<]
TUDelft

Delft University of Technology

A salt-rejecting solar evaporator for continuous steam generation

Xiao, Yangyi; Wang, Xun; Li, Chenxing; Peng, Huan; Zhang, Tugiao; Ye, Miaomiao

DOI
10.1016/j.jece.2020.105010

Publication date
2021

Document Version
Final published version

Published in
Journal of Environmental Chemical Engineering

Citation (APA)

Xiao, Y., Wang, X,, Li, C., Peng, H., Zhang, T., & Ye, M. (2021). A salt-rejecting solar evaporator for
continuous steam generation. Journal of Environmental Chemical Engineering, 9(1), 1-7. Article 105010.
https://doi.org/10.1016/j.jece.2020.105010

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.jece.2020.105010
https://doi.org/10.1016/j.jece.2020.105010

Journal of Environmental Chemical Engineering 9 (2021) 105010

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/jece

Check for

A salt-rejecting solar evaporator for continuous steam generation | i’

Yangyi Xiao®, Xun Wang *", Chenxing Li?, Huan Peng®, Tuqiao Zhang®, Miaomiao Ye ™"

& Zhejiang Key Laboratory of Drinking Water Safety and Distribution Technology, College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058,
PR China

b Section of Sanitary Engineering, Department of Water Management, Faculty of Civil Engineering and Geosciences, Delft University of Technology, P.O. Box 5048, 2600
GA Delft, Netherlands

ARTICLE INFO ABSTRACT

Editor: Dr. Zhang Xiwang Recently, great efforts have been focused on solar evaporators because they can localize solar heat on the air-
water interface resulting in enhanced photothermal conversion efficiency. However, to prevent salt accumula-
tion during evaporation while maintaining high evaporation rates is still a challenge. In this work, a salt-rejecting
solar evaporator was fabricated for continuous seawater desalination. The evaporator was composed of a top
layer of carbon black (CB) nanoparticles for solar absorbance, an interlayer of superhydrophilic melamine
formaldehyde (MF) foam for both seawater and concentrated brine delivery, and an outlayer of expandable
polyethylene (EPE) foam for floating and heat insulation. The superhydrophilic MF foam could offer a channel
for rapid exchange of the concentrated brine with the solution beneath, thereby preventing salt accumulation in
the evaporator. It was demonstrated that the salt-rejecting solar evaporator produced a high water evaporation
rate of 1.24 kg-m~2-h~! under 1 kW-m~2 solar irradiance, which was 3.2 times higher than that of the pristine
simulated seawater (3.5 wt% NaCl solution). Furthermore, the salt-rejecting evaporator displayed an excellent
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stability as the water evaporation rate remained constant even after 16-cycles of use within 20 days.

1. Introduction

Fresh water scarcity, caused by the climate change, population
growth, socio-economic and industrialization, has become a massive
crisis that urgently needs to be solved [1-3]. Seawater desalination has
been denoted as the most suitable solution to get rid of this issue,
because it can offer an unlimited and steady supply of high-quality water
without impairing natural freshwater ecosystems [4-6]. Currently, the
major desalination technologies are thermal distillation (e.g. multi-stage
flash) and membrane separation (e.g. reverse osmosis). However, both
of these two types of desalinations are infeasible for large-scale use in
remote and impoverished areas due to their high energy consumption,
complex processes, and high cost [7-9].

Recently, a new concept named "air-water interfacial solar heating"
has been proposed for seawater desalination [10,11]. It has attracted
much attention due to its low energy consumption, high water evapo-
ration rate, low cost, and simple operation [12-14]. In this approach,
photothermal materials float on the water surface and rapidly heat the
air-water interface, avoiding heating the bulk water, thus it is a more
efficient approach compared with traditional thermal distillation ap-
proaches [15,16]. However, the evaporation rates of the floating
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photothermal materials are not high (usually in the range of 0.5-1.0
kg-m~2-h 1) due to the heat loss to the bulk solution beneath [17-21]. In
order to reduce heat loss, thus improving the water evaporation rate,
photothermal materials were combined with thermal insulation mate-
rials and/or water-absorbing materials to form solar evaporators. The
water evaporation rate of the as-designed evaporators can be signifi-
cantly enhanced to >1.2 kg-m~2h~! under 1 sun irradiance [22-26].
However, salt may accumulate in the evaporators and block the chan-
nels for vapor escape during desalination process which results in the
decrease of fresh water yield and sometimes destruction of the evapo-
rators [27-30]. Therefore, salt accumulation in the evaporators under
continuous operation needs to be addressed.

In this work, a salt-rejecting solar evaporator was fabricated for
continuous seawater desalination based on the new concept of "air-
water interfacial solar heating". In this evaporator, commercial carbon
black (CB) nanoparticles were used as the photothermal material for
solar absorption because of their high absorbance, excellent mechanical
strength, and low cost [31]. Superhydrophilic melamine formaldehyde
(MF) foam was used as a water delivery channel for rapid exchange of
the concentrated brine with the beneath solution due to its super-
hydrophilicity, strong durability, and low cost [32]. Expandable
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polyethylene (EPE) foam was used as both the support of the MF and the
peripheral thermal insulation material due to its low density and high
specific heat capacity [33]. Therefore, a solar evaporator with stable
high evaporation rate, simple structure, salt-rejecting property, and
low-cost was obtained. The concentrated brine, which was formed
during the solar desalination process, could be rapidly exchanged with
the solution beneath. As a result, the salt-rejecting evaporator enabled
real-time concentrated brine discharge during continuous solar desali-
nation even in 14.0 wt% NacCl solution.

2. Materials and methods
2.1. Chemicals

All chemicals were of an analytical grade and used as received
without any further purification. Sodium chloride (NaCl) was purchased
from the Sinopharm Chemical Reagent Company. Copper sulfate pen-
tahydrate (CuSO4-5H50) was purchased from the Sinopharm Chemical
Reagent Company. Carbon black nanoparticles (CB, 99.5%, 30 nm) were
purchased from the Shanghai Aladdin Industrial Co., China. Carbon
nanotubes (CNTs assay: 70%—80% (Carbon content, TGA)) were pur-
chased from the Sigma—Aldrich, USA. MoS; nanoflowers were prepared
by a simple hydrothermal process which has been reported in our pre-
vious work [34]. Air-laid cloth (ALC) and air-laid paper (ALP) were
purchased from the Suzhou Baichen Co., China. Expandable poly-
ethylene (EPE density: 12.2 kg/m>) foams were purchased from the
Shunyibaocai Co., China. Melamine formaldehyde (MF density: 8.7
kg/m>) foams were obtained from the Zhejiang LeDian Co., China.
Polyurethane (PU) foams (PU density: 15 kg/m3) were purchased from
the Lianyahaimian Co., China.

2.2. Preparation of salt-rejecting solar evaporator

First, a certain amount of CB nanoparticles was dispersed in 30 mL
ultrapure water with ultrasonication for 30 min to form a black sus-
pension, then a piece of ALC with a diameter of 4 cm was immersed into
the black suspension for 60 min with ultrasonication to form the ALC/CB
absorbance layer. Second, an EPE foam cylindrical ring with an outer
diameter of 6 cm and an inner diameter of 4 cm was cut out to form an
insulation layer for both supporting the MF foam and peripheral thermal
isolation (Fig. Sla, Supporting Information). Third, a piece of white
cylindrical MF foam with a diameter of 4 cm, as a delivery channel for
exchange between concentrated brine and seawater, was embedded in
the EPE foam cylindrical ring (Fig. S1b, Supporting Information).
Finally, the salt-rejecting solar evaporator was obtained by placing the
ALC/CB absorbance layer on the MF foam (Fig. S1c, Supporting Infor-
mation). In order to further demonstrate the salt-rejection process, other
evaporators as control samples with the same structure but different
photothermal materials such as CNTs and MoS; and different interlayer
foam such as PU foam were constructed with the same process above.

2.3. Water evaporation experiment

The water evaporation experiments were conducted at a temperature
of 22 °C =+ 1 °C and humidity of 50% + 10% to evaluate the solar
evaporation rate and salt-rejection properties of the solar evaporator.
The salt-rejecting solar evaporator was placed in a 250 mL beaker with
200 mL of 3.5 wt% NaCl solution under the irradiance of a xenon lamp
(XES—40S3 —TT, SAN—EI ELECTRIC Japan). The evaporated mass of
the 3.5 wt% NaCl solution during the whole evaporation process was
measured by an electronic balance (MP1100B, Shanghai Shun Yuheng
Scientific Instruments Co., China).

2.4. Characterization

The microstructure of MF foam was observed by a field emission
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scanning electron microscope (SEM, FEI, Quanta FEG 650) at an accel-
eration of 15 kV. The temperature condition of the salt-rejecting solar
evaporator’s surface was monitored by a thermal infrared imager (S65,
FLIR). The contact angle of MF foam was observed by a video contact
angle measuring instrument (DATAPHYSI, OCA20). The surface func-
tional groups of the MF were analyzed with the Fourier transform
infrared spectrometer (FTIR, Nicolet, iS50).

3. Results and discussion
3.1. Characterization of the salt-rejecting evaporator

The salt-rejecting property of the evaporator was realized through
the rapid exchange between the concentrated brine and the underlying
solution in the superhydrophilic MF foam. Therefore, the super-
hydrophilicity of the MF foam was first confirmed by the FTIR spectrum
(Fig. 1la). The transmission peak at 3324 cm ™! was ascribed to the
stretching vibration of -NH— and —OH groups and the peak at 1686
cm ™! was caused by the stretching vibration of C-O in carbonyl group.
Meanwhile, those peaks at 1541, 1456, 1328 and 810 cm ™! could be
identified as the characteristics of triazine ring. The transmission peak at
981 cm ! was designated to the stretching vibration of C—O and N-H.
All the functional groups endowed the MF foam a hydrophilic surface
[35,36]. Second, the MF foam had a reticulated structure where struts
are responsible for the main inner area, and the size of holes ranges from
tens to hundreds of microns so that the MF foam had an excellent water
absorption capacity (Fig. 1b). Third, the contact angle of the MF foam
was observed to further confirm its superhydrophilicity. As shown in
Fig. 1c, a water drop was absorbed within 0.078 s and the water contact
angle dropped to 0° rapidly, suggesting the superhydrophilicity of the
MF foam. Fourth, the water-uptake behavior of the MF foam was also
monitored to evaluate its wettability property. The water absorption
rate was tested by means of placing EPE/MF in methylene blue solution
to visualize liquid movement. The MF foam could be fully saturated and
wetted within 1.5 s (Fig. S2, Supporting Information) and the calculated
water absorption rate was 3.1 x 10* kg m2h~!, which ensures
adequate water for concentrated brine exchange in MF foam.

3.2. Water evaporation and salt-rejection

The water evaporation performance of the salt-rejecting solar evap-
orator was calculated by measuring the evaporated water mass. In
comparison, the water evaporation experiments of simulated seawater
(3.5 wt% NacCl solution) alone and the salt-rejecting solar evaporator
without CB deposition were carried out. As presented in Fig. 2a, all of
the solar evaporation processes can be simply modeled by the zero-order
kinetics and described by Eq. (1).

m — mg = —kt (€8}

where m and my are the actual water mass at time t and the initial water
mass, respectively, and k represents the water evaporation rate. The
water evaporation rate of the salt-rejecting solar evaporator was
1.24 kg:-m~2-h~! under 1 kW-m~2 solar irradiance, which was 1.5 times
and 3.2 times higher than the salt-rejecting solar evaporator without CB
deposition and the pristine simulated seawater respectively. No salt
accumulation was found on the surface of the salt-rejecting evaporator
while there was obvious salt accumulation on the surface of the salt-
accumulation evaporator (inset in Fig. 2b), indicating that the MF
foam was the main site for the exchange between the concentrated brine
and the underlying NaCl solution. In addition, the photothermal con-
version efficiency (1) could also be calculated by using Eq. (2).

n= mhpy/CoprPo (2)

where hpy is the total enthalpy of liquid-vapor phase change, m is the
evaporation rate (kg~m’2-h’1), Copr is optical concentration and Py is
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Fig. 1. (a) SEM, (b) FT—IR spectrum, and (c) contact angle of the MF foam.
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Fig. 2. (a) Evaporated water mass as a function of irradiation time in the evaporation processes of the simulated seawater (3.5 wt% NaCl solution) and different solar
evaporators. (b) Water evaporation rate, photothermal conversion efficiency, and surface salt-accumulation appearance of different solar evaporators after 4 h light

irradiation in simulated seawater (3.5 wt% NaCl solution).

the nominal direct solar irradiation 1 kW-m 2. As calculated, the ; of the
salt-rejecting evaporator was 77.8%, which was higher than the pristine
simulated seawater. This result proved that the salt-rejecting evaporator
can enable effective interfacial solar heating.

The interfacial solar heating effect was further proved by testing the
surface temperature change of the salt-rejecting solar evaporator during
the evaporation process. As shown in Fig. S3a and d, Supporting Infor-
mation, the air-water interface temperatures with and without the salt-
rejecting solar evaporator were 14.0 °C and 15.6 °C respectively before
1 kW-m~2 solar irradiance. After irradiance for 60 min, the air-water

interface temperature of the salt-rejecting solar evaporator increased
to 34.5 'C while the control group was 22.6 °C, which indicates that
EPE/MF layer could prevent heat transfer to the bulk water.

To explore water evaporation efficiency and salt-rejection charac-
teristic of the evaporator, water evaporation experiments were con-
ducted under different NaCl concentrations. The water evaporation rate
slightly decreased from 1.24 to 1.15 kg:-m 2h™! (accompanied by the
decrease of the photothermal conversion efficiency from 77.8% to
72.2%, as shown in Fig. 3b) with the concentrations of the NaCl solution
increased from 3.5 to 14 wt%, which was probably due to the principle
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Fig. 3. (a) Digital photos and (b) water evaporation rate and photothermal
conversion efficiency of the salt-rejecting solar evaporator after 4 h light irra-
diation under different NaCl concentrations.

that the vapor pressure of water decreases with the increased salinity
[37]. However, because of the rapid exchange between the concentrated
brine and the underlying NaCl solution, no salt accumulation occurred
on the surface of the evaporator, even under the high NaCl concentra-
tion of 14 wt% (Fig. 3a), indicating its excellent salt-rejecting property.
To further explore the salt-rejection behavior, a solar evaporation
experiment was conducted with CuSO4-5H,0 particles on the surface of
the evaporator (Fig. 4a). It can be seen that the mass of CuSO4-5H>0
gradually decreased with the evaporation time. The 8 g of CuSO4-5H20
completely dissolved into the underlying solution, which caused the
transparent solution to turn blue after 4 h solar irradiation (Fig. 4b). This
phenomenon strongly suggests that the salt-rejection could be realized
by transporting the concentrated brine back into the underlying solution
as long as the concentration of the brine was below the salt’s saturation
concentration.

The effects of CB nanoparticles dose, MF foam thickness, solar in-
tensity and relative humidity on the water evaporation rate, photo-
thermal conversion efficiency and salt-rejection characteristic of the
salt-rejecting solar evaporator were studied to optimize the operation
conditions, and the results are shown in Fig. S4, Supporting Information.
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The water evaporation rate increased from 1.04 to 1.16 kgm™2 h!
(accompanied by the n values increased from 65.3% to 72.8%) with the
CB nanoparticles dose increasing from 5 to 15 mg and almost remained
unchanged when further increasing CB dose from 15 to 25 mg (Fig. 5a).
The water evaporation rate and photothermal conversion efficiency
significantly increased with the growth of MF foam thickness until the
thickness achieved 1.5 cm (Fig. 5b) which illustrates the excellent
insulation property of MF foam. As optimized, the CB nanoparticles dose
of 15 mg and MF thickness of 1.5 cm were used in the following evap-
oration experiments. Moreover, the water evaporation rate of
1.24 kg-m~2-h~! with the calculated photothermal conversion efficiency
of 77.8% was obtained under the optimal conditions previously
described. The water evaporation efficiency of the as-prepared salt-
rejecting evaporator was higher than a variety of the reported effi-
ciencies of other salt-rejecting evaporators (Table S1). The water evap-
oration rate was significantly enhanced with increased solar intensity
(Fig. 5c). However, as the temperature at the gas-liquid interface
increased with the solar intensity, more heat was lost due to the heat
radiation. Accordingly, the photothermal conversion efficiency
decreased from 79.2% to 72.0%. The effect of the relative humidity on
the water evaporation rate was carried out by setting the relative hu-
midity at 55%, 70% and 90% while keeping other operation conditions
unchanged. As shown in Fig. 5d, the water evaporation rate slightly
decreased from 1.24 kg-m 2h~! to 1.20 kg-m~2h~! when the relative
humidity increased from 55% to 70%. Moreover, the solar evaporation
was still able to maintain at a high rate of 1.10 kg-m~2-h™! even when
the relative humidity greatly increased to 90%. Importantly, no salt
accumulation (except in the case of the thinner MF foam, in which a
little water could diffuse into the top of EPE foam from between EPE
foam and beaker due to the tension of the water) on the surface of the
evaporator occurred (Figs. S5 and S6, Supporting Information) when
optimizing the operation conditions, indicating the excellent salt-
rejection property of the evaporator.

To further demonstrate that the salt-rejecting property of the evap-
orator was realized through the rapid exchange between the concen-
trated brine and the underlying solution in the MF foam, another two
solar evaporators with the same structure but different photothermal
materials, CNTs and MoS,, were fabricated. As shown in Fig. 6a-c, the
change of photothermal materials had no effect on the salt-rejecting
property of the evaporators except that the water evaporation rate
decreased from 1.24 to 1.14 kg-m~2-h~! with the corresponding pho-
tothermal conversion efficiency decreased from 77.8% to 71.6%
(Fig. 6d). The slightly reduced k and 5 values were mainly due to the
lower relative solar absorbance of the CNTs and MoSs.

Fig. 4. (a) Top and (b) front view of the dissolution behavior of the CuSO4-5H,0 particles in the evaporation processing using the salt-rejecting solar evaporator.
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3.3. Stability and durability

Stability and durability are important properties because they
determine the service life of salt-rejecting evaporator which influences
the cost of the fresh water in the next step. Here, real seawater obtained
from the East China Sea was used for investigating the stability and
durability of the salt-rejecting evaporator during 16 cycles of use. As
shown in Fig. 7a, the surface of the evaporator operated without salt
accumulation in repeated cycles of use which confirms the excellent salt-
rejecting property of the as-prepared solar evaporator. Furthermore, the
water evaporation rate and the conversion efficiency also remained
unchanged (Fig. 7b) over the whole measured period suggesting good
stability and durability of the salt-rejecting evaporator.

To explore the potential application of the salt-rejecting evaporator
in practical settings of solar desalination, a scaled-up salt-rejecting
evaporator with the dimension of 12 cm x 12 cm x 1.5 em (length x
width x height respectively) was fabricated (Fig. 8a). The solar evapo-
ration experiments were carried out outdoor at the Beijing time from
9:00 am to 15:00 pm. After 6 h of natural solar irradiance, the 144 cm?
surface of the scaled-up evaporator remained intact without salt accu-
mulation, indicating the excellent salt-rejecting property of the scaled-
up evaporator. The water evaporation rates at each 1 h interval were
calculated (Fig. 8b), and the average evaporation rate was
0.78 kg-m~2h~! with the highest value of 0.82 kg-m~2-h~! and lowest
value of 0.73 kg:-m~2-h~!. Correspondingly, the photothermal conver-
sion efficiencies under different time intervals were maintained in the
range of 68.3% to 72.3%, indicating the high photothermal conversion
efficiency and stability of the scaled-up salt-rejecting evaporator.
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4. Conclusion

In summary, a salt-rejecting solar evaporator was fabricated for
continuous solar steam generation based on the new concept of "air-
water interfacial solar heating". The salt-rejecting property of the
evaporator was realized through rapid exchange between concentrated
brine and the solution beneath using superhydrophilic MF foam. As a
result, the salt-rejecting evaporator enabled real-time concentrated
brine discharge during continuous solar desalination even in high
salinity seawater. The water evaporation rate of the salt-rejecting solar
evaporator was 1.24 kg-m_z-h_1 (accompanied by a photothermal

Journal of Environmental Chemical Engineering 9 (2021) 105010

conversion efficiency of 77.8%) under 1 kW-m 2 solar irradiance. The
salt-rejecting evaporator also displayed good durability as the evapo-
ration rate was almost unchanged even after 16 cycles of use. We believe
that the high evaporation rate, salt-rejection property, simple structure,
scalability, low-cost, as well as the good durability and stability make
the as-prepared salt-rejecting evaporator potentially useful in practical
settings of solar desalination in island areas.

Supplementary data

The fabrication process of the salt-rejecting evaporator; Water-
uptake behavior of the MF foam; Effects of CB dose, MF thickness and
solar intensity on water evaporation rate and salt-accumulation
characteristic.
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