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abstract

Interfacial solar vapor generation, an efficient, sustainable, and low-cost method for producing clean wa-
ter, has attracted great interest for application in solar desalination and wastewater treatment. Although
recent studies indicated significant enhancement of overall performance by developing photothermal ma-
terials and constructing different dimensional systems, stable evaporation performance and long-term
operation of the evaporator are hindered by severe scaling issues. In this critical review, we present the
latest strategies in reducing salt accumulation on the evaporator for solar desalination and brine treat-
ment. We first demonstrate the consequences of salt accumulation, and then discuss various self-cleaning
methods based on bio-inspired concepts and other strategies such as physical cleaning, ion rejection and
exchange, fast ion diffusion, and controlled crystallization, etc. Importantly, we discuss and address the
rational design of the evaporator via establishing a relationship model between its porosity, thickness, and
thermal conductivity. Lastly, we evaluate salt-resistance strategies, evaporation performance, and possibil-

ities of real application in different evaporation systems with scaling-resistant abilities.

© 2021 Published by Elsevier Ltd.

1. Introduction

The shortage of fresh water remains a severe and challenging
issue around the world due to population growth, climate change,
and industrial pollution. According to a recent report released by
World Research Institute (WIR), about a quarter of the world’s pop-
ulation faces an “extreme water shortage” crisis. To alleviate this
water scarcity, desalination is expected to become a primary sup-
plier of high-quality water (Tong and Elimelech, 2016). However,
reverse osmosis (RO)-based desalination systems require a large
amount of energy and cost to maintain the operation of desalina-
tion plants, such as pressure recovery infrastructure, pretreatment
of influent water, and periodic cleaning of filters. Many under-
developed regions cannot afford the financial risk of investing in
RO, let alone the cost associated with burning fossil fuels to sup-
ply the required energy that emit greenhouse gases contributing to
air pollution and climate change (Zhang et al., 2019a). Additionally,
an RO-based desalination system is unsuitable for treating highly
saline wastewater (known as brine) because of the high-pressure
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requirements associated with operation, as well as a shorten ser-
vice life resulting from frequent cleanings.

To address the above issues, interfacial solar vapor generation
has been proposed to be a sustainable, energy-efficient, and low-
cost process in which water vapor generation is accelerated by lo-
calized photothermal heating and the resulting water vapor is sub-
sequently collected by condensation. So far, various photothermal
materials including carbon materials, semiconductors, and plas-
monic metals have been widely used to harvest solar energy to
achieve efficient photothermal conversion. Through rationally op-
timized configurations of evaporators and designing structures of
photothermal materials, excellent evaporation performance can be
achieved due to stronger light absorption and less heat dissipa-
tion. For example, our previous work first presented that an ar-
tificial tree configuration effectively enhanced water evaporation
through heat localization on the graphene oxide (GO) leaf, lead-
ing to a high evaporation rate of 2.0 LMH under 0.82-sun illu-
mination (Mi et al., 2019; Finnerty et al., 2017a). Recently, some
studies have shown that the vaporization enthalpy of water from
hydrogels and graphene oxide foams could be significantly de-
creased by increasing hydrophilic groups and controlling the vol-
ume of water inflow, respectively (Zhou et al., 2019a; Zhao et al.,
2018a; Zhou et al., 2018; Liang et al., 2019; Guo et al., 2019a;
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Fig. 1. Current strategies to solve salt scaling on evaporators during the interfacial solar desalination.

Guo et al., 2019b; Guo et al., 2020a). The mechanism basically in-
volves the adjustment of different states of water in a polymer net-
work or porous hydrophilic structure, thereby reducing the heat
required for vaporization. As a result, the evaporation rate can ex-
ceed 3.0 kg m~2 h—' under one-sun illumination, while the light- to-
evaporation conversion efficiency approaches 100%. To further
improve light utilization, a sunflower-like biomimetic omnidirec-
tional tracker based on nanostructured stimuli-responsive poly-
mers was designed so that the artificial phototropic system can
maximize light harvesting under different angles of illumination
(Qian et al., 2019).

and three-dimensional (3D) evaporators can still reach 3—8 kg m—2
day—' after operating continuously for 6-10 h under natural sun-
light (Sun et al., 2020; Fang et al., 2019; Xiao et al., 2019a). More-
over, by using a special wettability housing or electric fans, the
condensation process can be greatly accelerated, so as to make full
use of the advantages of fast evaporation and improve the over-
all performance (Chen et al., 2011; Durkaieswaran and Murugavel,
2015; Hou et al., 2015; Wang et al., 2019a).

Undoubtedly, these major breakthroughs have significantly en-
hanced the performance of photothermal evaporation, enlighten-
ing future applications, and laying a solid theoretical foundation.
However, in actual seawater with complex compositions and saline
water with high concentrations of salts, the evaporation rate and
energy conversion efficiency of the evaporator could be seriously
affected by various inorganic from the water. In particular, small
salt ions (such as Na+, K+, Ca’*and Mg?*, etc.) are transported

from the bulk water to the photothermal materials via capillary
action along with the water flow. If the salt ions are unable to dif-
fuse back into the bulk solution, they will gradually concentrate
and eventually crystallize at the evaporation sites of the photother-
mal materials. After a period of time, salt scale can affect light ab-
sorption, water supply, vapor diffusion, and even reduce service life
and increase equipment operating costs. Obviously, addressing the
salt fouling problem is crucial for solar desalination applications.
An ideal evaporator for solar desalination needs to meet three con-
ditions: 1) salt crystallization is either prevent or accounted for
so that it does not hinder long-term evaporative performance; 2)
when preventing scale formation, high salt concentrations do not
have much influence on the evaporation rate and solar-to-vapor
energy conversion efficiency of the evaporator; 3) the high concen-
tration of salt ions (including monovalent and divalent ions) does
not have a significant effect on the structural stability and service
life of the evaporator.

So far, the most common evaporation systems are self-floating
evaporation configurations and transporter-assisted evaporation
configurations. Considering the structural characteristics of each
evaporator, different strategies are needed to eliminate salt scale.
Herein, our critical review aims to summarize current strategies for
reducing salt accumulation on the evaporators (Fig. 1) and evalu-
ate them from different perspectives including evaporator design,
evaporation performance and applicable scenarios.

2. Evaluation and discussion
21 Self-floating evaporators

Wang’s group first proposed this novel concept of using self-
floating evaporators without any assistance to enhance solar evap-
oration in 2011 (Zeng et al., 2011). In this report, magnetic Fe;0,/C
particles floating on the water surface are used as a light-absorbing
material to realize the interfacial evaporation process. A small
number of light-absorbing materials (115 g m~') was required to
obtain a water evaporation rate of up to 2.3 L m—2 h-! at a light
intensity of 1355 W m=2, while achieving recyclability and a re-
duced operating cost. In recent years, due to the advantages of
simplified outdoor desalination equipment and reduced operating
costs, more and more people have paid attention to the design
of self-floating evaporators. Generally, in order to construct a self-
floating evaporator, it needs to have a photothermal surface for
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a) Schematic illustration of solar desalination based on the rGO/PVA hydrogel-based evaporator

(Zhou et al., 2018). Copyright 2018 The Royal Society of Chemistry. b) Natural wood-based evaporator with rationally designed artificial channel-array (Kuang et al., 2019).
Copyright 2019 Wiley-VCH. c¢) Janus evaporator with low tortuosity based on a hydrophobic SiO: /cellulose nanofibers/carbon nanotube hybrid network (Hu et al., 2019).

Copyright 2019 The Royal Society of Chemistry. d) Self-desalting solar evaporation system comprising reduced graphene oxide/cotton fabric on a vertically oriented porous
polyacrylonitrile foam (Zhang et al., 2019b). Copyright 2019, The Royal Society of Chemistry. e) Vertically aligned Janus MXene-based aerogels for solar desalination with

high efficiency and salt resistance (Zhang et al., 2019c¢). Copyright 2019 American Chemistry Society. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

vapor generation, abundant hydrophilic pores for water transport,
and excellent thermal insulation for high energy efficiency. During
solar desalination, salt ions will be transported along the porous
channels to the evaporation surface via capillary action. As a re-
sult, an ion concentration gradient is gradually built up between
the surface and the bulk solution. Once the ion concentration ex-
ceeds the solubility limit, the salt crystals form, covering the evap-
oration surface and blocking the water-transport channels. Addi-
tionally, the thickness of the evaporator has an effect on the trans-
port and diffusion of salt ions as well as heat conduction loss.
Therefore, self-floating evaporators need to be rationally designed
to avoid salt deposition and minimize energy loss.

211. Back diffusion

conversion applications, and water-related treatment (Wang et al.,
2016; Zang et al., 2017; Qi et al., 2017; Puperi et al., 2016). It is
well known that hydrogels have a chemically or physically cross-
linked polymer network and then form interconnected pores via
drying technique, which helps to increase the surface area and ac-
celerate the mass/charge transport inside the structure (Guo et al.,
2020b). Due to the abundant hydrophilic groups in the molecular
chain (such as -OH, -COOH, -SO;H and -NH,), they can interact
with water molecules through hydrogen bond and electrostatic in-
teraction, resulting in a large amount of water holding in a 3D hi-
erarchical structure (Guo et al., 2020b; Zhou et al., 2019b). Impor-
tantly, dehydrated hydrogels are able to generate swelling pressure
after absorbing water due to the extension of their polymer chains
(Li et al., 2011). For this reason, they have been used as draw
agents to extract water through forward osmosis (Hartanto et al.,
2016; Zeng et al.,, 2019a; Razmjou et al., 2013a; Razmjou et al.,
2013b; Cai et al., 2013). Recently, Zhou et al. introduced reduced
graphene oxide (rGO) into a polyvinyl alcohol (PVA) hydrogel to
prepare an antifouling solar evaporator (Zhou et al., 2018). It has
been well-characterized that within the 3D network of hydrogels,
water exists in three states, including free water, intermediate wa-
ter, and bound water, which can effectively reduce vaporization
enthalpy of the water by rationally tailoring water states, thereby

achieving high evaporation rates and energy efficiency. In the solar-
driven desalination process, the interconnected porous structure
of the hydrogel-based evaporator, including internal gaps and mi-
crochannels, allows rapid water transport by capillary pumping
and osmotic swelling, while salt ions diffuse and migrate into
the bulk solution (Fig. 2a). As a result, this dynamic equilibrium
process between water transport and ion discharge keeps a con-
stant ion concentration in the hydrogel, thereby restricting the
ion accumulation and the salt deposition. Even when processing
highly concentrated brines (5 wt%—20 wt%), the hydrogel still re-
tains its salt-resistant performance, high evaporation rates (>2.2 kg
m~—2 h-'), and energy conversion efficiencies (>90%). However, as
the concentration of salt ions increased, the size of the hydro-
gel shrunk significantly after 12 h of illumination. Although the
hydrogel-based evaporator has great potential in long-term solar
desalination, its unstable morphology might limit its further appli-
cation in treating highly concentrated brines.

It is well known that natural wood possesses good struc-
tural stability, excellent hydrophilicity, low thermal conductivity
of 0.11~0.33 W m~! K-! in dry state and aligned channels along
the growth direction that are capable of transporting water to
the leaves by capillary force. Therefore, after the surface of pris-
tine natural wood is carbonized at high temperature or modi-
fied by various light absorbers (e.g., carbon nanotubes, GO, poly-
dopamine and plasmonic metal nanoparticles) (Zhu et al., 2017;
Zhu et al., 2018; Liu et al., 2018; Liu et al., 2017; Wu et al., 2017;
Wang et al., 2019b), it can be directly used as a self-floating pho-
tothermal evaporator. However, the surface and water channels of
the wood-based evaporator tend to get clogged by the solid salts
under concentrated solar illumination or with highly concentrated
brines. He et al. found that natural balsa wood has larger ves-
sel channels along the tree growth direction ranging from 18 to
390 pm and a large number of pits of 1-2 pm on the cell wall
(He et al., 2019). The hierarchically porous structure is beneficial to
replenish sufficient water to the evaporation surface and promote
two-directional ion diffusion. The results indicated that the balsa
wood-based evaporator with a thickness of 4.5 mm can achieve a
stable evaporation rate of 1.7 kg m=2 h~' without any salt accu-
mulation when it was in 15 wt% brine and exposed to 2-sun il-
lumination for 20 days (7 h/day). In order to further improve the
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evaporator’s salt-resistant ability, several millimeter-sized channels
were drilled on the surface of the natural wood-based evaporator
with a thickness of 20 mm (Fig. 2b) (Kuang et al., 2019). Due to the
larger hydraulic conductivity compared with the natural microp-
ores, the artificial channels can be used as an effective pathway for
ion diffusion. As a result, the evaporator demonstrated continuous
operation for over 100 h in 20 wt% NaCl solution under one-sun
irradiation, as well as excellent salt resistance ability and energy
efficiency (~75%). Although the desalination capacity of the wood-
based evaporator has been greatly improved, its solar-to-vapor en-
ergy conversion efficiency is still less than 80% under one-sun il-
lumination. By increasing the size of water channels used for the
back diffusion of salts, the effective thermal conductivity of their
evaporator likely increased as well. This results in a lower solar- to-
vapor efficiency because more of the heat being generated by the
photothermal material is now being conducted away from the
evaporative interface, lowering the available energy for evapora-
tion.

Inspired by the naturally porous structure supplying capillary
action, self-floating evaporators with artificially aligned channels
have been successfully manufactured by directional growth of
ice crystals in polymers (e.g., polyacrylonitrile) or nanomaterials
(e.g., Mxene and cellulose nanofibers), followed by freeze drying
(Fig. 2c-2e). To demonstrate the superiority of the evaporators
with low-tortuosity porous structure, Hu et al. compared the salt-
resistance and long-term stability with those evaporators with a
random porous structure (Hu et al., 2019). They found the former
can accelerate the rates of ion diffusion and after 100 h of contin-
uous evaporation in simulated seawater, the evaporation rate was
stable at 1.2~1.3 kg m~2 h~' without salt deposition. In contrast,
the surface of the latter was partially covered by the solid salt
and showed a decreasing trend in the evaporation rate. In addition,
since the porous evaporator has multiple functions of water trans-
port and ion diffusion as well as the thermal insulation, the thick-
ness is very important for the overall evaporation performance.
Therefore, Zhang et al. designed a vertically oriented porous poly-
acrylonitrile (PAN) foam with a thickness of 25 mm and placed a
reduced graphene oxide (rGO)/cotton fabric photothermal material
on top (Zhang et al., 2019b). Due to a lower thermal conductivity
(0.21 W m~! K-') in the wet state than pure water (0.6 W m~'
K-"), the temperature difference between the evaporation surface

and the bulk water can reach around 17°C, thereby resulting in a
high evaporation efficiency of about 90%. Meanwhile, no salt ac-
cumulation was observed on the rGO/cotton fabric after exposure
to one-sun illumination for 12 h in 3.5 wt% NaCl solution. Because
the thickness of the as-prepared evaporator can be customized by
changing the volume of the casting solution, Zhang et al. presented
vertically aligned Janus Mxene-based aerogels with different thick-
nesses for the solar-driven desalination and found the thicker aero-
gel is conducive for greater heat localization capacity, but also
reduces water transport through the long porous channels and
slows the water evaporation rate (Zhang et al., 2019¢). Although
the biomimetic strategy is quite simple and feasible, the diameter
distribution of vertically oriented pores is mainly concentrated in
tens of microns (15~40 pum) due to the preparation method. The re-
searchers did not further investigate their long-term salt-resistant
performance in high-salinity brines, although the low-tortuosity
channels may also demonstrate similar advantages in preventing
salt precipitation on the evaporator surface.
In summary, it is necessary to rationally design the self-floating
evaporator to simultaneously achieve excellent salt resistance per-
formance and high energy conversion efficiency. As shown in
Fig. 3, the accumulation of salt on the evaporator has the poten-
tial to increase the reflection of incoming light and reduce the
energy available for evaporation. Additionally, our previous work
demonstrated that salt precipitation impedes evaporation, result-
ing a higher surface temperature and an increase in other heat
loss mechanisms (e.g., radiation, convection, and conduction). To
understand the relationship between different parameters of an
ideal salt-resistant evaporator (i.e., porosity, tortuosity, and thick-
ness) and solar-to-vapor energy conversion efficiency, we devel-
oped a simple ion-transport model to predict how salt accumula-
tion can be eliminated while maintaining a high energy efficiency.
First, we assume the diffusion flux of the salt ion in the porous
channels is Jg;jrr (kg-salt m~2 s=') which can be calculated using
Fick’s laws of diffusion:

ED(Cs — Cy)
Jiff =-Dq_ = L (1

where D is the diffusion coefficient of NaCl in water (1.6 X 10-°
m? s=!); Cs and C;, (kg m—3) are the ion concentrations at the pho-
tothermal surface and in the bulk solution, respectively; € repre-
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Fig. 3. Schematic diagram of salt resistance of the self-floating solar evaporator. During the interfacial evaporation process, the photothermal layer harvests light and converts
it into heat energy. Seawater or brine with a temperature of Ty is transported to the evaporator surface along the aligned channels with a length of L and is heated at a

temperature of Ts to generate vapor. At the same time, the evaporator may face energy losses caused by light reflection and heat loss (including radiation, convection, and

conduction), as well as salt accumulation due to the lack of rapid ion diffusion. When the diffusion flux of the ion (Juiy) is larger than the rate of the salt excretion (Jexr), the

evaporator will exhibit salt resistance, and if Juir is lower than Jexer, salt will accumulate on the surface.
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sents the porosity of the evaporator; T denotes the tortuosity and
L (m) corresponds with the length of the water channel.

Then, with a salt excretion rate on the evaporator Jexer (kg m—2
h-!) under a specified light intensity gsoiqr (1000 W m~2) and wa-
ter evaporation rate Juater (kg m~2 h-'), the solar-to-vapor energy
conversion efficiency (f]) is calculated as followed:

Jwater
r] _ 5 v (2)
hlv = hlatent (3)
9solar cb
= X 4
do = Bt x> “)

In order to avoid salt accumulation, the diffusion flux of the ion
(Jaiff) should be larger than the rate of the salt excretion (Jexcr),
namely, Jyiff 2 Jexer. Finally, we can obtain the following equation:

hlvaaterED( cs — Cb)
NETC,

L (%)

Assuming a porosity (€) of 80% and a tortuosity (T ) of 1, we
then establish the relationship between maximum thickness (L)
and energy conversion efficiency (/]) in the solution with different
bulk salt concentrations ranging from seawater salinity (3.5 wt%) to
nearly saturated brine (25 wt%). As shown in Fig. 4a, as the con-
centration of the salt solution increases, in order to avoid salt ac-
cumulation, the thickness of the evaporator (or the length of the
water channel) needs to be reduced accordingly to enhance theback-
diffusion rate of ions from the evaporator to the bulk solu- tion.
For example, when evaporating a 3.5 wt% NaCl solution, the
maximum thickness needs to be less than 55 mm to eliminate the
ion concentration and salt accumulation. We added some relevant
data from the literature to verify the reliability of the model. The
results indicated that the thicknesses of those evaporators which
were capable of treating 3.5 wt% NaCl solution were below the
theoretical maximum thickness. When the concentration increases
to 25 wt%, the maximum thickness decreases significantly below
0.4 mm. Although the evaporator has a wide range of thicknesses
to achieve salt resistance, the thicker evaporator will elongate the
pathway of ion diffusion, negatively affecting the water transport
along the aligned pores and thereby decreasing salt resistance and
energy conversion efficiency.

Assuming the average thickness of the evaporator is 10 mm, we
can establish the relationship between the porosity required and
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the energy conversion efficiency (Fig. S1). In order to achieve an
energy conversion efficiency higher than 50%, the maximum salt
concentration that the evaporator can handle is less than 13 wt%,
depending on the porosity of the evaporator. Therefore, if the salt
concentration is increased further, the thickness also needs to be
decreased appropriately.

Furthermore, considering the influence of the thickness on the
heat loss, we used Fourier’s Law to establish a relationship be-
tween the heat flux from the evaporator surface to the bulk water
by conduction and the thickness of the evaporator. From this, we
propose a simplified energy balance during stable evaporation:

KTs—Tp

Gsolar = qevap + Geond = hlewater + L (6)

When light reflected, radiative heat loss, and convective heat
loss are ignored, the total input energy (gsoier =1000 W m=?) is
equal to the heat taken away by water evaporation at the stable
evaporation stage (Qevap) and the conduction heat loss to the bulk
solution (Geond)- Niatent (2.406 X 10° J kg=') and Juwater (kg m—2
h-") is the vaporization enthalpy of water and evaporation rate
at 40 °C, respectively. The temperature of the bulk solution was
assumed to be 25 °C. Based on provided data from the reported
literature (Table S1), k is considered the average thermal conduc-
tivities of the wet evaporator (0.4 W m~-! K-'). In terms of 2D self-
floating evaporators, we believe that there is a correlation between
the water evaporation rate (Juwater) and surface temperature (Ts) of
the evaporator. Therefore, we provided a list of experimental data
of reported literature in Table S2, including thermal conductivity of
the evaporator, its surface temperature, evaporation rate, and en-
ergy conversion efficiency under specific light intensity. Through
plotting the evaporation rate as a function of the surface tempera-
ture (Fig. S2), we can obtain a relationship between Juwater and Ts:

Juater = 0.1372 X Ts — 3.8966 (7)

Then, combining the Eq. (6) and (7), Ts can be expressed as
following:

14, (0.1403 Ts — 4.0103) k(Ts — 25)
Gsolar = 3600 + L (3)
T = 3604.2 + 10/L 9)
i 91.7 + 0.4/L

After that, we further obtain the relationship between the thick-
ness (L) and the conduction heat loss (GQcong )of different evaporators
with different values of kK (W m~! K-!), which can be represented
as following:

a kX (Ts-T,) 13117k (10)
cond L 0.4+ 91.7L
1000 —
= " eond gy, (11
1000

It can be seen that the conduction heat loss is mainly affected
by two factors, (1) the thermal conductivity and (2) the thickness
of the wet evaporator. Combining with the relationship between
energy conversion efficiency (f]) and conduction heat loss (geong ) in
Eq. (11), materials with higher thermal conductivities (k) need to
be thicker (L) to achieve higher heat localization and energy con-
version efficiency, as shown by the dashed lines in Fig. 4b. How-
ever, this also increases the diffusion path of salt ions, which low-
ers the salinity of feedwater that can be treated without precipi-
tation. For example, carbonized materials and wood-based evapo-
rators with wet thermal conductivities (Table S1) close to the bulk
water (0.6 W m~! K-") may cause more energy loss if they are
thinner. Meanwhile for GO composites and porous polymer-based
evaporators with low thermal conductivities below 0.2 W m~—! K-!
in the wet state can significantly reduce heat dissipation.

Moreover, although Fig. 4a indicates that the thinner evapora-
tor is more conducive to excreting solid salt, it also results in more
heat conduction loss to the bulk solution. This establishes a trade-
off between the energy conversion efficiency and the evaporator
thickness. As shown in Fig. 4b, when the 3.5 wt% salt solution is
evaporated, the solid lines and dashed lines represent the maxi-
mum thickness required for zero salt accumulation and the min-
imum thickness required for sufficient heat localization, respec-
tively. The intersection of the two lines is the maximum energy
conversion efficiency possible that the evaporator can achieve at
the optimal thickness. As this optimal thickness depends on a va-
riety of parameters-including feedwater salinity, porosity, and ther-
mal conductivity-we developed a program that varied each param-
eter independently to find their influence on optimal evaporator
thickness. In Fig. 4¢, we developed surfaces that illustrate how the
optimal thickness varies with porosity and thickness for three dif-
ferent feedwater salinities (3.5, 10, and 25 wt% NaCl). These sur-
faces are also color-coded by their solar-vapor conversion efficien-
cies, with warmer colors to indicate higher efficiencies. By look-
ing at the top surface (feedwater salinity of 3.5 wt% NaCl), we
can see the optimal thickness is strongly correlated with porosity,
where higher porosities provide more channels for the back diffu-
sion of salt. Meanwhile, low thermal conductivities enable better
heat localization (with reduced conductive heat losses), thus im-
proving the solar-vapor conversion efficiency. As feedwater salinity
increases, the driving force for back diffusion is diminished, requir-
ing lower optimal thicknesses to prevent scaling and causing lower
solar-vapor conversion efficiencies from being achieved.

212, Ion rejection and exchange

In contrast to non-ionic (or neutral) hydrogels, such as PVA and
poly- (N-isopropylacrylamide) (PNIPAM), ionic polyelectrolyte hy-
drogels with negatively-charged functional groups, such as poly
(sodium acrylate) (PSA) and polystyrene sulfonate (PSS), can pro-
vide stronger interaction with water (Guo et al., 2020b), and have a
higher osmotic pressure due to the accumulation of mobile counter
ions, resulting in strong water absorption (Li et al., 2011). For in-
stance, 20 wt% PSA hydrogel had a high osmotic pressure of 100
atm, which is more than twice the osmotic pressure of the PNIPAM
hydrogel (Li et al., 2011; Ou et al., 2013). Additionally, Ma et al.
found that the polyelectrolyte can effectively decrease the diffusion
rate of ions (Na*> Cl-> K* > Mg?*) in a double-layer membrane-
based evaporator with PSS-modified channels, and there was no
salt deposition during the evaporation of a 3.5 wt% NaCl solu-
tion (Ma et al., 2019). Other studies indicated that the salt con-
tent in product water can be reduced by 23%~35% after swelling
ionic polyelectrolyte hydrogels were dehydrated through mechani-
cal force or light irradiation (Hopfner et al., 2010; Ali et al., 2015).

Considering the above advantages, Zeng et al. embedded a
crosslinked PSA hydrogel in a microporous carbon foam and used
it as an evaporator with ionic pumping effect for solar desalina-
tion (Fig. 5) (Zeng et al., 2019b). Under one-sun illumination, the
hydrogel foam exhibited a stable water evaporation rate of roughly
1.3 LMH, and more than 80% Na* ions were blocked at the inter-
face of 3.6 wt% NaCl solution and the foam. After continuous oper-
ation for 72-hours, the evaporation surface had no salt accumula-
tion, especially in comparison with the pure foam in which water
supply was only driven by capillary force. As we have previously
summarized, the thickness of the evaporator is critical to improv-
ing the energy conversion efficiency. The thickness of the hydro-
gel foam affects both heat conduction loss and water absorption
flux, which means that increasing the thickness can reduce heat
losses but simultaneously increases water diffusion or flow resis-
tance in the hydrogel. In this case, when the optimal thickness is
found to be 5 mm, the energy conversion efficiency can reach 79%.
As for ionic polyelectrolyte hydrogels, a high concentration of salt
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Fig. 5. (a) Self-floating P (SA) hydrogel foam and its experimental setup (Left); Water flow driven by the osmotic pressure gradient (ionic pumping), and salt-rejection effect

due to charge repulsion and Donna potential (Right) (Zeng et al., 2019b). Copyright 2019, Wiley-VCH. (b) Schematic diagram of the solar desalination process and overcoming
salt crystallization based on diatomite-regulated water supply (Liu et al., 2020). Copyright 2020, American Chemistry Society.

ions will reduce their osmotic pumping capabilities, but not affect
the sufficient water supply driven by capillary flow. This work did
not explore evaporator stability or desalination performance of the
polyelectrolyte hydrogel-based evaporator when processing high-
concentration saline.

Due to its excellent hydrophilicity, strong adsorption, and ion
exchange capacity, natural inorganic diatomite is usually used to
remove organic dyes and heavy metal ions (Khraisheh et al., 2004;
Al-Degs et al., 2001; Erdem et al., 2005). Therefore, a self-floating
evaporator which is made of diatomite modified with a conductive
ink layer and porous melamine foam has been fabricated (Liu et al.,
2020). The strong cation exchange capacity allows the evaporator
with a thickness of 10 mm to handle 25 wt% NaCl solution for 10 h
without any salt crystallization on the surface by inhibiting the
transportation of salt ions. This has been attributed to sufficient
water supplement avoiding ion accumulation and maintaining sta-
ble salinity levels inside the evaporator. Another consideration for
materials with ion exchange capacity is that they require periodic
replacement of the internally concentrated high-concentration salt
ions (including monovalent and divalent ions). As a result, the re-
covery and reusability of these materials warrants further investi-
gation to determine the limits of ion exchange capacity in long-
term solar desalination applications.

22 Transporter-assisted evaporator

Transporter-assisted evaporators contain an additional two-
dimensional water transporter (such as cotton yarns, air-laid paper,
cellulose filter paper, glass fiber membrane, or various hydrophilic
papers) to lift water to the evaporation surface through the capil-
lary action (Han et al., 2020; Li et al., 2020; Zhang et al., 2020).

As a result, these evaporators usually need to introduce a ther-
mal insulation, such as polystyrene (PS) foam, as a support to hold
photothermal materials. Due to low thermal conductivity (~0.03 W
m-' K-') of the PS foam, heat localization can be effectively en-
hanced. Our previous research further proved that the energy con-
version efficiency of a GO photothermal leaf in the transporter-
assisted evaporation configuration can be increased by 24% com-
pared with that in the self-floating configuration. However, the in-
direct contact with the bulk solution is not conducive to rapid back
diffusion of the concentrated salt ions. As the gradual accumula-
tion of salt on the evaporation surface can lead to structural insta-
bility of the evaporator, measures should be taken to eliminate salt
deposition or control salt crystallization.

221 Physical cleaning

Natural mangroves living in high-salinity environments can ex-
crete excess salt from the stomata of the leaves through transpi-
ration, and then use the rain to wash away the crystalline salt.
Therefore, simulating this natural physical cleaning is an effective
strategy to remove the crystalline layer from the evaporation sur-
face. Our previous study indicated that a thick crystalline salt layer
formed on a GO photothermal leaf during the evaporation of 15
wt% brine in a tree-like configuration for several days (Fig. 6a)
(Finnerty et al., 2017a). After scraping off the salt and soaking in
water for a period of time, the GO leaf could be cleaned and recov-
ered. This simple method is suitable for renewing the performance
of mechanically robust evaporation materials.

Recently, a direct-wash method has been proposed to acceler-
ate the exfoliation and dissolution of the crystalline salt (Fig. 6b)
(Jin et al., 2018; Zhu et al., 2019; Zhang et al., 2018). This treatment
requires the material itself to possess excellent mechanical stability
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and flexibility, otherwise the structural damage will lead to degra-
dation of the photothermal material. A fiber cloth prepared by
electrospinning provides a substrate to meet these requirements.
By directly doping nano-sized photothermal materials (such as car-
bon nanotubes (CNTs) and carbon black) into hydrophilic polymer
fibers with a diameter of several hundred nanometers, the wet
cloth exhibited a light absorption capacity of more than 90% in the
UV-vis-NIR region (350-2500 nm). Since the photothermal mate-
rial is wrapped inside the nanofibers, repeated washing does not
affect the light absorption and the evaporation performance. As far
as practical applications are concerned, the electrospun fiber cloth
has several advantages including simple preparation method, low
cost, portability, ease of cleaning, good durability, and industrial
mass production. However, for long-term evaporation of highly
concentrated brine, the evaporation rate of the fiber cloth rapidly
drops within a few hours unless manual cleaning is performed at
regular intervals.

222, Hydrophobic surface modification

Notably, many natural plants and biological surfaces (such as
lotus leaf and butterfly wings) possess superhydrophobic and self-
cleaning properties due to the combination of low surface free en-
ergy and hierarchical surface structures (Barthlott and Neinhuis,
1997; Feng et al., 2002; Liu et al., 2014; Zheng et al., 2007). In-
spired by this self-cleaning effect, various biomimetic materials
have been developed and applied in environmental fields, such
as oil/water separation (Wei et al., 2018; Sasmal et al., 2014;
Dizge et al., 2019), oil absorption (Yang et al., 2018a; Yang et al.,
2014; Zang et al., 2016; Li et al., 2016), membrane distillation
(Liu et al., 2016a; Sun et al., 2019; Su et al.,, 2019), and water
harvesting (Wang et al., 2017; Wen et al., 2018; Li et al., 2019a).
For solar vapor generation, the superhydrophobic modification of
the transporter-assisted evaporator have been performed to pre-
vent the salt ions from passing through the photothermal layer
(Fig. 6¢). In order to obtain a hydrophobic surface, three meth-
ods are currently used: 1) applying hydrophobic inorganic pho-
tothermal nanomaterials (such as Al,O; nanoparticles and CTSe
nanospheres) (Yang et al., 2018b; Xu et al., 2019a); 2) combining
hydrophobic polymers (such as poly (dimethylsiloxane) and poly-
methyl methacrylate) with photothermal materials (Xu et al., 2018;
Liu et al., 2015); 3) post-treatment using low surface energy ma-
terials (such as hydrophobic silica nanoparticles, fluorosilane and

beeswax) (Hu et al., 2019; Weng et al., 2018; Zhao et al., 2018b;
Zhang et al., 2019d).

However, as transporter-assisted evaporator lack a fast ion back
diffusion, the evaporation surface that is subjected to hydrophobic
treatment cannot sustain its performance when evaporating highly
concentrated brine over a long period of time. Therefore, Xu et al.
designed a water lily-inspired hierarchical structure that can con-
tinuously treat 10 wt% brine under natural sunlight with a sta-
ble evaporation rate of about 1.27 kg m=2 h-! for over 18 days
(Xu et al., 2019a). They replaced the traditional 2D capillary chan-
nel with a drilled PS bottom support which allows water to go
through and form a thin water layer under the superhydrophobic
photothermal layer (Fig. 6d). During solar desalination, the concen-
trated ions are left behind the top layer and rapidly diffuse back to
the bulk solution through the pores of the bottom support.

To sum up, combining the concept and mechanism of natural
self-cleaning, the design of superhydrophobic surfaces is expected
to be an active and energy-saving strategy to block the concen-
trated ions and leave them on the side of the membrane facing the
salt solution, thereby achieving excellent salt resistance (Liu et al.,
2015).

223 Periodic operation

In some regions where daily water demand is not very high,
periodic operation can be employed to relieve salt fouling and re-
cover the evaporator. This means that after sunset (or after turn-
ing off the light source), the accumulated salt crystals can dissolve
and diffuse back into the bulk solution driven by the concentration
gradient between the bulk solution and the photothermal layer
(Fig. 6e) (Xu et al., 2018; Xu et al., 2019b; Ni et al., 2018; Li et al.,
2019b; Zhang et al., 2019¢; Xiao et al., 2019b). This is a slow, but
passive cleaning strategy for the accumulated salt. Moreover, com-
pared to the direct-washing method, the periodic operation strat-
egy does not need robust photothermal materials, reducing labor
and operating costs to a certain extent.

224.  Directed salt deposition

Although the above methods can effectively reduce salt foul-
ing, there are still limitations when processing highly concentrated
brine. In this case, an alternative strategy is to control the loca-
tion of crystallization on the evaporator, rather than eliminating
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salt crystals, which minimizes the negative effects of salt deposi-
tion on the evaporation surface.

Xia et al. investigated the relationship between the water trans-
port capacity and the evaporation rate to effectively control the
position of salt crystallization on the photothermal membrane
(Xia et al., 2019). They found that the salt concentration of the
residual solution gradually increased as it approached the edge of
the evaporator (Fig. 7a). When the replenished water cannot di-
lute the concentrated solution in time, a crystalline salt ring forms
on the hydrophilic evaporation disk. As long as the radius of the
evaporation disk is smaller than the radius of the salt ring, the salt
crystals tend to form at the edge of the disk and naturally fall off
due to gravity. However, the salt ring disappeared while evaporat-
ing mixed salt solutions containing divalent ions (such as magne-
sium chloride and calcium chloride) due to their lower solubilities.
Therefore, this method is not suitable for evaporating actual sea-
water unless pre-treatment is performed.

In order to mitigate the effects of salt scaling for transporter-
assisted evaporators, Shi et al. designed a three-dimensional (3D)
paper cup shaped evaporator that allowed the salt to precipi-
tate and crystallize on the outer surface, while the inner wall
can undergo photothermal conversion and evaporation (Fig. 7b)
(Shi et al., 2018). They demonstrated that with a given configu-
ration, their evaporator could withstand inlet salt concentrations
up to 20 wt% NacCl, taking advantage of humidity and temperature
differences between the inner wall and the outer wall of the cup
to control the crystallization position. Although a small amount of
salt crystals appears at the bottom of the cup when evaporating
the high-concentration brine (>20%), the evaporation rate can be
maintained at 1.3 kg m~2 h—! for 120 min.

Especially for transporter-assisted evaporators treating highly
concentrated brines, it is difficult to achieve a high evaporation
rate due to lower vapor pressure of brines and increased liquid vis-
cosities associated with concentrating brine. Recently, Wu et al. de-
signed a bio-mimetic, 3D-printed evaporator that has a high evap-
oration rate of 2.24 kg m~2 h-' with energy efficiency of 97.1%
when self-floating in 25 wt% NaCl solution (Fig. 7¢) (Wu et al.,
2020). Importantly, each cone of the evaporator forms a temper-
ature gradient along the slope under vertical illumination. The ab-
sorbed water forms a continuous liquid film with uneven thickness
on the surface via the Marangoni effect, resulting in localized salt
crystallization on the apex of each cone. Due to very small cover-
age of the solid salt, the evaporator is able to maintain stable evap-
oration performance, while the deposited salt on the 3D evaporator
can be easily removed.

In summary, the strategy of controlling salt crystallization can
help with obtaining valuable fresh water while capturing a large
quantity of the by-product, crystalline salt. Therefore, this strategy
is particularly suitable for outdoor evaporation ponds with high
salinity, which not only achieves zero liquid discharge, but also in-
creases extra economic benefits.

225, Crossflow

Cotton products are made up of thousands of hydrophilic yarns
with many tiny spaces between them, which endow them with
excellent capillary action and wicking effect. For example, a cot-
ton rod or strand can be immersed into the bulk water and di-
rectly used as transport channels to pump water (Xu et al., 2018;
Wu et al., 2019). As for thin cotton fabric or cloth, its surface
can be modified with a variety of photothermal materials, includ-
ing PPy (Xiao et al., 2019b), MoS, (Guo et al., 2018), and CNTs
(Qi et al., 2020). The black composite material can quickly absorb
water and generate vapor under simulated light or outdoor con-
ditions. For example, Ni et al. designed a multiple floating solar
still with excellent salt-rejection ability (Fig. 8a) (Ni et al., 2018).
A black cellulose fabric was used to harvest light and wick wa-
ter, while several PS foams were arranged at intervals as a bot-
tom support to achieve thermal insulation and salt excretion. To
demonstrate the salt-rejection ability of the solar still, additional
solid salt was placed on the surface to saturate the fabric dur-
ing the evaporation of 3.5 wt% NaCl simulated seawater. The salt
completely dissolved and ion concentration in the fabric decreased
and approached the bulk solution after 20 h of one-sun illumi-
nation. However, a large fabric wick area (~20%) might dissipate
heat to the bulk solution along with the diffusion process, re-
sulting in a lower solar-to-vapor energy conversion efficiency of
about 56%.

In order to reduce heat conduction loss of traditional floating
evaporation systems, Liu et al. proposed an indirect-contact evap-
oration system by hanging a polyaniline (PANi)-cotton fabric in air
and immersing its two edges in water (Fig. 8b) (Liu et al., 2019).
Air is an excellent thermal insulator with a low thermal conductiv-
ity (~0.023 W m~! K-'), resulting in a high energy conversion ef-
ficiency (~90%). Additionally, double evaporation surfaces can facil-
itate the vapor diffusion, and even when evaporating 21 wt% NaCl
solution, the hanging evaporation system still had a high evapora-
tion rate of 1.9 kg m—2 h-'. Importantly, the two edges continu-
ously replenished water by wicking effect, so no salt accumulation
was observed on the surface of the arc-shape fabric, while extra
concentrated brine as liquid by-product can be collected in a con-
tainer. In contrast, the flat fabric was not conducive for avoiding
salt scaling, thereby causing a decrease in the evaporation rate.

Moreover, the results indicated that the drop speed of brine had
an impact on the salt accumulation and energy efficiency. The fast
drop speed (0.4~56 g L-") could eliminate salt accumulation but
increases heat loss (0%~24.5% of the total incident solar energy)
and reduces vapor recovery efficiency (95%~9.09%). The indirect-
contact evaporation design combing with crossflow strategy not
only solves the problem of salt crystallization caused by the 2D
planar evaporator, but also broadens the application scenarios of
evaporators, making it possible to carry out large-scale offshore
solar-driven desalination.
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3. Conclusion and outlook

31 Conclusion

In order to clearly show the ability of using various strategies
to solve salt scale formation, we summarized the current interfa-
cial evaporation performance based on the reported research, in-
cluding materials, feedwater salinity, evaporation rate, energy con-
version efficiency, duration and reusability. We draw the following
conclusions according to Table 1: (1) Drilled wood and hydrogel-
based self-floating evaporators can stably process NaCl solutions
exceeding 20 wt% and run continuously for about 100 h without
depositing salt. By constructing artificially aligned channels inside
the polymeric or inorganic foam, the self-floating evaporator can
achieve long-term salt resistance (240 h for 3.5 wt% NaCl) with a
high energy-conversion efficiency of over 80%. Obviously, the self-
floating evaporator with appropriate materials and well-designed
structure not only has excellent stable desalination performance,
but also is suitable for cost-effective and decentralization treat-
ment of seawater and industrial brine. (2) Using the ion repulsion
effect of the ionic hydrogel to remove ions is a novel strategy to re-
sist salt deposition and obtain stable water evaporation. However,
the low osmotic pressure of ionic hydrogels limits the ability of
the evaporator to handle high-concentration salt solutions. (3) The
evaporator with ion exchange capacity can continuously process 25
wt% NaCl solution for 10 h. However, failure to achieve regenera-
tion and reusability will shorten life span of the evaporator and
increase material and operation costs. Therefore, this strategy still
needs to be further studied. (4) An evaporator with a hydrophobic
surface can continuously evaporate 10 wt% NaCl solution for up to
100 h. At the same time, poor wettability may result in slow evap-
oration rate and low energy-conversion efficiency. In addition, the
hydrophobic surface constructed by fluorine-containing chemical
reagents may not only increases the material cost, but also cause

potential environmental pollution during the preparation or oper-
ation process. (5) When periodic operation and physical cleaning
are used, the operation duration of the evaporator depends on the
feedwater salinity and the change in evaporation area caused by
salt accumulation. Therefore, the two strategies may not be suit-
able for areas and applications with intensive water demand. (6)
The direct deposition strategy enables the evaporator to handle
highly concentrated brine, and the salt accumulation position does
not significantly affect its light absorption area, thereby extending
the operating time up to 600 h. This strategy can be used for the
treatment of concentrated brine discharged by RO and evaporation
ponds of chemical plants, so that salt by-products can be obtained
while improving the recovery rate of water, thereby achieving the
goal of zero liquid discharge. (7) The evaporators with fast cross-
flow effect can handle 21 wt% NaCl solution by accelerating ion
diffusion. And the unique evaporation configuration is suitable for
offshore desalination and water treatment.

Additionally, a schematic diagram is provided to illustrate the
advantages and difficulties of different strategies in the self-
floating and transporter-assisted evaporation configurations, as
well as the feedwater salinity that can be handled (Fig. 9). Based
on the data and summary, we reach the following conclusions:

(1) Both evaporation configurations can handle feedwater with a
wide range of salinity and exhibit excellent evaporation perfor-
mance.

When rationally designed—taking into account the structural
and physical properties (e.g., material, thickness, porosity, and
thermal conductivity)—each self-floating evaporator has an up-
per operation limit of NaCl concentration without salt deposi-
tion, correlating with a possible maximum solar/vapor conver-
sion efficiency.

Regarding ion exclusion and exchange strategies for self-floating
evaporators, although the operation limit of salinity is as high

()

3)
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Table 1

A summary of optimal evaporation performance using different strategies in the self-floating and transporter-assisted evaporator.

Typical Materials

Configuration Strategy (Thickness) Current Optimal Performance References
Max.
Salinity Rate (kg Efficiency Duration Recovery
(Wt% NaCl) m~2h7h) (N%) (h) Reusability
Self-floating Back diffusion Hybrid hydrogels 25 1.6 >90 96 (Zhou et al., 2018)
evaporator (5 mm) J
Drilled Wood 20 1.04 75 100 (Kuang et al., 2019)
(20 mm) J
Hydrophilic foams 3.5 1.47 90 240 (Zhang et al., 2019b)
with artificial
channels (25 mm)
Back diffusion & Foams with artificial 12 1.2 80 100 v
. (Hu et al., 2019)
Hydrophobic channels (9 mm)
modification
Ion rejection Ionic hydrogels 3.6 1.2 79 72 — (Zeng et al., 2019b)
(5 mm)
Ion exchange Natural diatomite 25 — — 10 — (Liu et al., 2020)
(10 mm)
Transporter- Hydrophobic Lily-inspired 10 1.28 78.5 8 v (Xu et al., 2019a)
assisted modification structure J
evaporator Periodic Filter paper 3.5 1.42 <90 8 (Xu et al., 2019b)
operation J
Physical cleaning Porous filter 15 0.5 — 120 (Finnerty et al.,
2017b)
Dlrectrerd salt 2D filter disk 3.5 1.42 81.2 600 v (Xia et al.. 2019)
deposition 3D»pflnt evaporator 25 2.24 97.1 9 v (Wu et al.. 2020)
Crossflow Hanglng arc-shape 21 1.9 89.9 12 v (Liu et al.. 2019)
tabric
Various Materials
Advantages Stable Hydrophilicity Availablg and Low Em_argy Saving a]’\d Energy Saving and Fast lon l?iﬂusiqn Salt Harvest aqd Coastal and :
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Fig. 9. Schematic illustration of advantages and difficulties of various strategies of solving scaling in the self-floating evaporator and transporter-assisted evaporator and the

salinity of the feedwater that can be handled.

as 25 wt%, their recoverability, reusability, and desalination per-
formance have not been fully investigated when processing salt
solution containing divalent ions or realistic seawater matrices.
Regardless of the evaporation configuration, hydrophobic mod-
ification is a feasible strategy to prevent salt ions from passing
through the evaporation layer. However, in long-term evapora-
tion processes or outdoor operation, it is necessary to inves-
tigate the hydrophobic durability and the maximum operation
salinity of the evaporator.

(4)

(5) Periodic operation and physical washing are quite simple and
convenient methods to remove salt crystals on the evaporation
surface, although this approach is less effective for transporter-
assisted evaporators, resulting in lower daily water production

rate and increased operation costs.

(6) If the structure of the transporter-assisted evaporator is prop-
erly designed, the crystalline salt will be directly deposited at
the desired location, and it can be collected as a by-product
without affecting the evaporation performance.

The rapid crossflow established inside the evaporator can also
effectively alleviate salt accumulation during the evaporation
of high-concentration brine. The trade-off between energy con-
version efficiency and evaporator design, however, needs to be
considered to minimize heat loss.

)

32 Outlook

Compared with other traditional desalination and water purifi-
cation methods (such RO, ultrafiltration), interfacial solar-driven
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vapor generation is a sustainable, energy-saving technology, op-
erating without the emission of greenhouse gases. So far, it has
presented broad application prospects in the treatment of indus-
trial wastewater containing biological, chemical contaminants, and
the desalination of seawater or brine (Zhao et al., 2020; Tao et al.,
2018). For example, in terms of the removal of the bacteria in
the wastewater, nanomaterials like ZnO nanoparticles and MX-
ene nanosheets are added to the evaporator to enhance the anti-
biofouling performance (Zha et al., 2019; Wang et al., 2019c).
Chemical pollutants (e.g., rhodamine B, nitrobenzene, and carba-
mazepine) can be degraded by the addition of functional nanoma-
terials (e.g., TiO» nanoparticles and MoS, nanosheets) in the pho-
tothermal layer through photocatalytic reactions (Chen et al., 2019;
Liu et al., 2016b; Lou et al., 2016). However, salt accumulation
on the evaporator is still a significant challenge during long-term
evaporation or for the treatment of highly concentrated brines.
Therefore, different evaporation systems and a variety of structural
designs have been used and studied to realize zero-salt deposi-
tion or controlled salt crystallization, thereby improving the evap-
oration performance and extending service life. Although we have
proposed a preliminary framework for analyzing the effect of ther-
mal conductivity, porosity, and thickness for self-floating evapora-
tion systems, further research is needed to develop a deeper un-
derstanding on the behavior of dissolved salt within the evapo-
rator. This is especially true near the evaporative interface within
solar evaporators, where high salt concentrations are suspected to
impact evaporation rates, even without precipitation. Furthermore,
research is needed to explore the scaling effects of different scal-
ing species and complex mixtures of dissolved salts. Currently, a
majority of this work has focused on the scaling effects of sodium
chloride, which has a relatively high solubility and unique behav-
ior compared to other species. Finally, an advantage of interfacial
solar vapor generation is its passive operation. Therefore, passive
salt management strategies would be ideal for extending the oper-
ating life of these evaporators. Although transporter-assisted and
3D evaporators have inherent thermal insulation and can effec-
tively reduce heat conduction loss, they lack rapid ion back dif-
fusion along the 2D water channels, limiting this long-term opera-
tion. Therefore, salt management needs to be an integral consider-
ation when designing these systems. It is evident that as interfacial
solar vapor generation begins to mature into various desalination
and water treatment technologies, developing effective salt man-
agement strategies will continue to be critical area of research for
optimizing the performance of photothermal evaporators.
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