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Today, access to freshwater is one of the important human needs. Although the conventional methods for

obtaining freshwater through recycling or desalination of water are very efficient; they consume high en-

ergy and are costly. Solar energy as a sustainable, accessible, and pollution-free energy can be a suitable

source of energy to obtain freshwater. Solar steam generation through surface evaporation is a promis-

ing technology to achieve high-quality freshwater without the use of solar concentrators. These systems

consist a floating substrate that is covered by photothermal material to harvest the sun energy. The water

is transferred to the surface and evaporated by heat localization. In this study, two-layer systems con-

sisting of polyurethane foam substrate and titanium nitride light absorber are fabricated and used for

solar desalination. The studied system, in the best case, has an evaporation rate of 1.31 kg/(m*h') which

is equivalent to an efficiency of 84%. According to the results, titanium nitride nanoparticles provide

efficient light absorption due to owning plasmonic effect.
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1. INTRODUCTION

Water is essential for environment and the growth of human
society. Due to the increasing of the population of the world, the
growing trend of urbanization, and climate change, half of the
world’s population is going to be affected by water stress by 2030
[1]. The amount of freshwater on the ground is constant though
it needs to be treated for achieving freshwater. According to
the World Health Organization (WHO), the permissible water
salinity is 500 - 1000 ppm, while the salinity of seawater is 35000
- 45000 ppm [2].

The use of solar energy as a heating source in areas such
as power generation, residential water heaters, desalination,
and wastewater treatment has received a lot of attention [3].
Solar steam generation technologies are divided into direct and
indirect methods. The direct method uses solar energy directly to
desalinate water, while in the indirect one, the solar energy firstly
is converted into another form of energy such as electrical and
then is used for water desalination [4]. The production of water
vapor at a temperature of 100 ° C under sunlight requires the
use of optical concentrators but in addition to being expensive,
this method also requires structural support [3], [5]. In the

method without optical concentrators, solar energy is usually
received by a solar absorber and then converted to heat [4].
Different configurations have been used for direct solar water
steam generation (Figurel). As shown in Figure 1a, the absorber
is located on the bottom of the container and is heated from
the bottom. In this method, the energy losses are high and heat
localization can not occurred efficiently. Because, the harvested
energy is consumed to heat the bulk water and also some of the
incident photons are reflected from the water surface, leading to
a relatively low efficiency (30-55%) [6], [7].

In the nanofluid mode, light absorber nanoparticles are dis-
persed in water, providing better performance compared to the
first configuration though it still suffers from the heat losses
(Figure 1 a and b) [8]. Recently, floating solar steam generation
systems have been used to generate steam in the air-water in-
terface as shown in Figure 1c [9]. The goal of this method is
to heat the water at the air-water interface, not the bulk water.
This approach has shown high solar steam generation efficiency
[10]. In general, generating steam efficiently by using floating
structures requires the following three key factors:

- High ability to absorb sunlight.
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Fig. 1. Schematic of (a) underfloor heating mode; (b) nanofluid
mode (c) floating mode of solar steam generation

- Minimal heat loss to the bulk of water.

- Transfer water to the evaporation surface for continuous
steam generation [11].

The use of black photothermal layers is a new strategy that
harvests solar energy and converts it into heat [12]. Carbon
nanotubes and graphene have high light absorption due to SP2
hybridization and 7 bond formation [13]. Metal nanoparticles,
semiconductor nanostructures, carbon, and black polymer nano-
materials have been also used as light absorbers [14]. To achieve
a high thermal efficiency for selected absorbers, they should
have a high light absorption coefficient () and low emission
(e) [3]. Reducing convective, conductive, and radiative losses
can significantly improve the energy efficiency of the system
[15]. Researchers used carbon foam and wood as thermal in-
sulation layers with thermal conductivity coefficients of 0.04
W/ (m'k') and 0.17 W/ (m'k!) respectively, to prevent thermal
losses [16], [17]. To supply water at the evaporation surface, it is
necessary to design water transfer channels from the bulk to the
surface. As reported, graphene oxide was used to transfer water
to the surface through its porous column. The transfer occurs
due to the capillary forces, leading an evaporation rate of 1.27
kg/ (m*h') [18].

In this study, fabrication of the solar steam generation system
is focused which is environmentally friendly and economically
viable. In order to reduce the heat losses which are consid-
ered as the major challenges of solar steam generation systems,
polyurethane (PU) with low thermal conductivity is used. Also,
felt is utilized as a water transporter because of its high hy-
drophilicity and high ability to transfer water from the bulk
water to the system surface. Titanium nitride (TiN) is used as
the absorber layer due to its high plasmonic effect. Systems
containing different amounts of TiN are fabricated and analyzed
to achieve the optimum level of the TiN nanoparticles.

2. METHODOLOGY

To produce PU foam, the resin (ISO 370) and its curing agent
(Polymoc 327/B2) are mixed with the ratio of 1:1 and subse-
quently moved to the Teflon cylindrical mold. The mixture is
then stirred by a mechanical stirrer for 20 seconds and kept un-
der ambient temperature and pressure for shaping the foam.
The physical properties of PU foam precursors are presented in
Table (1).

To prepare the absorber layer, different amounts of TiN are
mixed with 3500 mg of deionized water and 200 mg of acrylic
resin in an ultrasonic for 10 minutes. Then the felt is cut into a
circle with a diameter of 5 cm and all of the prepared absorber
mixture is deposited on the felt with a brush. To study the effect
of the TiN concentration on the performance, systems containing
0.047 wt%, 0.11 wt%, 0.2 wt%, 0.27 wt%, 0.33 wt%, and 0.5 wt%

Table 1. Physical characteristics of PU foam precursors.

. Specific weight . .
Materials Viscosity(m.Pa.s)
(gr/m?)
resin (ISO 370) 1.23 180-270
curing agent (Polymoc 327/B2) 1.1 1200-1600
g agent (Poly

of TiN are fabricated and analyzed. Weight percentage of TiN is
calculated by dividing the amount of titanium nitride to the sum
of titanium nitride and 200 mg of acrylic resin. The absorber
layer is then dried in an oven at 120 ° C for 15 minutes. To
calculate the efficiency of solar steam generation system, equa-
tion (1) is used, where Qs represents the equivalent solar power
(1KW /m?) and Qe represents the amount of power required to
evaporate water calculated by equation (2).

= L
Qs
dm
E = Hg Xr (2)
H, is the enthalpy of water evaporation, which is approxi-
mately equal to 2260Kj/Kg. Moreover, m is the amount of water
evaporated, t is the time, and r is the water evaporation rate
(WER) obtained from the linear fit of the graph of mass changes
in time.

)

Qe = Hy X

A. Characterization

The microstructure study of the absorber layer is performed
using FESEM (MIRA3TESCAN-XMU). Leica light microscope
is used to observe the absorber surface. The hydrophilicity and
hydrophobicity of the absorber layers are investigated using the
contact angle device (Jikan-CAG20).

The thermal test is performed using a model thermographic
camera (OLIP ThermoCam P200). To perform this test, the built-
in solar systems are placed under the light of a sun simulator and
then an imaging is performed using the thermographic camera.

3. RESULTS

In Fig.2a, the SEM images of TiN nanoparticles are presented.
As observed the nanoparticles have coral-like structures and the
average dimension of nanoparticles is 38 nm.

Fig 2b shows the XRD pattern of TiN nanoparticles. Five
strong diffraction peaks are observed at 26 equals to 44 °, 50
°, 74 °, 89 °, 94 °, corresponding to plates (111), (002), (022),
(113) and (222) in the structure, respectively. It indicates the
high crystallinity and purity of TiN. The crystal structure of TiN
nanoparticles is a centered cube with a lattice parameter of 4.24
A.

Fig 2c shows the visible-ultraviolet absorption spectrum of
TiN nanoparticles at wavelengths of 200 to 850 nm. The 583
nm peak relates to the plasmonic effect [19] due to the inter-
band interactions of free electrons that can support local surface
plasmonic resonance [20]-[22].

To study the morphology of the absorber layer, FESEM im-
ages are prepared from the absorber layer. In the solar steam
production system, felt is used as a water transporter and a sub-
strate for absorber materials. Fig. 3a and b depict the FESEM
images of the pure felt and TiN absorber layer. It contains felt
with TiN 0.27 wt% and acrylic adhesive. As shown in the fig. 3b,
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Fig. 2. (a) SEM image of TiN nanoparticles; (b) XRD patterns
of TiN nanoparticles; (c) UV-vis-NIR absorption spectra of TiN
nanoparticles.

the absorbers are uniformly dispersed on the surface of the felt
filaments and some of the pores of the felt.

Fig. 3c is an optical microscope image of the absorber surface
of TiN. The contact angle of the surface of TiN absorber is 74
degrees, confirming the hydrophilicity of the surface.

The WER in the presence of TiN increases significantly com-
pared to PU foam and uncovered water due to the high light
absorption. Among the different samples, the highest WER and
solar steam conversion efficiency is achieved when the absorber
amount of TiN 0.27 wt% of TiN is used. When the amount of
TiN absorber is less than TiN 0.27 wt%, the WER and the effi-
ciency show ascending trend. However, when the amount of
TiN absorber is more than 0.27 wt%, the WER and solar vapor
conversion efficiency decrease with the increase of the TiN. It
seems that in the presence of high amount of TiN, some of the
pores available in felt are blocked. As a result, water transfer
process faces problem, leading the reduction of the performance.
Moreover, heat losses from the surface through TiN emission
can also be another reason for this performance reduction.

As shown in Table 2, the WER for uncovered water under
one-sun is 0.45 kg/(m?h'). This value is 0.71 kg/ (m*h') for a
PU+felt system floating on water. By adding TiN 0.27 wt% on
PU insulation (a two-layer system), the WER of 1.34 kg/ (m?h')
is achieved which is more than twice the value of uncovered
water.

Fig. 4a shows the water mass change of the solar steam gener-
ation systems. The water mass change for uncovered water was
0.45 kg/m2 and for PU and TiN75 were 0.71 kg/mz, 1.34 kg/mz,
respectively. Fig. 4b shows the efficiency of the solar steam
generation systems. As can be seen, the efficiency of steam gen-
eration for uncovered water is 28%. With the presence of floating
PU insulating layer and absorber layer, the efficiency increases
to 84%. The results show that TiN can efficiently harvest the sun
light since it has plasmonic effect.

The thermal profile of the samples is shown in Fig. 4c. As
seen, when tap water covered by only PU insulating layer is
placed under the solar simulator, the heat is distributed through-
out the bulk water and there is no significant difference between
the surface temperature and the bulk temperature. While, with
the addition of the absorber layer on the PU insulating layer, the
temperature difference between the surface and the bulk water
reaches its maximum. As a result, TiN absorber layer absorbs the

Table 2. Temperature, steam generation rate, the efficiency of
different systems.

Sample Surface temperature Temperature | Evaporation Rate | Efficiency
after illumination (°C) | difference (°C) (kg/m?h) (%)
Pure water 34 7 0.45 28
PU 40 13 0.71 45
TiN0.047 wt% 42.1 15.1 1.19 75
TiNO0.11 wt% 42.5 15.5 1.27 80
TiNO0.2 wt% 42.8 15.8 1.29 81
TiN0.27 wt% 45 18 1.34 84
TiN0.33 wt% 43.5 16.5 1.30 82
TiNO0.5 wt% 43.1 16.1 1.29 81

incident light efficiently and the PU foam successfully localizes
it.

In Fig. 4d, water temperature of surface at first is 27°C and
after being under the solar simulator for 60 minutes reaches 34°C.
In the presence of thermal insulation (single layer system or PU)
it increases to 40°C and in the presence of thermal insulation and
absorber layer (two-layer system or PU+ TiN 0.27 wt%) reaches
45°C. Temperature, steam generation rate, mass changes, and
efficiency of TiN absorber based systems are summarized in
Table (2).

4. CONCLUSION

In summary, two-layer solar steam generation systems were
fabricated and their performances were compared with the per-
formance of uncovered water and PU foam insulator. In the
two-layer system, TiN with different concentrations was used as
the light absorber because of its plasmonic effects. Evaporated
water rates for pure water and single-layer system and the best
two-layer system were 0.45 kg/ (m?h'), 0.71kg/ (m?h!) and 1.34
kg/(m*hl) , respectively. The efficiency of steam generation for
pure water was 28%, while it was 45% and 84% for PU foam and
two-layer systems, respectively.
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Fig. 3. (a) FESEM images of pure felt (b) FESEM images of ab-
sorber surface (TiN 0.27 wt%); (c) Optical microscopy images
of the absorber surface.
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Fig. 4. (a) Solar water evaporation performance of TiN 0.27
wt% under one-sun, PU system, and uncovered water as the
reference sample; (b) corresponding evaporation rates (black
square) and solar-vapor conversion efficiency (red column)
of the systems; (c) Thermal profile of the systems (uncovered
water and TiN75); (d) Temperature change diagram.
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