward under the irradiation
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of simulated sunlight from directly above (1,000 W/m?).
The images showing thermal conductions in PMMA or
Al sheets from hot water were monitored from directly
above after dropping 1 mL of hot water.

2.7. Scanning electron microscope observation

Scanning electron microscope (SEM) images of water
wicks were obtained by JEOL JSM-6390 electron micro-
scope (Tokyo, Japan) after using for the desalination with
five-stage apparatus under the irradiation of simulated
sunlight at the intensity of 1,000 W/m? for 2 h.

3. Results and discussion
3.1. Performances of multi-stage apparatuses with capillary action

At first, the effect of the stage number of multi-stage
apparatus on the performance of water treatment is

(©

examined. Capillary action from the downside is employed
as water feeding with a water wick of cellulose filter paper.
In the optimizing stage of our multi-stage apparatus, dis-
tilled water was employed, because of the high reproduc-
ibility and the efficiency of those experiments. A black light
absorbing sheet (Fineshut SP) is utilized as a photothermal
sheet as is the case with our latest paper [13], which gener-
ated heat by light irradiation. Fig. 5 illustrates thermography
images of the light absorbing sheet under the irradiation of
simulated sunlight at the intensity of 1,000 W/m?. The tem-
perature of the central part of the sheet rapidly increased
with irradiation time. After 30 s irradiation, the temperature
reached 31.8°C from 22°C. Since the elevation of the tem-
perature from 3 to 5 min irradiation was slight (from 35.6°C
to 36.0°C), it is likely that the generation and release of heat
came to equilibrium after 5 min irradiation. The temperature
decreased to 25°C at 1 min after stopping 5 min irradiation.
The schematic diagram of the multi-stage apparatus is
shown in Fig. 1. In a single stage apparatus for the water

Fig. 5. Thermography images of a light absorbing sheet (Fineshut SP) under the irradiation of simulated sunlight (1,000 W/m?).
(a) 5 s irradiation, (b) 30 s irradiation, (c) 1 min irradiation, (d) 3 min irradiation, (e) 5 min irradiation, and (f) 1 min after stopping

irradiation.
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treatment experiment, the water wick was sandwiched
between the light absorbing sheet and PTFE membrane. A
silicone rubber spacer with empty space for storing per-
meated water (Fig. 2a) and a Cu base plate were set under
the PTFE membrane. In multi-stage apparatuses, separator
sheets and different water wicks were incorporated under
the silicone rubber spacers. As listed in Table 1 using dis-
tilled water, 0.51 L/m?h of water was collected under the
PTFE membrane in the single stage apparatus (run 1). In
the cases of multi-stage apparatuses using PMMA sheet as
the separator, the permeated water through the PTFE mem-
brane was found even on the second and third stages (runs 2
and 3). The recovered volumes of the waters on these stages
were slightly higher than that on the first stage, and the total
volume of the recovered waters increased with the number
of the stages. It is clear that the condensation heat gener-
ated from water vapor was successfully reused to evaporate
water in the water wick just beneath. The energy efficiency
of the three-stage apparatus reached nearly 90%, while the
efficiency of our latest study using heatsinks was around
60% [13]. The distance of 1 mm between the PTFE mem-
brane and the separator was optimal. The experiments with
the distance of 0.5 or 2.0 mm controlled by the thickness of
the silicon rubber spacer showed slightly lower volumes of
recovered water (runs 4 and 5). The material of the base plate
was also an important factor. When a PMMA plate (3 mm
thick) was used instead of the Cu plate (3.2 mm thick), the
total volume of the water was considerably reduced from
1.29 to 0.84 L/m*h (run 6). While the temperature of Cu
plate (3.2 mm thick) was increased more than 5°C after the
experiment, the temperature elevation of the PMMA plate
was less than 2°C. The Cu plate with high heat conductiv-
ity (the heat conductivity of Cu at 300 K: 402 W/m-K [27])
efficiently released heat to promote the condensation of
water vapor. On the other hand, the limited release of heat
by the low heat conductivity of the PMMA plate (the heat
conductivity at 300 K: 0.15 W/m-K [27]) hindered the con-
densation. A thicker Cu plate (6.4 mm thick) had no clear
enhancing effect on the volume of water (run 7). Thus, the
distance between the PTFE membrane and the separator
was fixed to 1 mm, and the Cu plate (3.2 mm thick) was
employed as base plate in the following experiments.

3.2. Effect of materials of the separator

The material of the separator placed between silicone
rubber spacer and water wick was a crucial factor for the
performance of the apparatuses. In the recycle use of the
condensation heat, the heat must be efficiently transported
to another water wick for vaporizing different water. In
the researches directed for the recovery of the condensa-
tion (latent) heat [20,21,23-26], the metallic separators with
high heat conductivity, mainly Al metal materials (the heat
conductivity of Al at 300 K: 237 W/m-K [27]), were exclu-
sively used. Fig. 6 summarized the effect of the separator
sheet on the volume of recovered water in the three-stage
apparatus. When metallic Al (0.1 mm thick) and Cu sheets
(0.4 mm thick) were employed as the separator, the volumes
of the recovered water were significantly reduced compared
with the case with PMMA sheet. Another plastic poly-
mer sheet PVC (polyvinyl chloride; the heat conductivity

at 300 K: 0.16 W/m'K [27]) showed an analogous result to
the PMMA sheet. Thus, these polymer sheets with low heat
conductivity were more effective than Al and Cu sheets
in our apparatus. The temperature variations of water on
the PMMA sheet and the Al sheet were compared using
1 mL of hot distilled water (about 90°C) as illustrated in
Fig. 7a. The temperature of the water on the PMMA sheet
decreased more slowly than that on the Al sheet. After 2 min,
the temperature difference reached approximately 5°C.

The temperature variations of the back sides right
below the hot water revealed the transfer of the conden-
sation heat more directly. As illustrated in Fig. 7b, in the
case of the Al sheet, after the rapid elevation to about
60°C, the temperature instantly decreased. Within 4 min,
the temperature of the sheet returned to the original one.
On the other hand, the temperature increase of the PMMA
sheet was slow and the temperature gradually decreased.
Approximately 10 min was required to return to the origi-
nal temperature. Fig. 8 illustrates the thermography images
of 1 mL of hot water on PMMA sheet or on Al sheet at
120 s after the hot water was dropped. In the image of the
PMMA sheet (Fig. 8a), although the domain of the water
was observed as light blue domain, no region of the PMMA
sheet was detected. On the other hand, in the image of Al
sheet (Fig. 8b), square Al sheet was dimly observed with a
pale domain of cooled water. This image indicated that the
heat of the hot water was transferred to all part of the Al
sheet within 120 s, while the heat of the hot water scarcely
spread into the PMMA sheet. These observations are well
consistent with the results of the temperature observation
shown in Fig. 7 that the PMMA sheet conserved the heat
from the hot water longer than the Al one. It is thought
that the longer retention of the heat in the PMMA sheet
achieved the efficient reuse of the condensation heat,
resulting in the recovery of higher volumes of water. Little
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Fig. 6. Effect of the separator sheets on the volume of the
recovered water on each stage. Distilled water was fed with
capillary action. Irradiation conditions: 1,000 W/m? for 1 h.
Irradiated area: 40 mm x 40 mm. Spacer: 1.0 mm thick. Base
plate: Cu plate (3.2 mm thick).
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Fig. 8. Thermography images of hot water on PMMA sheet (a) and on Al sheet (b) after 120 s of its dropping.

difference among the collected volumes of the water on the
first, second and third stages (Fig. 6) indicated the transport
of the condensation heat to the third stage with low heat
loss in the cases using the PMMA and PVC sheet. The heat
was finally released with the Cu plate that was placed at
the bottom of the apparatus. These findings suggested that
further increases of the stage number are possible when
those polymer sheets are used. On the other hand, when
the Al and Cu sheets were employed, the collected volumes
of the water clearly decreased with the stage number. The
volume on the first stage, which was directly formed by the
photothermal effect of the light absorbing sheet, accounted
for roughly half of the total volume of the recovered water.
It is obvious that the transfer of the condensation heat at
the first stage to the second and third stages was insuf-
ficient. In these metal sheets, the heat readily spreads to
the whole area to reduce the reuse efficiency of the heat
for the vaporization of water. The increase of the stage
number of the apparatuses with these metal sheets will be
useless for enhancing the volume of the recovered water.

3.3. Effect of the utilization of PTFE membrane

The mechanism of our apparatus is based on mem-
brane distillation [8,28-30], which utilizes the properties

of hydrophobic membrane that the penetration of liquid
water is prevented, and that the permeation of gaseous
water vapor is permitted. Since water soaked up with cap-
illary action does not naturally drop from the water wick, it
seems that the hydrophobic PTFE membrane is not essen-
tial even in our apparatus [24]. Then, the same experiments
were compared with or without the PTFE membrane, where
artificial seawater (MARINE ART SF-1) was used instead of
distilled water. The results are also listed in Table 1. With the
PTFE membrane, 0.88 L/m*h of water was recovered totally
(run 8). The electric conductivity of the water was less than
100 puS/cm (salinity less than 0.01%) to show that the multi-
stage apparatus was active for seawater desalination. On the
other hand, when the PTFE membrane was not used (run 9),
the volume of the recovered water was decreased to 0.18 L/
m?>h, whose electric conductivity reached to 6.4 x 10° uS/
cm. As the electric conductivity of the original artificial sea-
water was about 20 x 10° uS/cm, the recovered water was
scarcely desalinated. It is thought that the drops of the con-
densed water on the separator contacted the water wick to
be mixed with seawater. Therefore, the electric conductivity
of the water was comparable with the original seawater. The
decrease of the volume of the collected water is due to the
absorption of the condensed water to the wick. In the case
using PTFE membrane, even when the drop of the condensed
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water contacted the membrane, no seawater in the wick con-
taminated the water by the barrier of the PTFE membrane.
Although the contamination of seawater might be avoidable
by extending the distance between the water wick and the
separator even in the apparatus without the membrane, the
results in Table 1 revealed that the wider distance between
them decreased the volume of the recovered water (run 5).

For fabricating compact seawater desalination apparatus,
the PTFE membrane separating seawater and desalinated
freshwater is an indispensable item. From these results, the
components of the compact multi-stage apparatus were
established as follows. The most suitable distance between
the PTFE membrane and the separator was 1.0 mm. The
PMMA sheet (0.3 mm thick) was the most efficient separa-
tor. The Cu plate (3.2 mm thick) is effectual as the bottom
plate. The PTFE membrane was essential for downsizing
the desalination apparatus. Fig. 9 illustrates the dependence
of the total volume of the recovered water on the number
of all stages of the apparatus thus optimized by the above-
described examinations. The irradiated area of simulated
sunlight was increased to 60 mm x 60 mm, which area was
basically employed in the following seawater desalination
experiments. The proportional increase of the total volume
of the recovered water was observed in the apparatuses with
from one to three stages, indicating the effective recycling
of the condensation heat in all stages. Although the increase
rate of the water volume was slowed down in the appara-
tuses with more than five stages, the total recovered volume
of the apparatus with ten stages was significantly higher
than that with three stages. Thus, the condensation heat
was recyclable to the tenth stage.

3.4. Solar desalination of seawater with capillary action

Using the apparatus established by the experiments
above, seawater desalination using solar energy was

4

Volume of recovered water (L/m?)

2 4 6 8 10
Number of stages of apparatus

O &

Fig. 9. Total volumes of the recovered water as a function of the
number of all stages of apparatuses. Distilled water was fed
with capillary action. Irradiation conditions: 1,000 W/m? for 1 h.
Irradiated area: 60 mm x 60 mm.

examined by feeding the artificial seawater with capil-
lary action. In these experiments, a wider irradiation area
(60 mm x 60 mm) was employed for producing more vol-
ume of freshwater using another Solar Simulator (XES-70S;
SAN-EI ELECTRIC Co. Ltd.). The number of the stages was
also increased to five in these experiments. Results are sum-
marized in Table 2. As is the case of single stage apparatuses
[10-13], the water volumes recovered under PTFE membrane
from artificial seawater became lower than those from dis-
tilled water in the case of the multi-stage apparatuses. The
electric conductivities of all experiments listed in Table 2
were lower than 30 puS/cm to indicate that the salinities of
the collected water were estimated to be less than 0.01%.
Therefore, the artificial seawater was successfully desali-
nated to freshwater. After the irradiation for 0.5 h, about
1.03 L/m? of water was recovered in the five stages totally
with 0.17 L/m? of water on the fifth stage. Little difference
among the volumes recovered on each stage indicated that
the condensation heat was efficiently recycled in all stages
to produce freshwater more than simply estimated from the
provided light energy, because the energy efficiency esti-
mated from the total volume of the recovered water exceeded
100% (141%).

While the recovered freshwater roughly doubled from
0.5 to 1 h, the volume was scarcely increased by the irra-
diation longer than 2 h. Fig. 10 illustrating the time course
of the total volumes of the recovered freshwater clearly
shows this plateaued trend. In the apparatuses using capil-
lary action for seawater feeding, seawater is supplied from
a lower terminal of a water wick to a higher terminal that
is exposed to the irradiated light. The concentration of sea-
water at the light irradiated area gradually increased with
time to induce the depression of water vapor pressure.
Finally, the precipitation of salts from seawater occurred
in the wick, which constrained the flux of water vapor to
the PTFE membrane. Fig. 10 also indicates the time course
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Fig. 10. Time courses of the total volumes of the recovered water
using five-stage apparatus with artificial seawater. “With dis-
tilled water.
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of the total volumes of the recovered water, when distilled
water was fed with capillary action. The recovered volume
of water increased proportionally with time in contrast to
the case using seawater. The application of distilled water
naturally led neither to the increase of seawater concentra-
tion nor to the deposition of salts. Therefore, it is obvious
that the degradation of the performance of solar desalina-
tion is attributed to the utilization of seawater. Since the
concentrated seawater and the deposited salts in the water
wick cannot be eliminated during desalination process,
appropriate treatments are required for cleaning up the
wick after the completion of the desalination process. For
example, the reverse flow of fresh seawater [20] or keep-
ing the water wick soaked in fresh seawater without light
irradiation for long time [24] are carried out for washing
the wicks. Thus, when seawater is supplied by capillary
action, the deterioration of the desalination performance
is an unavoidable issue in long-time operation.

3.5. Solar desalination of seawater with siphon mechanism

Next, we used a siphon mechanism instead of capillary
action for feeding seawater. In this process, seawater was
supplied with the water wick from a basin placed higher
level to another end terminal through the region exposed to
the irradiated light. The schematic diagram and the image
of the multi-stage apparatus with siphon mechanism are
illustrated in Figs. 3 and 4, respectively. A major difference
from the apparatus with capillary action is that the end ter-
minal of the wick is placed outside of the irradiation region
for discharging concentrated seawater, which is unrealiz-
able by capillary action. The results of the desalination by
this siphon mechanism apparatus are also listed in Table 2.
The collected waters were desalinated to freshwater in the
cases of siphon mechanism as well. Within 1 h irradiation,
the volumes of freshwater obtained were approximately
the same as those of the experiments with capillary action.
On the other hand, 5.95 L/m? of freshwater was recovered
by 4 h irradiation, which was significantly higher than that
with capillary action (3.23 L/m?). As illustrated in Fig. 10,
the recovered volume of freshwater basically increased with
irradiation time in contrast to the case of the capillary action.
However, as compared with the recovered volume using
distilled water, the moderate depression effect was observed
even in the case of siphon mechanism. SEM images shown

in Fig. 11 illustrate the water wicks used in the desalination
experiments for 2 h with capillary action or with siphon
mechanism, respectively. From the images of the used wick
with capillary action (Fig. 11a), a number of large and small
crystals were found. On the other hand, the strings of cellu-
lose looked nearly clean according to the images of the wick
used in the apparatus with siphon mechanism (Fig. 11b).
Different from the case with capillary action, the siphon
mechanism considerably restricted the formation of con-
centrated seawater and the deposition of salts by the con-
tinuous flow of seawater to the end terminal of the water
wick during the desalination treatment.

At the initial stage up to 1 h irradiation, the volume of
the recovered water with capillary action was nearly equal
to that with siphon mechanism and that using distilled
water. These observations indicated that the basic perfor-
mance of the apparatus with capillary action is similar to
that with siphon mechanism. As mentioned in introduction
part, our solar desalination consists of the following three
steps, the generation of heat with irradiated light energy,
the evaporation of seawater with the heat and the condensa-
tion of water vapor. The proper operation of all these three
steps is necessary for efficient solar desalination. However,
in the case using capillary action, the step of the evapora-
tion of seawater was obstructed by the increase of seawater
concentration and the deposition of salts to deteriorate the
whole performance of the apparatus. The apparatus with
siphon mechanism significantly suppressed the increase
and the deposition by flowing seawater through the wick,
achieving the better production of freshwater even after
4 h. Although the advantage of the siphon mechanism was
thus ascertained, the apparatus with the siphon mecha-
nism must be designed with consideration of hydraulic
head especially in the case of increasing in size.

3.6. Solar desalination of seawater using ten-stage apparatus
with siphon mechanism

Seawater desalination was attempted using a ten-stage
apparatus with the siphon mechanism. The results of these
experiments are summarized in Table 3. This apparatus
was compact in size even when ten stages were piled up.
The thickness of the ten-stage apparatus was approxi-
mately 22 mm due to the short distance (1 mm) between the
PTFE membrane and the PMMA separator (Fig. 4). When

Fig. 11. SEM images of a water wick used for desalination with capillary action (a) and with siphon mechanism (b).
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simulated sunlight at the intensity of 1,000 W/m? was irra-
diated for 1 h, 3.16 L/m*h of water was obtained from the
artificial seawater on ten-stages in total. Even on the tenth
stage, 0.21 L/m*h of water was recovered to show that the
heat recycle was reached to the tenth stage. The recov-
ered volumes (L/m*h) of water on each stage are as fol-
lows; 1st: 0.54, 2nd: 0.43, 3rd: 0.38, 4th: 0.33, 5th: 0.28, 6th:
0.28, 7th: 0.28, 8th: 0.28, 9th: 0.19 and 10th: 0.21. Since the
electric conductivity of the recovered water was less than
10 pS/cm, the recovered water was evaluated to be desali-
nated freshwater. The energy efficiency reached more than
200% (216%). When distilled water was used, the efficiency
reached 275%. After 4 h irradiation, 9.38 L/m? of freshwater
was obtained, where the average productivity of freshwa-
ter was calculated to approximately 2.35 L/m*h and 2.35 L/
kWh with a high energy efficiency (160%). Even when a
weaker sunlight at the intensity of 800 W/m? was used, a
large volume of freshwater (8.29 L/m?) was obtained by 4 h
irradiation with a high energy efficiency of 177%.

Finally, the desalination of actual seawater with natu-
ral sunlight was examined with the ten-stage apparatus.
The apparatus was placed on an outdoor place in our insti-
tute (AIST Tohoku in Sendai City) for about 4 h in March
(nearly from 10 a.m. to 2 p.m.). The result is also listed in
Table 3, and the monitored intensity of sunlight insolation
is illustrated in Fig. 12. About 5.6 L/m? of desalinated water
was produced from actual seawater by natural sunlight irra-
diated to the area of 3.6 x 10°m? (60 mm x 60 mm) for 4 h.
The recovered water was sufficiently desalinated according
to their electric conductivities, and the energy efficiencies
were beyond 100%. The average productivity of freshwa-
ter was estimated to approximately 1.40 L/m*h and 2.27 L/
kWh. According to a report [31], 1.5 L of drinking water is
required for one person per one day. Therefore, the irradi-
ation area of about 0.27 m? for 4 h is sufficient for produc-
ing the drinkable freshwater even using the mild sunlight
of March. When a strong sunlight in summer (at the inten-
sity of 1,000 W/m?) is available, the sunlight irradiation to
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Fig. 12. Intensity of natural sunlight in the experiment “Natural”
of Table 3.

0.16 m? for 4 h is enough to produce the volume of fresh-
water. Thus, our solar desalination apparatus was consid-
erably developed toward practical use. For the application
of our apparatus to actual process, longer-time tests under
various weather conditions are essential. In addition, further
optimizations of the apparatus are necessary for enhancing
the performance of the freshwater production, especially
for overcoming the performance degradation in long-time
operation.

3.7. Consideration on the improvement of solar desalination of
seawater in our multi-stage apparatus

This paper reveals some features of our improved multi-
stage apparatus for solar desalination of seawater. The
compact multi-stage apparatus was assembled using PTFE
membrane, which enabled densely piled-up stages with the
distance between each stage of 1 mm and the whole thick-
ness of the ten-stage apparatus of approximately 22 mm.
Since the main purpose of the multi-stage apparatuses is
the recycling of the condensation heat from water vapor,
highly heat-conductive material sheets have been con-
sidered to be effective for the efficient transfer of the con-
densation heat and exclusively employed as the separator
[20-26]. On the other hand, this paper concluded from our
optimized apparatus that plastic material sheets like PMMA
one with low thermal conductivity are more suitable than
the highly heat-conductive material ones. The conden-
sation heat spreads quickly throughout the highly heat-
conductive material sheets to result in the loss of the heat.
It is likely that the high performances of reported appara-
tuses are attributed to that the multi-stage apparatuses
are introduced into heat retaining containers for reduc-
ing the overall heat loss. When low heat-conductive mate-
rial sheets were used as separator, the condensation heat
retained in the sheets for a long time secured the efficient
transfer of the heat to another seawater wick even when the
apparatus was not put in the heat retaining container. On
the other hand, as shown in Fig. 9, the decrease of the heat
transfer efficiency with the total number of the stages indi-
cated that the heat release occurred even in our apparatus.
For enhancing the energy efficiency of our apparatus, some
heat insulation mechanism should be incorporated.

In general, the distillation method of seawater desali-
nation is scarcely affected by the concentration of seawa-
ter in contrast to reverse osmosis method [2]. However,
the performance degradation of desalination caused from
the increased seawater concentration and the resulting salt
deposition in the domain of seawater feeding wicks exposed
to sunlight is an unavoidable problem of multi-stage appa-
ratuses using capillary action. Therefore, some cleaning up
processes of the wicks are essentially required [20,24]. On
the other hand, the siphon mechanism reported in this paper
for seawater feeding is a water flow system, where seawater
is not remained in the sunlight-irradiated region to restrict
the degradation of the desalination performance. Since the
decrease of the freshwater production was observed even
with the siphon mechanism (Fig. 10), the balanced feed-
ing rate of seawater with the freshwater production by
the permeation of water vapor through PTFE membrane
will be required.
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4. Conclusion

This paper reports a compact multi-stage apparatus
of solar desalination of seawater, where the mechanism of
recycling the condensation heat of water vapor is installed.
The energy efficiency based on the recovered volume of
water and the energy of irradiated sunlight reached more
than 200% by the repeated reuse of the condensation heat
with ten-stage apparatus. Various parts of our apparatus
were substantially modified for creating a compact ener-
gy-efficient multi-stage apparatus for solar desalination.
The employment of hydrophobic PTFE membranes between
each stage achieved the densely piled-up compact appara-
tus. Especially, the heat transfer and water feeding of the
apparatus were significantly improved to increase the desali-
nation performance especially for long timer operation. A
PMMA sheet with low thermal conductivity was effective
for the recycle of the condensation heat from water vapor,
while metal sheets with high thermal conductivity were
insufficient. While the degradation of the performance of
solar desalination inevitably occurred by increasing the con-
centration of seawater and by the resulting salt deposition
when seawater is fed by capillary action, they are improved
by the flow feeding of seawater from the upside with siphon
mechanism to achieve the longer time operation. Freshwater
was successfully produced from actual seawater with the
energy efficiency of more than 100%, even when natural
sunlight was used in the ten-stage apparatus.
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