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Seawater desalination is one of the promising solutions to address serious water shortage. However, 
conventional methodologies of seawater desalination require the large consumption of electricity and the brine 
discharge which can cause an environmental load. Seawater mining provides a sustainable development 
perspective of human society. The present study proposes the novel desalination process without the brine 
discharge, in which desalinated water is produced by a repetitive distillation process and liquid metal tin 
recovers the mineral elements contained in seawater. Desalinated water is produced by the direct contact 
between seawater and liquid metal tin heated by solar thermal energy. The mass transfer of mineral elements 
between seawater and liquid metal tin was clarified by means of direct contact tests. The purity of the distilled 
water was sufficiently high, though small contamination with mineral elements was caused by the transfer of 
artificial seawater particles produced in the distillation process. The dissolution and mass transfer of mineral 
elements such as Na, Mg and Cl in liquid tin were metallurgically analyzed. The collective results of the present 
study motivate freshwater production and valuable elements recovery, which promote a sustainable society 
through the liquid metal-based seawater desalination technology. 
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1. Introduction

Freshwater is a core resource for human society and
economic stability. However, freshwater scarcity is a serious 
problem. About 4.0 billion people suffered from severe 
water scarcity at least one month in one year [1]. Seawater 
desalination is one of the promising methods to satisfy the 
huge demand of freshwater [2]. However, conventional 
technologies such as reverse osmosis (RO) and multi-stage 
flash (MSF) are prospective for adverse environmental 
impacts due to high energy consumption and brine discharge 
[3,4]. The RO requires large electricity consumption for 
the freshwater production even when the scale of 
desalination plant is small (e.g., 17 kWh/m3) [5], though 
the energy consumption rate can be improved according 
to the increase of plant scale (e.g., 2 kWh/m3) [6]. The 
global brine production is 141.5 million m3/day, which is 
1.5 times larger than the desalinated water [7]. The brine 
discharge to the marine environment can induce compositional 
and physiological changes in marine species due to a change 
in the water salinity [8]. Therefore, the development of 
sustainable and environment-friendly seawater desalination 
technology is urgently required in the critical era of severe 
water scarcity [9]. Sustainable sourcing of valuable 

elements is necessary for a growing demand according to 
a growing global population [10]. The ocean can provide 
abundant valuable resources as seawater mining though 
their concentrations in seawater are very low [11]. 

The concept of liquid metal direct contact boiling heat 
and mass transfer has been studied for the application in 
Pb-Bi cooled fast reactors [12]. The application of direct 
contact heat and mass transfer between seawater and 
liquid lead alloys was conceptually studied for the 
production of pure water in some previous studies [13-15], 
though it has been rarely demonstrated by the experiment. 
The present study proposes novel seawater desalination 
technology based on the circulation system of liquid metal 
tin (Sn: melting point 505 K) with solar thermal energy as 
shown in Figure 1. Liquid metal Sn reveals low toxicity 
and excellent thermal properties such as high heat 
conductivity and low vapor pressure [16]. Liquid metal Sn 
has strong chemical affinity with metal elements [17]. 
Pure water is produced in the distillation process by the 
direct contact between seawater and liquid metal Sn. The 
mineral elements (e.g., Na, Mg, Li, K, Rb, Cl, etc.) 
dissolved in seawater are recovered by liquid metal Sn. 
Therefore, brine and scale are not discharged, and the 
environmental load of the current desalination process is 
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very small. This desalination process can provide a 
significant contribution to solve the problem of water and 
resource scarcity in the world. 

The seawater desalination is performed in the high 
temperature region of the liquid Sn circulation system. 
Seawater is directly splayed to the free surface of liquid 
Sn after the removal of sludge, suspended organics, fine 
particles, bacteria, oil and so on in the pretreatment 
procedure of seawater [18]. The desalinated water is treated 
with additives for disinfection and pH control in the post-
treatment procedure. The mineral elements dissolved in 
liquid Sn are continuously recovered in the cold trap, in 
which the elements are oversaturated and precipitated in 
a lower temperature condition [19]. The non-metal elements 
(e.g., Cl, H and O) are going to be removed from liquid 
Sn by thermal desorption method [20]. The energy 
conversion efficiency between solar thermal energy to heat 
energy is very high as approximately 0.56 [21]. If the high 
temperature condition of liquid Sn is kept by the direct use 
of solar thermal energy, the electricity consumption of this 
desalination system can be greatly reduced. 

The purpose of the present study is to clarify the mass 

transfer between liquid Sn and seawater. The direct 
contact tests between droplets of artificial seawater and 
liquid Sn were performed. The purity of water produced by 
the distillation process was investigated. The metallurgical 
analysis on the Sn media which was exposed to artificial 
seawater was performed to clarify the mass transfer of 
mineral elements in liquid Sn. The collective results of this 
study motivate freshwater production and valuable 
elements recovery, which promote a sustainable society 
through the novel seawater desalination technology. 

 
2. Experimental conditions 

The direct contact tests of artificial seawater and liquid 
Sn were performed at the conditions presented in Table 1. 
The chemical compositions of artificial seawater and the 
purity condition of Sn are presented in Table 2 and Table 3, 
respectively. The artificial sea salt (provided from Kaisuimaren 
Co.) of 3.5 g was dissolved in distilled water of 1 L to 
make artificial seawater. The tests with liquid Sn at 523K, 
573K and 623K were performed under air atmosphere at 
atmospheric pressure. The droplets of artificial seawater 

 

Figure 1.  Schematic diagram of seawater desalination and resource recovery process with liquid Sn. 

Table 1.  Experimental conditions. 

Specimens Temperature [K] State Seawater quantity [mL] Duration [min] Dripping ratio [mL/min] 
Sn 473 Solid 5 50 0.1 
Sn 523 Liquid 5 50 0.1 
Sn 573 Liquid 5 50 0.1 
Sn 623 Liquid 5 50 0.1 

316L 473 Solid 5 50 0.1 
316L 573 Solid 5 50 0.1 

Table 2.  Chemical composition of artificial seawater used in current work (unit: mg/L). 

Cl Na Mg S Ca K Br Sr B Mo Mn 
19,040 10,500 1,350 2,400 400 380 4.9 8.00 8.2 0.06 0.002 

 Table 3.  Purity condition of Sn used in current work (unit: wt.%). 

Cu Pb Sb Fe In Zn Sn 
0.0015 0.0006 0.0004 0.0004 0.0004 0.0001 Bal. 
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were continuously dripped onto the surface of liquid Sn, 
and the distilled water of 3 mL was recovered in the tests. 
The diameter of droplet was approximately 5 mm. The 
temperature of seawater was room temperature. The direct 
contact tests with plates of solid Sn and 316L austenitic 
steel (Fe-18Cr-12Ni-2Mo) were also performed as 
reference.  

Figure 2 shows the schematic diagram of the apparatus 
used for the seawater direct contact distillation test. Liquid 
Sn of approximately 12 g was installed in the crucible 
which was made of 316L. The height of the stainless 
crucible was 50 mm. The 316L plate specimen was installed 
in the crucible for the reference experiment. The outer diameter 
and thickness of 316L plate specimen were 21.5 mm and 
3 mm, respectively. The temperature of liquid Sn was 
controlled by the heater installed on the outside of the 
vessel and the thermocouple inserted into the melt.  

The impurity concentration of the water distilled was 
measured with an inductively coupled plasma optical 
emission spectrometer (ICP-OES, Agilent Technology; 5100 

VDV ICP-OES). The Cl- concentration in the water distilled 
was measured by a silver nitrate visual colorimetric 
method. The concentration of HClO in the water distilled 
was measured by a potassium iodide visual colorimetric 
method. The surface of Sn and 316L used in the direct 
contact tests was observed and analyzed with a scanning 
electron microscope (SEM, Keyence; VE9800) with an 
energy-dispersive X-ray spectrometer (EDX, AMETEK; 
Genesis XM2). The chemical compounds formed on the 
surface of Sn and 316L were identified by a thin film X-
ray diffraction measurement (XRD, Maven Panalytical; X’ 
Pert-Pro-MRD). The surface cross section of Sn and 316L 
tested was observed and analyzed with the SEM/EDX 
after the sequential polish with SiC papers of #500, #1200, 
#2000 and #4000 and ethanol as a lubricant. 

 
3. Experimental results 

3.1. Purity of water distilled in direct contact tests with 
liquid Sn 

 

Figure 2.  Schematic diagram of apparatus for seawater direct contact distillation test. 
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Figure 3.  Concentrations of mineral and metal elements in water distilled by direct contact tests: (a) Concentration of Na, (b)
Concentration of Mg, (c) Concentrations of Ca and K, (d) Ratio between concentrations of Mg, Ca and K elements to that of Na, (e)
Concentrations of Fe, Ni and Sn and (f) Concentration of Cr. 
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Figures 3 (a), (b) and (c) show the concentrations of 
mineral elements in water distilled in the direct contact 
distillation tests. The concentrations of Na, Mg, Ca and K 
in the water distilled in all the tests were smaller than 
1,000 mg/L, which satisfied the drinking water quality 
standard set by World Health Organization (WHO) [22]. 
However, Na, Mg, Ca and K were slightly detected in the 
distilled water. The concentration of Na in the distilled 
water was higher than that in tap water in Japan (e.g., 10.7 
mg/L) [23]. The ratios between the concentrations of Mg, 
Ca and K elements (i.e., CMg, CCa and CK) to that of Na 
(i.e., CNa) were shown in Figure 3 (d). The ratios of 
CMg/CNa, CCa/CNa and CK/CNa in the distilled water were the 
same with those in the artificial seawater used in the 
present study. The Cl- concentration in the distilled water 
was almost the same with that of Na. HClO was not 
detected in the distilled water. Therefore, these results 
indicated that the contamination of distilled water with 
mineral elements could be caused by the particle transport 
of artificial seawater as described in the chapter of 
discussions. The removal ratio of elements contained in 
seawater in the single distillation process was estimated as 
approximately 95-97 % in the current work. The purity of 
distilled water could be improved by a repetitive 
procedure. Figures 3 (e) and (f) show the concentrations 
of Sn and elements in the water, which are contained in 
the materials of vessel and crucible. The concentrations of 

Fe, Cr and Ni didn’t satisfy the WHO standard. The Sn 
contamination of distilled water was possibly due to the 
transfer of Sn particles along vapor flow. 

 
3.2. Mass transfer of mineral elements between liquid Sn 

and artificial seawater 

Figures 4 (a) and (b) show the SEM surface images of 
the 316L plates used in the direct contact tests at 473 K 
and 573 K, respectively. Figures 5 (a) and (b) show the 
results of XRD analysis on the surfaces of the 316L plates 
used in the direct contact tests at 473 K and 573 K, 
respectively. These results indicated that NaCl crystals 
grew on the 316L surface, though the size of salt crystals 
deposited in the test at 573 K was larger than that at 473 K. 
Figure 4 (g) shows the result of EDX element mapping 
analysis on the 316L plate tested at 573 K. Mg was 
detected in the region where Na and Cl were not detected. 
Figure 4 (c) and Figure 5 (c) show the results of SEM 
observation and XRD analysis on the surface of Sn tested 
in a solid-state condition at 473 K, respectively. The cubic 
crystals of NaCl were detected on the surface as the same 
as those detected on the 316L surface. 

Figures 4 (d) and (e) show the SEM surface images of 
the Sn tested in a liquid-state condition at 523 K and 573 
K, respectively. Figures 5 (d) and (e) show the results of 
XRD analysis on the surfaces of Sn tested in a liquid-state 
condition at 523 K and 573 K, respectively. The crystals 

 
Figure 4.  SEM surface images: (a) 316L tested at 473 K, (b) 316L tested at 573 K, (c) Sn tested at 473 K, (d) Sn tested at 523 K, (e)
Sn tested at 573 K, (f) Sn tested at 623 K, (g) EDX mapping analysis on 316L tested at 573 K and (h) EDX mapping analysis on Sn 
tested at 573 K. 
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of NaCl were rarely detected on their surfaces, though 
they were clearly detected on the 316L plate and solid Sn. 

Figures 4 (h) shows the result of EDX element mapping 
analysis on the Sn tested at 573 K. Mg was detected in the 
region where Na and Cl were detected. Figure 4 (f) shows 
the SEM surface image of the Sn tested in a liquid-state 
condition at 623 K. The formation of SnO2 was recognized 
as shown in Figure 5 (f). Na and Mg were dissolved in 
liquid Sn. The oxides of Na and Mg (i.e., Na2O and MgO) 
are thermodynamically stable more than the oxide of Sn, 
though the current results could not provide any evidence 
supporting the dissolution of Na and Mg into liquid Sn in an 
atomic state. Therefore, the oxidation of Sn may be inhibited 
due to the sacrificial oxidation of Na dissolved in liquid 
Sn during the longer-term operation. Figure 6 (a) shows 
the result of SEM/EDX cross-sectional analysis on the 
surface of 316L plate used in the test at 473 K. The deposition 
of salt on the surface was recognized. Figure 6 (b) shows 
the surface cross section of Sn tested in a liquid-sate 

condition at 573 K. Na and Cl were detected near the 
surface of Sn matrix. The dissolution of Na and Cl into the 
Sn matrix from artificial seawater was indicated by the 
profiles of their concentrations. The depth of the Na and 
Cl enriched region was approximately 20 μm. The atomic 
concentration of Na could be the same with that of Cl when 
NaCl dissolved and deposited in the region. However, the 
atomic concentration of Na was twice higher than that of 
Cl. These results indicated that Na and Cl atoms separately 
dissolved and transferred in liquid Sn. Oxygen was detected 
in the region, and the atomic concentration of O was 
almost the same with that of Na. Therefore, the detection 
of oxygen was possibly due to the formation of NaOH on 
the preparation procedure of the surface cross section. 
Figure 6 (c) shows the surface cross section of Sn tested 
in a liquid-state condition at 623 K. The Na and Cl were 
detected in the Sn matrix, and the depth was approximately 
10 μm. 

 

Figure 5.  XRD analysis on surfaces of 316L and Sn used in direct contact tests: (a) 316L tested at 473 K, (b) 316L tested at 573 K,
(c) Sn tested at 473 K, (d) Sn tested at 523 K, (e) Sn tested at 573 K and (f) Sn tested at 623 K. 
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Figure 6.  SEM/EDX cross-sectional analysis on surfaces of 316L and Sn used in direct contact tests: (a) 316L tested at 473 K, (b) Sn
tested at 573 K and (c) Sn tested at 623 K. 
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4. Discussions 

Figure 7 shows the schematic diagram of the mass 
transfer between the droplet of artificial seawater and 
liquid Sn. The droplet was heated on the surface of liquid 
Sn, and water vapor was then produced as shown in 
Figures 7 (a) and (b). The particles of artificial seawater 
could be produced in this process and they were transferred 
with the flow of water vapor. Therefore, mineral elements 
were slightly detected in the distilled water as shown in 
Figure 3.  

The precipitation of NaCl was slightly recognized on 
the surface of Sn used in the direct contact tests at 573 K 
and 623 K as shown in Figures 4 (e) and (f). However, Na 
and Cl were dissolved into liquid Sn according to the 
results of SEM/EDX analysis. The substitution of Cl− ions 
for free electrons [24] might be induced on the liquid Sn 
surface as shown in Figure 7 (a). Cl− ions might be 
dissolved in liquid Sn as a SnCl2 cluster and a non-metal 
impurity [25,26]. Na+ ions could then receive free electrons 
on the surface of liquid Sn and form Na atoms. Na atoms 
could be dissolved into liquid Sn [27], though the current 
results could not provide any evidence to support the 
mechanism that Na and Cl were dissolved in Sn in a 
metallic state. The Na-Sn phase diagram indicates that the 
solubility of Na atom in liquid Sn at 573 K is approximately 
20 atomic % [27]. The Cl-Sn phase diagram indicates 
that the solubility of Cl atom in liquid Sn at 573 K is 
approximately 20 atomic % [26]. The surface of liquid 
Sn was locally cooled by evaporation of water in the 
distillation process, and this could make the temperature 
distribution in liquid Sn. The temperature distribution 
induced natural convection of liquid Sn, and the convection 
promoted the mass transfer of the mineral elements in 
liquid Sn. The formation of Na and Cl enriched region in 
liquid Sn was mitigated at higher temperature as indicated 
in Figures 6 (b) and (c). The natural convection could be 
promoted at higher temperature, since the viscosity of 
liquid Sn was smaller at higher temperature. The elements 
dissolved on the Sn surface were then diluted by the mass 
transfer promoted by the natural convection. The 
concentration of atomic Cl in the enriched region was 
smaller than that of atomic Na possibly due to the 
desorption of Cl in the cooling procedure. These behaviors 
were different from the surface deposition of salts on the 
316L plate which is shown in Figure 7 (b). 

5. Conclusion 

The distillation of artificial seawater was carried out by 
direct contact between artificial seawater droplets and 
liquid metal Sn. The results of ICP-OES analysis on the 
distilled water indicated that its purity was sufficiently 
high. The mass transfer of mineral elements such as Na 
and Cl between artificial seawater and liquid Sn was 
studied by means of metallurgical analysis on the liquid 
Sn media used in the direct contact tests. The mineral 
elements contained in artificial seawater dissolved into 
liquid Sn. The region enriched with Na and Cl was detected 
near the surface of Sn matrix. Thermal convection was 
induced by the temperature distribution made inside liquid 
Sn since the surface was locally cooled by the evaporation 
of water. The mass transfer of dissolved elements in liquid 
Sn was promoted by the thermal convection. 
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