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ABSTRACT

Solar-driven seawater desalination has emerged as a promising strategy to solve the global water
crisis with green energy. In this paper, an ultra-black nylon flocking photothermal material was
developed and applied as a solar evaporator. The theoretical analysis of high-efficiency interfacial
evaporation was introduced. The performance of the evaporator in terms of evaporation rate
and salt resistance was evaluated through the experimental verification method. With the intro-
duction of the ultra-black nylon flocking material, the evaporation efficiency increased by 76.06%
for seawater desalination. In the long-term stability test, the average evaporation rate was above
1.20 kg/m? h. Evaporation and condensation experiments were further carried out using a small
solar distiller. The results showed that installing ultra-black nylon flocking material in traditional
disc-type solar distiller could increase the water production from the original 2.8 to 7.76 kg/m? d.
Without the condensation chamber, the amount of vapor evaporating out to the ambient envi-
ronment was up to 10.24 kg/m? d. Thus, facilitating the steam condensation while improving the
evaporation efficiency is of great significance to the broad application of solar desalination.

Keywords: Seawater desalination; Solar energy; High-efficiency interfacial evaporation; Experiment

verification

1. Introduction

Solar-driven seawater desalination is a technique that
produces freshwater by harvesting solar thermal energy
to heat the seawater for evaporation and condensation.
However, it had several drawbacks such as low operating
temperature, low water production, insufficient low solar
energy utilization, and high equipment cost, which have
greatly limited its practical application. Under the best
operating conditions, the thermal efficiency is only 35%,
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and the water production per unit area is 3 ~ 4 kg/m? d [1,2].
The reasons lie in the facts that the heat capacity of the sea-
water to be evaporated is too large, and the photothermal
conversion efficiency is low, which weaken the driving
force for evaporation. Efforts have been devoted to improv-
ing the performance of the solar distiller, which include
adding dyes [3], charcoal [4], sponges [5], calcium stones,
black granite gravel and pebbles [6], etc. into the seawater
to reduce the heat capacity of the seawater in the device;
painting the trays with manganese oxide nanoparticles [7],
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SiO,/TiO, coatings [8,9] to improve heat transfer character-
istics; adding phase change material to store excess solar
heat and extend operating time [10-15]; designing a multi-
stage stacked tray [16] to recover the condensation latent
heat of steam, etc. Still, the water production of the solar
distiller is far from enough. Active solar desalination sys-
tem strengthens convection heat transfer, but it normally
requires an ancillary equipment to raise the operating
temperature to facilitate the internal heat and mass trans-
fer process. The common ancillary equipment includes the
external collector [17], internal or external condenser [18],
rotating disc or drum [19-24], fan [25,26], and mirror [27],
etc. With the introduction of ancillary equipment, the cost of
the system is increased, the operation stability is decreased,
and external power equipment is often required. Therefore,
to simultaneously increase the solar radiation absorption
rate and the solar photothermal conversion efficiency is
essential for improving the water production per unit area.

In recent years, researchers have successively developed
a series of highly efficient photothermal materials for solar
desalination. These photothermal materials can be divided
into four types, including metal plasmonic materials, car-
bon-based materials, polymer composite materials and
biological composite materials.

1.1. Metal plasmonic materials

Metal plasmonic materials with the strong absorp-
tion of solar light, show the great potential for the utiliza-
tion of solar energy. For efficient photothermal conversion
from a wider solar spectrum, flexible thin-film black gold
membranes were prepared employing adiabatic plasmonic
nanofocusing technology [28], which had multiscale struc-
tures of varied metallic nanoscale gaps (0-200 nm) as well
as microscale funnel structures. The adiabatic nanofocus-
ing of self-aggregated metallic nanowire bundle arrays
produced average absorption rate of 91% at 400-2,500 nm
and the microscale funnel structures led to average reflec-
tion of 7% at 2,500-17,000 nm. This system enabled solar
thermal conversion efficiency up to 57% at 20 kW/m?
The three-dimensional self-assembled aluminum nanopar-
ticles have been developed by Zhu Jia’s group of Nanjing
University. The average absorption rate was as high
as 96% at 400-2,500 nm spectral range [29].

1.2. Carbon based materials

Carbon based photothermal conversion materials are
promising candidates for solar thermal-related applica-
tion. MIT uses graphite sheets and foamed carbon to form
a porous and insulating material. When sunlight shines
on the surface of the material, it forms a hot spot in the
graphite, which can guide water through these holes
and form water steam [30]. Yang et al. [31] developed a
graphene-based independent solar energy converter
for desalination and purification. It consists of a prefab-
ricated 3D cross-connected honeycomb graphite foam
material, which can be used to obtain fresh water from
seawater and sewage under environmental conditions.
Peking University recently announced a graphene foam

material with a multi-level structure, with a photothermal
conversion efficiency of 93.4% [32]. The State University
of New York in the United States reported a black paper-
based light-absorbing material with an absorption rate of
98% in the range of 250-2,500 nm, and the thermal con-
version efficiency of its solar distillation experimental
device under a solar radiation intensity reached 88% [33].
A simple method toward fabricating graphene aerogel
(GA) from graphene oxides only by photoreduction was
reported, which was for the first time used to harvest solar
energy. GA could convert almost the entire incident solar
light to heat energy. Solar steam generation efficiencies
of 53.6 +/- 2.5% and 82.7 +/- 2.5% were achieved at light
intensities of 1 and 10 kW/m?, respectively [34].

1.3. Polymer composite materials

Synthetic polymer composites can reduce the materials
cost of solar desalination. Polyurethane sponge is widely
used in industry because of its micropore structures, excel-
lent thermal insulation and scalable production. Wang et al.
[35] introduced a novel photoreceiver composed of reduced
graphene oxide (rGO) and polyurethane (PU) matrix for
highly efficient solar steam generation. With excellent
mechanical and chemical stability, the functional rGO/PU
foam exhibited a solar photothermal efficiency of ~81% at
a light density of 10 kW/m? Polydopamine and Cl-doped
polypyrrole were successively modified onto the sand sur-
face for a stable structure. Owing to the specific aggrega-
tive structure of the black sands, a self-channelled device
combined adjustable 2D/3D solar-driven evaporation could
be readily achieved, and yield a high evaporation perfor-
mance (1.43 kg/m? h) [36]. Xu et al. [37] developed a flex-
ible Janus solar absorber by sequential electrospinning
which enabled a high efficiency of 72% and stable water
output of 1.3 kg/m? h over 16 d under 1 sun.

1.4. Biological composite materials

Recent studies had reported a variety of artificial struc-
tures that are designed and fabricated to improve energy
conversion efficiencies by enhancing solar absorption,
heat localization, water supply, and vapor transportation.
Mushrooms, as a kind of living organism, were surpris-
ingly found to be efficient solar steam-generation devices
for the first time [38]. Natural and carbonized mushrooms
could achieve =62% and =78% conversion efficiencies under
1-sun illumination, respectively. With ultrahigh solar absor-
bance (~99%), low thermal conductivity (0.33 W/m K), and
good hydrophilicity, the flame-treated wood could localize
the solar heating at the evaporation surface and enable a
solar-thermal efficiency of ~72% under 1-sun [39]. The use
of carbon nanotube (CNT)-modified flexible wood mem-
brane (F-Wood/CNTs) was demonstrated as a flexible,
portable, recyclable, and efficient solar steam generation
device for low-cost and scalable solar steam generation
applications. The solar steam generation device based on
the F-Wood/CNTs membrane exhibited a high efficiency
of 81% at 10 kW/m? [40]. A novel bilayered structure com-
prised of wood and graphene oxide (GO) for highly efficient
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solar steam generation was introduced [41]. The wood-GO
composite structure exhibited a solar thermal efficiency of
~83% under simulated solar excitation at a power density
of 12 kW/m?.

Herein, a black nylon fiber flocking board with a ver-
tically aligned array was prepared via a convenient elec-
trostatic flocking technique. It presented an extremely
high solar absorbance, a water self-supply capability,
and a unique salt self-dissolution capability for seawa-
ter desalination. The evaporation test-bed was built, and
the seawater evaporation performance evaluation and
crystallization scaling tendency analysis were carried out
through the experimental verification method. Finally,
the freshwater production experiment of evaporation and
condensation is carried out by simulating the traditional
disc solar distiller.

2. Preparation and experimental system of photothermal
conversion materials

2.1. Preparation of ultra-black nylon flocking photothermal
conversion materials

As shown in Fig. 1, 0.6 mm long black nylon fiber was
placed on the bottom plate of the high-voltage electro-
static device, and the paperboard was pasted on the top
plate. A 100 um thick acrylic adhesive layer was coated

on the paperboard. The distance between the top and bot-
tom plates was 100 mm. The voltage of the high-voltage
electrostatic output machine was modulated to 40 kV, and
the power was turned on for 5 s. By applying a potential
of 40 kV between the two plates, the black nylon fibers
became charged and were propelled toward the opposing
electrode because of electrostatic force, thus the black nylon
fibers were successfully aligned along the electric field lines
between the two electrode plates and inserted into acrylic
adhesive layer. Most of the black nylon fibers formed a
micron scale array structure on the paperboard. Finally,
the prepared material was treated under room temperature
for 24 h to cure the acrylic adhesive.

High voltage electrostatic flocking is an effective method
to prepare dense black nylon fiber vertical array structure.
Although this array structure is not completely regular (Fig.
2), the array structure gives the material extremely high
light absorption performance and unique wicking ability
simultaneously.

2.2. Experiment system

As shown in Fig. 3, the ultra-black nylon flocking mate-
rial was cut into a disc (diameter of 62 mm). A piece of sponge
(thickness of 3 mm) with the same size was attached to the
bottom of the ultra-black material for water transporting

Fig. 1. Photo image and schematic of the electrostatic flocking device.
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Fig. 2. (a) SEM image of the ultra-black nylon flocking material. (b) Micro CT image of the morphology of the ultra-black
nylon flocking material.
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Fig. 3. (a) Photograph and schematic illustration of the setup of the seawater evaporation measurement with the ultra-black nylon
flocking material floating on the seawater surface. (b) The preparation of the evaporating dish with the ultra-black nylon flocking
material and the sponge.

and thermal insulation. Then the hybrid material was layer. They were used as an evaporator and placed on a
placed in an evaporating dish (inner diameter of 62 mm) Mettler ME2002E electronic balance with a resolution of
and floated on the surface of the seawater in the evaporat-  0.01 g. The seawater mass reduction in the evaporator was
ing dish. The surrounding and bottom of the evaporating recorded in real-time to calculate the steam generation
dish were wrapped with polystyrene foam as the insulation rate and efficiency. The Newport94043A solar simulator
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was used to simulate sunlight (Accuracy +1 W/m?), and its
optical power density was calibrated with a 91,150 V ref-
erence battery for a standard sun, which was 1,000 W/m?2.
During the experiment, the seawater temperature on the
surface of the ultra-black nylon flocking material was
tracked with a NEC TH7700 infrared thermal imaging cam-
era (accuracy *0.1°C), and the water temperature under-
neath the black material was measured with a Tondaj680111
high-precision digital thermometer (accuracy =+0.4°C).
The uncertainty of the experiments had measured by the
equations available in Essa et al. [42]. It had been found that
the maximum uncertainty must not be increased by more
than 2.3% during the experimentations.

3. Theoretical analysis
3.1. Bulk heating evaporation and interface heating evaporation

Traditional solar desalination uses solar radiation
heat to heat seawater and increase the temperature of
the bulk water. Since seawater has a very low absorption
rate of sunlight, it cannot effectively absorb light energy
for the evaporation of seawater. In order to improve the
utilization efficiency of solar radiation heat energy, the
researchers blackened the bottom of the sea pool, or
added dyes, nanoparticles, etc. to the seawater. During the
heating process of this bulk heating evaporation, a large
amount of heat is used to heat and increase the tempera-
ture of the seawater, not only the steam generation effi-
ciency is low, but also the heat loss is serious, and the
overall seawater desalination efficiency is not high.

Compared with the bulk heating evaporation sys-
tem, the interface heating evaporation system uses solar
energy more efficiently in the process of steam genera-
tion (Fig. 4). This system is designed with light-absorbing
materials to localize the heat energy on the surface of
the material. The seawater on the surface of the mate-
rial reaches a high temperature to facilitate the escape of
steam. Therefore, the heat conduction loss to the water is
reduced, and high light-thermal evaporation efficiency can
be obtained at a lower light radiation intensity.

3.2. Solar absorbance of ultra-black nylon flocking material s

The solar radiation wavelength range covers the entire
electromagnetic spectrum from X-ray to radio wave. About
99.9% of the energy in solar radiation is concentrated in
300-2,500 nm (ultraviolet, visible and near-infrared region)
[43]. The absorbance of ultra-black nylon flocking mate-
rial can reach 99.6% in the band range of 280-2,500 nm
[44]. The excellent light absorption could be ascribed to
the array structure of black nylon fiber, which constructs a
good light trap, and limits the light reflection and scattering
in the same time.

3.3. Seawater evaporation efficiency

The seawater evaporation efficiency was calculated based
on the following equation.

_ m(HLV +Q)
T]—Ei ey

in

where 11 refers to the evaporation rate, kg/m? h,
H,, refers to the total enthalpy that is required to cause
the transition of seawater from its liquid to vapor phase
H,(T) =1.91846 x 10° x [T/(T. - 33.91)? (J/kg), T, is the evap-
oration temperature measured experimentally (K); Q is the
sensible heat of seawater per unit mass Q = C_ x (T - T,)
(J/kg), where T is the seawater temperature measured exper-
imentally (K), C_, is the seawater specific heat at the corre-
sponding salinity and temperature C_ = A + Bt + Ct*+ Df°
(J/kg K), where t is the average temperature of seawater
and evaporation temperature (°C), and the variables A, B,
C and D are evaluated as a function of the water salinity
as follows [45]:

A=4,206.8-6.6197s +1.2288 x 1072 x §*
B=-1.1262 +5.4178 x 107%s — 2.2719 x 10~*s*
C=1.2026 x 102 - 5.3566 x 10~*s + 1.8906 x 10-%s?
D =6.8777 x 107 + 1.517 x 107%s — 4.4268 x 10~s*

where s is the salinity of seawater(g/kg); E, refers to
the total solar energy input per unit time on the system
(kJ/m? h).

4. Results and discussion

The raw material seawater used in the experiment was
taken from the Bohai Sea, and the conductivity of the sea-
water was 50.2 ms/cm. During all solar seawater evapora-
tion experiments, the steam generation rate of 0.04 kg/m? h
had been deducted under natural dark conditions to elim-
inate the influence of natural water evaporation [46]. All
indoor experiments were conducted at room temperature
of ~26°C and humidity of ~60%.

4.1. Seawater evaporation performance of
the ultra-black nylon flocking materials

It can be seen from Fig. 5a that under 1 solar radia-
tion intensity, the seawater temperature on the ultra-black
nylon flocking photothermal conversion material surface
is higher than that under the material. This is due to the
thermal insulation effect of the material, which reduces the
heat loss to the seawater under the material, and most of
the heat is used for the evaporation of the surface seawater.
Compared with the seawater temperature without this mate-
rial, due to the light absorption performance of the mate-
rial, both the surface temperature of the material and the
bottom seawater temperature are highly increased.

It can be seen from Fig. 5b that the evaporation rate
of seawater added with the ultra-black nylon flocking
photothermal conversion material has been significantly
improved. The average evaporation rate of seawater
without this material is 0.71 kg/m? h, and the solar steam
generation efficiency is 49.22%. After introducing the
ultra-black nylon flocking photothermal conversion mate-
rial, the average evaporation rate of seawater is 1.25 kg/
m? h, the solar steam generation efficiency is 86.65%, and
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Fig. 4. Evaporation method of bulk heating and interface heating.

the evaporation performance is increased by 76.06%. The
results show that the ultra-black nylon flocking material
can significantly improve the evaporation performance of
solar desalination.

4.2. Long-term operation stability analysis

The long-term stability of the photothermal conver-
sion material is very important for practical applications.
Good stability is conducive to the reuse of materials and
cost saving, which is highly desired for large-scale indus-
trial production of solar desalination. In the process of
seawater desalination, the dissolved salts in seawater,
such as sodium salt, calcium salt, magnesium salt, etc.,
will recrystallize under the influence of temperature and
concentration. Under the driving force of capillary water
absorption and evaporation, the seawater migrates to the
top of nylon fiber and evaporates. After evaporation, the
remaining seawater concentration is enriched. Due to the
high evaporation rate, the dissolved salt may not have time
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to diffuse and dissolve in the water under the material and
reach supersaturation, and crystalline salt may precipitate
on the surface of the material. It can be seen from Fig. 6 that
crystal salts begin to appear after 1 h of evaporation exper-
iment. After 2 h of evaporation experiment, the formation
of crystal salts is more obvious. After 8 h of solar radiation
evaporation test, a large amount of crystal salts can be seen
in the middle surface of the materials. This is because the
capillary water absorption capacity of the material edge is
greater than that of the middle part, which promotes the
recrystallized salt after seawater evaporation to gather
in the middle. At the end of the experiment as the solar
simulator is turned off, the driving force of solar radiation
evaporation is lost. The crystalline salt on the surface of
the material dissolves rapidly at first, and then the dissolu-
tion rate slows down. This is because the gaps between the
nylon fiber arrays act as dissolution and diffusion channels
between the crystalline salt and the bottom seawater. After
the self-dissolution process overnight, the crystallized salt
on the surface of the material was completely dissolved.
Scanning electron microscope (SEM) images of the materi-
als before and after self-dissolution showed that the crys-
tallized salts on the surface of nylon fiber had disappeared
completely, and the original appearance was basically
restored after self-dissolution.

For the experiment, the concentration ratio of seawa-
ter is less than 2. Solar radiation is alternating between day
and night. After daily 8 h of solar radiation, the material
floats still in sea water. When the experiment starts the next
day, the crystalline salt has dissolved into the sea water
by itself. After 20 repetitive experiments within a month,
there are traces of insoluble salt on the surface of the mate-
rial, and these crystalline salts cannot dissolve in seawater
by themselves. It can be seen from Fig. 7 that the evapo-
ration rate has slightly decreased, but the average evapo-
ration rate is still stable above 1.20 kg/m? h. It shows that
the insoluble crystalline salt does not significantly limit
the seawater evaporation rate. Considering the influence
of weather under natural conditions, the evaporation of

-
o~
1

N
)
1

N
o
1

o
©
1

o
o
1
e
1

N
~
1

—o— Without ultra-black array material
—o— With ultra-black array material -

Evaporation Rate (kg/m’ h)

I
)
1

0.0 L L L |
0 50 100 150

— T T T T T T T T T T
200 250 300 350 400

Time (min)

450

Fig. 5. (a) The temperatures changing of the seawater in the evaporating dish. (b) The evaporation rate under 1-sun illumination.



24 C. Miao et al. / Desalination and Water Treatment 252 (2022) 18-27

L.'

13000 DEES 202210804 31 1 DA x40

2020 um

SEM after self-dissolution of crystalline salts

%3030 DF80 202000804 100 H D4E 400 270 um

Fig. 6. Photographs of the ultra-black nylon flocking material in different time of solar seawater evaporation.
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Fig. 7. Continuous experimental evaporation rate under one
sun illumination.

seawater cannot reach the 24 h full-load operating condi-
tion per day. The reduction of evaporation intensity will
provide greater self-dissolving ability of crystalline salt.
Therefore, the ultra-black nylon flocking material has good
long-term stability in the solar desalination process under
natural conditions.

4.3. Evaporation and condensation experiment

Theoretical analysis and experiments have proved
that the ultra-black nylon flocking photothermal conver-
sion material can greatly improve the efficiency of solar
seawater evaporation. But for the desalination process,
what we ultimately need is fresh water, that is, to collect
the evaporated steam, instead of dissipating the steam to
the ambient environment. The solar distiller model with
the simplest equipment and minimal investment is used
for evaporation and condensation experiments. The steam
evaporated in the solar distiller is condensed on the quartz
glass cover (Fig. 8). The condensed water flows along the
glass cover to the tray at the bottom of the distiller. There
is a gap between the glass cover and the tray. The absor-
bent paper towels are used to suck the condensed water
out from the gap. Because the distiller is placed on the
electronic balance the real-time weight loss is tracked to
indicate the real-time generation of vapor.

It can be seen from Fig. 9 that the evaporation rate
of seawater with ultra-black nylon flocking material is
significantly increased no matter whether the condensa-
tion cover is added or not, which indicates that the ultra-
black nylon flocking material can improve the freshwater
production in the actual seawater desalination process.
Under the condition that the ultra-black nylon flock-
ing material is installed, the evaporation rate of seawa-
ter without a condensation cover is higher than those
with a condensation cover. This means that the steam
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Fig. 8. Photo image of the seawater evaporation measurement
with the condensing cover.

evaporated from sea water is not condensed on the con-
densing cover in time, which hinders the evaporation of
seawater. Therefore, the actual solar desalination is nec-
essary to enhance the condensation while improving the
evaporation efficiency, such as increasing the emissivity
of the condensation cover. The average evaporation rates
of with ultra-black nylon flocking material without con-
densing cover, with ultra-black nylon flocking material
with condensing cover and without ultra-black nylon
flocking material with condensation cover were 1.28, 0.97
and 0.35 kg/m? h respectively. According to the effec-
tive sunshine time of 8 h/d, the freshwater production is
10.24, 7.76 and 2.8 kg/m? d respectively. This means that
installing the ultra-black nylon flocking material in the
traditional disc solar distiller can increase the freshwater
production from the original 2.8-7.76 kg/m? d.
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Evaporation rate (kg/m? h)
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0 50 100 150 200 250 300 350 400
Time (min)

Fig. 9. Comparison of weight change and evaporation rates with
or without condensing cover and the ultra-black nylon flocking
material.

(al) Weight loss without condensing cover and with
ultra-black nylon flocking material; (b1) Weight loss with
condensing cover and with ultra-black nylon flocking
material; (c1) Weight loss with condensing cover and with-
out ultra-black nylon flocking material; (a2) Evaporation
rate without condensing cover and with ultra-black nylon
flocking material; (b2) Evaporation rate with condens-
ing cover and with ultra-black nylon flocking material;
(c2) Evaporation rate with condensing cover and without
ultra-black nylon flocking material;

5. Conclusions

The following conclusions are drawn:

¢ Electrostatic flocking is a cost-effective processing
method and has been widely used in industrial appli-
cations. Utilizing such technology, an ultra-black nylon
flocking photothermal conversion material has been
developed. This material has a very high light absorp-
tion rate (99.6%) and special capillary water absorption
performance due to the vertical fiber array structure.
Tests have proved that with the addition of this mate-
rial, the solar-driven seawater evaporation rate achieves
1.25 kg/m?h, and the long-term stability is demonstrated
due to its salt self-dissolution capability.

* The evaporation and condensation experiments of the
solar distiller have been carried out under a simulated
sunlight source. The solar stiller is closer to practical
industrial application. Compared with the traditional
disc distiller without setting this ultra-black nylon flock-
ing photothermal conversion materials, the water yield
of this solar distiller increases from the original 2.8 to
7.76 kg/m? d. Without the cover of a closed condensa-
tion system, the vapor generation rate is 10.24 kg/m? d.
It implies that promoting the condensation efficiency
is possible to enhance the evaporation efficiency and
water production performance for the solar desalination
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system. Strategies to enhance the steam condensation
efficiency is underway in our future work.
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