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ABSTRACT: A sustainable supply of clean water is essential
for the development of modern society, which has become
increasingly dependent on desalination technology since
96.5% of the water on Earth is salt water. Thousands of
desalination plants are producing massive waste brine as
byproduct, and the direct discharge of brine raises serious
concerns about its ecological impact. The concept of zero
liquid discharge (ZLD) desalination is regarded as the
solution, but the current ZLD technologies are hampered by
their intensive use of energy and high cost. In this work, a 3D
cup shaped solar evaporator was fabricated to achieve ZLD
desalination with high energy efficiency via solar distillation. It
produces solid salt as the only byproduct and uses sunlight as
the only energy source. By rationally separating the light
absorbing surface from the salt precipitation surface, the light absorption of the 3D solar evaporator is no longer affected by the
salt crust layer as in conventional 2D solar evaporators. Therefore, it can be operated at an extremely high salt concentration of
25 wt % without noticeable water evaporation rate decay in at least 120 h. This new solar evaporator design concept offers a
promising technology especially for high salinity brine treatment in desalination plants to achieve greener ZLD desalination as
well as for hypersaline industrial wastewater treatment.

■ INTRODUCTION

The total installed capacity of near 20000 desalination plants
around the world is over 85 million tons per day1,2 and is
projected to keep growing rapidly in the coming decades due
to population growth, steadily improved life standards, and
lack of fresh water resources.3,4 These desalination plants
produce a large amount of waste brine as byproduct. Currently,
most of the waste brine from desalination plants is discharged
directly into municipal sewers, groundwater, coastal waters,
and open land evaporation ponds.5−8 Moreover, many
industrial processes also produce a large amount of waste
brine that needs to be treated before disposal.9,10 Recently, it is
reported that the directly disposal of waste brine has proven
detrimental effects on aquatic ecosystems and land vegetation
systems.11−14 In light of ever-tightening environmental
regulations and the fast growing waste brine production,
brine disposal will face great challenges in the very near future.2

The concept of zero liquid discharge (ZLD) desalination is
regarded as the solution to the brine disposal issue as it
produces only solid salts byproduct and clean water from
source water.10 However, the main desalination technologies in
the current market, such as reverse osmosis (RO), multistage
flash distillation (MSF), and multiple-effect distillation
(MED), are all infeasible to directly achieve ZLD desalination

by their own because of their respective technology limitations
or unacceptably high costs.10 A more practical strategy adopted
by the current industry is combining a ZLD brine treatment
system with those conventional desalination technologies to
treat the brine byproducts.15−17 The current ZLD brine
treatment systems are mainly composed of a brine
concentration system followed by a brine crystallizer or an
evaporation pond.10 High pressure RO, cascading osmotically
mediated RO, forward osmosis, MSF, and other technologies
have been investigated for brine concentration, while the brine
crystallizers have rarely improved in the past several
decades.10,18 These ZLD systems have been in operation for
more than 40 years but only with very limited installed capacity
due to extremely high energy consumption and capital/
operation costs.10

Recently, advanced solar distillation has attracted a great
deal of interest in clean water production, because it does not
need any mechanically moving parts, it does not entail high
pressure or vacuum operation, and it uses sunlight as the only
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energy source.19,20 All these features make it a promising
desalination technology with minimum environmental impact
and great advantages in both capital and operation costs.20 In a
typical solar distillation apparatus, solar evaporator is the key
component, which captures sunlight, converts it to heat, and
thereafter drives water evaporation from all kinds of source
water. Various photothermal materials with extremely high
light absorption and diverse heat management strategies have
been developed to fabricate an advanced solar evaporator in
the last four years,21−32 leading to the state of the art solar-to-
water-evaporation efficiency being >90%.33−42 However, in the
case of salt water being adopted as source water in solar
distillation, the salt accumulation on solar evaporator causes a
serious concern because it may significantly affect the
performance during long-term operation. Recently, it was
reported that when a conventional 2D solar evaporator made
of reduced graphene oxide (rGO) membrane was operated at a
higher concentrated brine, e.g. 15 wt %, a thick white salt crust
formed on top of the membrane in several hours and blocked
the sunlight, leading to a small water evaporation rate (∼0.5 kg
m−2 h−1).43 Very recently, it has been reported that if some
special designed solar evaporators are directly floating on
seawater with 3.5 wt % salt concentration, the salt can dissolve
back to the seawater without a salt accumulation problem.44−46

However, it is equivalent to directly discharge salt back into the
sea, and therefore the environmental impact issues still exist for
these solar stills.
In this work, a cup shaped photothermal structure was

fabricated as a 3D solar evaporator from a silica/carbon/silica
(SCS) trilayered coaxial fibrous membrane, which possesses a
high light absorption of 99.35% and a nearly 100% efficiency in
solar evaporation. It can be directly applied to extremely high
concentration brines (25 wt %) with only a slight decrease in
the water evaporation rate compared to that for pure water.
More importantly, in this 3D solar evaporator, the light
absorbing surface and salt precipitation surface are rationally
separated, and it thus wisely solves the salt accumulation issue,
making it able to treat near saturated NaCl brine (25 wt %)
with a high and stable water evaporation rate of 1.26 kg m−2

h−1 even after 120 h operation. More solar evaporator devices
can be further designed under the guidance of separating the
salt precipitation surface from the light absorbing surface. We
believe the stable and high efficient water removal on the 3D
solar evaporator is a promising brine treatment technology for
desalination plants to realize ZLD by combining this
technology with the conventional desalination processes.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of 2D and 3D SCS

Materials. The SCS material with a coaxial trilayered fibrous
membrane structure was synthesized by using a quartz glass
fibrous (QGF) membrane as a matrix material, phenol
formaldehyde resins (PF) as a carbon precursor, and tetraethyl
orthosilicate (TEOS) as a precursor of the outer silica layer
(Figure 1). The pristine QGF membrane with a nonwoven
structure is made of quartz glass fibers with diameters ranging
from 200 nm to more than 2 μm without any binder (Figure
2a and b). An ultrathin PF layer and an additional silica layer
were successively coated onto the quartz glass fibers by a dip
coating method (Figure S2). The intermediate silica/PF/silica
coaxial fibrous membrane was then converted to the silica/
carbon/silica coaxial fibrous membrane by calcination in a tube
furnace in inert atmosphere (Figure 2c and d).

TGA analysis indicates that the carbon content in the final
SCS composite is ∼1.2 wt % (Figure S3). The presence of
amorphous carbon in the SCS membrane is also confirmed by
Raman spectrum and XRD analyses (Figures S4 and S5). The
smooth tubelike structure of the carbon layer (Figure 2e-h),
investigated by SEM and TEM after all silica was etched away
by HF, is clear evidence for the uniform PF coating and its
subsequent successful conversion to carbon in the synthesis.
The SCS sample possesses a gray color in the dry state

(Figure 1) with an average reflectance of 14.2% (Figure 3a,
Figure S6). The high reflectance is caused by the strong
subsurface scattering at the air/solid interface inside the highly
porous structure.47 Fortunately, the wet SCS sample turns a
deep black color (Figure 1) with a much smaller average
reflectance of 3.40% (Figure 3a), as the subsurface scattering is
greatly diminished once the solid/air interfaces inside the
membrane are replaced by solid/water interfaces in the wet
state.48,49 It has been reported that by making the 3D structure
to create multiple internal reflection of the incident light,
extremely low reflectance can be achieved.33,34,50 In this work,
a 3D cup shaped SCS structure was fabricated as schemed in

Figure 1. (a) Photo images of the QGF matrix membrane, the SCS
membrane, and its intermediate products. The gray SCS membrane
turns to deep dark when wetted by water. (b) Scheme of the
fabrication process for the 3D SCS cup structure by using a glass cup
as mold.

Figure 2. SEM images of (a, b) the pristine QGF membrane and (c,
d) the SCS composite product. The (e, f) SEM and (g, h) TEM
images of the residual carbon tubes from the SCS composite after the
removal of silica by HF.
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Figure 1b. Its light reflectance significantly decreased to 0.65%
(Figure 3a, Figure S6), which is only 19% of that of the wet 2D
SCS material (3.40%). This result suggests that more than 80%
of the reflected light by the 2D bottom of the 3D cup is
recovered by its wall.34

The major reason for coating an additional silica layer on top
of the carbon layer is to adjust the wettability. Without the
outer silica layer, the composite material is hydrophobic with a
contact angle of 132° in most parts (Figure 3d). Therefore,
only a few water-wettable domains turn from gray to dark black
color when it is immersed underwater (Figure 3c). With the
additional silica layer, the entire material is superhydrophilic
with a contact angle of 0° (Figure 3g) and a water spreading
time of less than 0.04 s (Figure S8). In this case, the gray dry
sample immediately turns dark black when wetted with water
(Figure 3f). The hydrophilicity of the membrane is essential to
ensure that it can automatically draw source water via capillary
effects. In addition, the outer silica layer also acts as an
antireflection layer, because it possesses a moderate reflective
index (1.48−1.56) in the solar spectrum range,51 which is
higher than water (1.31−1.34)52 but lower than amorphous
carbon (2.1−2.4),53 and therefore it decreases the reflectance
of the membrane (Figure S9).54

Solar Driven Brine Water Evaporation. The evaporation
rates of pure water and saltwater with different NaCl
concentrations on 2D and 3D solar evaporators were measured
in a lab-made setup as illustrated in Figure 4a. The projected
area is used for specific evaporation rate calculation, because it
is directly proportional to the input energy from the simulated
sunlight beam. An expanded polystyrene (EPS) foam with
thermal conductivity of ∼0.03 W m−1 k−1 was used as a
thermal insulation part under the solar evaporator to diminish
the heat loss. The source water is transported to the center of
the bottom of the solar evaporator by a QGF strip through a
hole in the EPS foam (Figure 4a), and then it automatically
spreads over the entire solar evaporator via capillary effect. The
concentration of the source water (wt %) is defined as the
weight of NaCl solute per unit weight of solution in this work.
The evaporation rate of pure water on a 2D SCS disk under

one sun illumination was 1.25 kg m−2 h−1 (Figure 4d),
corresponding to an energy efficiency of 79%. As the pure
water was replaced with saltwater, the evaporation rate
gradually decreased to 1.20, 1.16, 1.12, and 1.06 kg m−2 h−1

when the concentration was increased to 10, 15, 20, and 25 wt
%, respectively (Figure 4b and d). At a certain temperature, the
vapor pressure of NaCl aqueous solution with 25 wt %
concentration is ∼23% lower than that of pure water (Figure
4d).55 Nevertheless, the evaporation rate of 25 wt % saltwater
is only ∼15% lower than that of pure water (Figure 4d). This is
because the equilibrium temperature of the water/air interface
increases to a higher value when the evaporation rate is
lowered down at high salt concentration (Figure 4e). The
surface temperature was 40 °C when the source water is pure
water (Figure 4g), and it increased to 43 and 47 °C when the
source water was replaced with 15 and 25 wt % brine (Figure
4i and k). The higher equilibrium temperature increases the
water vapor pressure, which in turn partially compensates the
vapor pressure decrease caused by colligative properties and
ultimately leads to less reduced water evaporation rates with
the salt water (Figure 4d).
When a 3D cup structure of SCS material with a diameter of

5.5 cm and a height of 8.0 cm was used as solar evaporator, the

Figure 3. (a) The UV-vis-NIR spectra of the 2D SCS disk and the 3D
SCS cup in dry and wet states. The photo images of a bilayer silica/
carbon disk (b) in air and (c) under water and a trilayer silica/
carbon/silica (SCS) disk (e) in air and (f) under water. The
corresponding static contact angles (θ) of 4-μL sessile droplets on (d)
a bilayer silica/carbon disk and (g) a trilayer silica/carbon/silica disk.

Figure 4. (a) The scheme of the lab-made solar evaporation performance measurement system. The mass change curves of NaCl aqueous solution
with different concentrations when (b) a 2D SCS disk and (c) a 3D SCS cup is used as the solar evaporator under one sun illumination and (d) the
corresponding water evaporation rates. (e) The surface temperature change curves of a 2D SCS disk when the source water is pure water, and NaCl
aqueous solution with 15 and 25 wt % concentration. The IR image of a 2D SCS disk (f, h, j) in the dark and (g, i, k) under simulated sunlight
when it was wetted by (f, g) pure water, (h, i) 15 wt % brine, and (j, k) 25 wt % brine.
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evaporation rate of pure water was significantly increased to
1.70 kg m−2 h−1 (Figure 4c and d), corresponding to an energy
efficiency of 96.7%. The extremely high energy efficiency is
because the wall of the cup structure can efficiently recover
most of the energy loss from the 2D bottom disk, including the
reflectance loss, thermal radiation, and convection heat loss as
discussed in the literature.33−35 Since a small part of the EPS
foam is also exposed under simulated sunlight, the diffuse
reflection light from the EPS foam may also slightly contribute
to it (<3%). The average water evaporation rate in the first 2 h
of the 3D solar evaporator decreased to 1.36 kg m−2 h−1 when
the salt concentration was increased to 25 wt %, corresponding
to an energy efficiency of 88.4%, only slightly lower than that
for pure water.
These results demonstrate that the water evaporation rate of

highly concentrated brine is only slightly lower than that of
pure water in a solar-driven water evaporation process, and no
operation condition change is necessary for difference source
waters. For a conventional RO process, the operation pressure
is significantly dependent on the salinity of the source water
(Figure S1a).56 Recently, a cascading osmotically mediated
reverse osmosis technology has been reported to decrease the
operation pressure, but it increases the complexity of the
system.18 A loosened requirement for operating conditions and
system configuration in treating a highly concentrated source
brine can be regarded as a great advantage of this method,
which translates into significantly reduced investment cost.
Salt Precipitation on 2D Disk Shaped SCS Solar

Evaporator. Figure 5a-c lists the images of salt crystals formed
on a 2D SCS disk after being exposed under one sun
illumination for 0, 2, 8, and 24 h with 3.5, 15, and 25 wt %
brines as source waters. When the concentration is 3.5 wt %,
the salt precipitation only occurred at the far edge part after 2
h. Very interestingly, the salt crystal slowly migrated out of the
SCS disk after 8 and 24 h (Figure 5a). As a result, the light
absorption ability of the 2D disk was not affected by the salt
precipitation in this case, and consequently the water
evaporation rate kept steady in 24 h without noticeable
decrease (∼1.24 kg m−2 h−1) (Figure 5e).

When the source water concentration is 15 wt %, the salt
precipitated on the edge parts forming a clearly ring shape
(Figure 5b). Approximately 50% of the surface was covered by
the precipitated salt, and therefore the light absorption was
inevitably affected by the salt crust as the thickness of the salt
crust kept growing. As a result, the water evaporation rate
decreased from 1.16 to 1.09 kg m−2 h−1 in the first 8 h and kept
stable thereinafter for the next 16 h. With the concentration of
the source brine being 25 wt %, which is close to a fully
saturated solution, the salt crust almost fully covered the entire
disk except a small hole in the center (Figure 5c). Since only
less than 10% surface was left uncovered, the water evaporation
rate was significantly decreased from 1.06 kg m−2 h−1 to 0.73
kg m−2 h−1 in 16 h, equivalent to a 31% decrease.
If a QGF disk without carbon was used as a solar evaporator,

the water inside the membrane acts as the photothermal
component since it strongly absorbs near IR light in the solar
spectrum.57 The initial evaporation rate was 0.40 kg m−2 h−1,
and it quickly decreased to 0.30 kg m−2 h−1 in 3 h.
Interestingly, the evaporation increased in the next 21 h and
ended with a rate of 0.45 kg m−2 h−1. The increased
evaporation rate can be attributed to the enlargement of the
salt crust, which increased both the light absorbing area and
water evaporation area from 17.3 cm2 to 23.1 cm2 in 24 h. If
this surface area enlargement is taken into account, the
evaporation rate is adjusted to only 0.34 kg m−2 h−1 at 24 h. It
should be mentioned that the salt crust enlargement during
operation also happens in 2D SCS disks. When 25 wt % brine
is used as the source water, the evaporation rate at 24 h is listed
as 0.73 kg m−2 h−1 in Figure 5e. However, if the salt crust
enlargement effect is factored in, the adjusted evaporation rate
is only 0.51 kg m−2 h−1, which is less than half of the initial
evaporation rate. To sum up, for a 2D solar evaporator, the
entire disk surface acts both as a sunlight absorbing surface and
a water evaporation interface. When part of its surface is
covered by the white salt crust, the light absorbing efficiency is
undesirably decreased, leading to its decreased evaporation rate
as described above, and thus making it not suitable for long-
term brine treatment.

Figure 5. Salt precipitation images of (a, b, c) 2D SCS disks and (d) a 2D QGF disk using salt water with (a) 3.5 wt %, (b) 15 wt %, and (c, d) 25
wt % concentration as source water and (e) the corresponding water evaporation rate curves. (f) The theoretical radial salt concentration profiles
when NaCl aqueous solution with different concentrations are used as source water on a round shape 2D solar evaporator. (Note: Images in (d) are
colored to increase contrast; the original images can be found in Figure S10; (f) R0 is the radius of the 2D SCS disk, and R is the distance between
the position of interest and the center of the circular disk.)
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However, our attention was attracted by the fact that the salt
crust always left some central areas uncovered (Figure 5b and
c). In this work, the source water is supplied to the central part
of the disk by the hydrophilic QGF strip and then spreads out
to the edges along the radial directions. Along any radial
direction outward, the salt concentration gradually increases
due to the continuous water removal via evaporation. The
NaCl crystal only grows and precipitates out after the salt
concentration reaches the saturation concentration of NaCl.
We calculated the radial salt concentration profiles for different
salty source water using a simplified model (see the Supporting
Information), and the results are presented in Figure 5f, in
which R0 is the radius of the SCS disk, and R is the distance
between the position of interest and the center of the circular
disk. The salt concentration right at the center of the disk is
equal to the source water, and it gradually increases with the
increase of R/R0 along the radial direction (Figure 5f). The salt
solution would reach its saturation state at a critical point
beyond which the concentration remains the same as the
higher limit of the saturated solution (i.e., ∼26.9 wt % at 40−
50°C for NaCl). In this stage, other than a concentration
increase, the water removal is accompanied by the formation of
salt precipitation. Consequently, the salt crystal only grows and
covers on this edge region beyond the critical R/R0 and forms
a salt crust with a ring shape (Figure 5a-c, f).
Our calculations show that when the source water is 3.5 wt

% NaCl aqueous solution, the NaCl only precipitates on the far
edge part with a critical R/R0 > 0.95. When the salt
concentration increases to 15 and 25 wt %, the critical R/R0
decreases to 0.72 and 0.31, respectively. All these calculated R/
R0 values are quite close to those observed experimentally
(Figure S19, 5a-c). Thus, based on the experimental results
and calculations, the inner diameter of the salt crust ring
depends on the concentration of the source water, but it is
independent of the absolute evaporation rate. In other words,
the salt precipitation zone is delineated by the salt
concentration in source water and does not shift with the
change of the evaporation rate either caused by fluctuation of
sunlight intensity, wind speed, or by the change of ambient

humidity. It has been reported that these factors all greatly
affect the evaporation rate of water.58 Our results do show that
when a white and pristine QGF without carbon was used as a
solar evaporator and a brine with 25 wt % NaCl concentration
as source water, a salt crust was obtained (Figure 5d) similar to
that of a 2D SCS disk under otherwise the same conditions
(Figure 5c), although the QGF disk exhibited a much lower
evaporation rate (0.46−0.30 kg m−2 h−1) than that of the SCS
disk (1.06−0.73 kg m−2 h−1) (Figure 5e).
It should be noted that before the water evaporation takes

place, the initial salt concentration of the entire solar
evaporator is uniformly equal to the source brine. The
concentration distribution profiles gradually change in the
first several hours of the water evaporation. Before achieving
the equilibrium state, the salt concentration within the entire
evaporator keeps increasing, leading to a decrease in the water
evaporation rate in the first several hours in all experiments.

Salt Precipitation on 3D Cup Shaped SCS Solar
Evaporator and Its Control Strategy. For a 2D disk solar
evaporator, the salt precipitation takes place on the edge part
beyond a critical R/R0 as illustrated as the yellow zone in
Figure 6a. We hypothesize that, if the 2D disk is folded into a
3D cup structure with the yellow zone present only in the wall
part of the structure (Figure 6a), the salt precipitation would
then occur only on the wall part of the 3D cup, making the
bottom light absorbing part no longer affected by the salt crust
formation. Under this design, the 3D cup structure would
judiciously separate its light absorbing surface from its salt
precipitation surface physically, and thus the light absorption
would not be affected by precipitated salt anymore, which is
otherwise the Achilles heel of the 2D solar evaporator and
makes it unsuitable for stable brine treatment.
A 3D cup shaped SCS structure with a diameter of 5.5 cm

and a height of 8 cm was fabricated (Figure 1b and S11) and
used as solar evaporator to investigate its brine treatment
performance. After 24 h exposure under one sun illumination,
the outer wall of the cup was covered with salt crystals in each
of the experiments as shown in Figure 6b-e. The NaCl crust on
the outer wall was composed of loosely packed salt balls with

Figure 6. (a) The scheme of the design concept for the 3D cup structured solar evaporator. Images of salt precipitation on a 3D cup solar
evaporator when it was operated at (b, f) 10 wt %, (c, g) 15 wt %, (d, h) 20 wt %, and (e, i) 25 wt % NaCl brine under one sun illumination after 24
h. The IR images of the wet 3D cup structure (j, l, n, p) in the dark and (k, m, o, q) under light when wetted by (j, k, l, m) pure water and (n, o, p,
q) 15 wt % brine. The corresponding temperature profiles that were read from the white light lines in the IR images are presented in (r) for the
pure water case and (s) for the 15 wt % brine case.
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plenty of void inside the salt layer (Figure S12). When the
concentration of the source water was 20 and 25 wt %, some
salt crystal still formed and precipitated on the bottom part
(Figure 6h and i, Figure S13). However, when brines with 10
or 15 wt % NaCl concentration were used as source water, very
excitingly, no NaCl crystal precipitation was observed on the
inside bottom part of the cup at least during the 24 h test
(Figure 6f and g and Figure S13). This result indicates the
expectation of separating the salt precipitation surface from the
light absorbing surface can be achieved by this 3D solar
evaporator, at least in the case of brines with concentrations
lower than 15 wt %. We operated such a 3D solar evaporator
for 72 h using 15 wt % brine as source water, and no
evaporation rate decline was observed during the whole
operation (Figure S15). These results demonstrate that the 3D
solar evaporator can be utilized for continuous ZLD brine
treatment, as long as the concentration of the source water is
lower than 15 wt %, which is a realistic condition since the
concentration of the brines from RO desalination plants is
generally lower than 15 wt %.
One interesting observation is that even though salt crystal

growth and precipitation was very significant (Figure 6b-i) on
the outer cup wall in all cases, the inner cup wall was always
clean and uncovered by any salt (Figure 6i). The reasons are 2-
fold: (1) the humidity of the air outside the cup is ∼55%, while
the humidity inside the cup structure is nearly 100%, which
leads to a much faster water evaporation rate on the outer
surface of the wall. Consequently, the salt concentration in the
outer wall surface is higher than that in the inner wall surface.
(2) Based on IR images, the temperature of the inner cup wall
surface is higher than that of the outer surface (Figure 6j-q)
both with the pure water case (Figure 6r) and the brine case
(Figure 6s). The higher temperature of the inner cup wall
would give rise to a higher NaCl solubility in the inner surface
than in the outer surface. The above two factors combined
together make the salt crystals tend to grow on the outer
surface of the cup wall. The always clean inner cup wall is an
unexpected result but would benefit stable brine treatment by
the 3D cup solar evaporator. First, the inner wall acts as the
energy recovery component by reabsorbing the diffuse
reflected lights from the bottom part.34 Second, if salt crust

were formed in the inner wall, some of them would drop onto
the cup bottom during operation and thereafter affect the light
absorption, since the salt crusts are quite loosely compacted.
The drop of salt balls from the outer wall was indeed
frequently observed in all experiments as shown in Figure S15.
The above results demonstrate that the salt precipitation

zone can be successfully controlled only on the outer wall part
when the concentration of the source water is lower than 15 wt
%, but it failed in cases of brines with concentrations of 20 and
25 wt % (Figure 6). The exact water evaporation rates of the
cup bottom, the inner wall, and the outer wall are unknown for
this 3D solar evaporator. Therefore, we are unable to provide a
detailed concentration distribution profile for the 3D cup as
that for 2D SCS disk. Instead we introduce an evaporation
share percentage (ESP) value as a parameter to facilitate the
analysis. ESP represents the percentage of the water vapor that
is contributed from the bottom part (ESPb) and wall part
(ESPw = 100% − ESPb). Theoretically, the ESPw can be tuned
by the height of the wall, in which a higher wall leads to a
higher ESPw. The concentration at the bottom-wall junction
part (Cj) is calculated for a 3D evaporator with different ESPb
when it is operated at different brine concentrations (see the
Supporting Information), and the results are presented in
Figure 7a.
In a hypothetical situation, the structure with an extremely

high wall will give a near 100% ESPw, and in this case, the Cj
equals the concentration of the source water (Figure 7a),
because almost no water is removed before the flux leaves the
bottom part. When the ESPw decreases, the ESPb increases,
which means a greater portion of water is removed by water
evaporation on the bottom part, leading to an increase of Cj.
When the ESPw value lowers down to a critical value (ESPw*),
Cj increases to the saturation concentration of NaCl (26.9 wt
%), which means the flux is saturated in the junction part but
still no salt precipitation occurs on the bottom part. Beyond
this critical value, Cj no longer decreases with a further
decrease of ESPw but keeps at saturation concentration (Figure
7a), and at this stage, salt crystal will precipitate on the bottom
part.
Our calculation indicates that when the concentration of the

source water is increased from 5 wt % to 10, 15, 20, and 25 wt

Figure 7. (a) The calculated salt concentration at the bottom-wall junction part (Cj) of 3D cup shaped solar evaporators with different ESPw using
the brines with different concentrations as source water. (b) The water evaporation rate of a 3D cup shaped solar evaporator with a glass cup inside
it for long-term brine treatment. The corresponding images of the solar evaporator at different times: (c, j) 0 h, (d) 24 h, (e, k) 48 h, (f) 48 h after
salt removal, (g, l) 72 h, (h) 96 h, (i, m) 120 h.
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%, the critical ESPw* increases from 14% to 30%, 48%, 68%,
and 91%, respectively (Figure 7a). It suggests that for brines
with concentration lower than 15 wt %, as long as the ESPw is
higher than 48%, a reasonable value, Cj is lower than the
saturation concentration. Namely, if more than 48% of the
water evaporation is contributed by the wall, the salt will never
precipitate on the bottom as long as the concentration of the
source brine is lower than 15 wt %. This analysis explains our
results that no salt precipitates on the bottom of the 3D cup
evaporator with the brines of 10 and 15 wt % as source water
in our experiment (Figure 6f and g).
According to our calculation, when the brines of 20 and 25

wt % are employed, in order to control salt precipitation only
in the wall part, the ESPw value has to be higher than 68% and
91%, respectively. These values are not easy to achieve
practically since the bottom part possesses much higher
temperature than the wall part (Figure 6r and ss). Herein we
propose a different solution to solve the problem. The solution
involves inserting a nonporous and transparent glass cup with a
matching size into the SCS cup structure to entirely stop the
water evaporation from the bottom part and the inner wall part
without affecting the light absorbing and thus to effectively
force ESPb to drop to 0%. In other words, in this design, only
the outer wall is used as a water evaporation surface, while the
bottom and inner walls of the same cup are used exclusively for
light absorption. This strategy completely eliminates water
evaporation from the light absorbing surface, and therefore the
adverse effect of the precipitation of NaCl on the light capture
ability by the solar evaporator is totally eradicated.
To demonstrate, a 3D SCS cup with a 5.5 cm outer diameter

and 10 cm height was employed, and a glass cup with a 5.2 cm
outer diameter and 10 cm wall height was then placed inside
the SCS cup. When it was used as a solar evaporator to treat 25
wt % brine, the initial water evaporation rate was 1.66 kg m2

h−1 (Figure 7b), which was close to that without a glass cup,
indicating that the glass cup does not affect the energy
efficiency. The evaporation rate gradually decreased to 1.33 kg
m−2 h−1 after 10 h. This evaporation rate decrease is
presumably because the surface of the SCS material was
slightly blocked by salt precipitation. While the evaporation
rate remained relatively stable with some fluctuation within the
range of 1.15 to 1.33 kg m−2 h−1 in the following hours (Figure
7b), the salt precipitation occurred expectedly only on the
outer surface of the cup evaporator and the inner wall did not
show any change after 48 h solar illumination (Figure 7e). In
the first 48 h, 148 g of water was evaporated away with an
average evaporation rate of 1.30 kg m−2 h−1.
Very importantly, the precipitated salt crust was quite loose

and composed by rough NaCl crystal balls with diameters in
the range of 2−5 mm (Figure S12). The loose salt crust on the
outer wall could be removed by a stainless steel scraper (Figure
7f). The weight of the collected salt amounted to 39 g after 48
h of solar evaporation, which was 10 g less than the theoretical
estimation, probably indicating some salt precipitation inside
the pore space of the SCS membrane. This salt removal
operation by physical scrapping was tested as the regeneration
treatment for long-term operation then. As shown in Figure 7b,
the 3D solar evaporator exhibited similar evaporation rates
after it was regenerated.
When the simulated sunlight was turned off during

operation, the evaporation rate dropped to 0.27 kg m−2 h−1

(Figure 7b). However, the salt crust on the outer wall surface
did not show any noticeable change when the 3D evaporator

was kept in the dark for 24 h (Figure 7g and h), indicating the
redissolution of the salt crystals back into the source water was
insignificant. In some literature reports, with a solar evaporator
directly floating on top of seawater with 3.5 wt %
concentration, the precipitated salt would dissolve back to
the bulk water in darkness. In our case, we believe the relatively
high evaporation rate even in darkness (0.27 kg m−2 h−1) and
the small concentration difference between the source water
(25 wt %) and the saturated solution inside the evaporator
both slow down the salt dissolution. This special feature makes
the 3D cup evaporator able to operate continuously during day
and night without any special care.
When the simulated sunlight was turned on again, the

evaporation rate of the device was back to 1.26 kg m−2 h−1. In
the entire second cycle, from 48 to 120 h, 155 g of water was
evaporated, and during which 51 g of salt was collected from
the 3D solar evaporator, representing a near 100% salt recovery
in this cycle. As discussed earlier, there was salt precipitation in
the pore space inside the cup wall in the first cycle, but the
high water evaporation rate in the second treatment cycle
implies that the pore space inside the cup wall was not totally
blocked by the precipitated salt, which can be clearly revealed
in SEM images of the SCS membrane after 48 h continuous
operation (Figure S14).
Our result clearly demonstrates that the formation of the salt

crust layer on the outer surface of the wall does not affect the
water evaporation rate during the long time operation. The salt
crust layer always possesses a highly porous structure, which
can be explained as follows. The salt crust layer is hydrophilic,
and therefore the brine fills the inner pore space of the SCS
membrane and the salt crust layer and forms a thin liquid film
on the outer surface. The outer surface of the crust layer gives
rise to a higher evaporation rate than its inner part, leading to a
higher salt concentration and lower temperature in the outer
part of the crust layer. Consequently, the salt always tends to
precipitate in the outer part, instead of the interior. In addition,
no water evaporation occurs in the SCS membrane after a
relatively thick crust layer is formed on its outer surface. In this
stage, the SCS membrane only acts as a transport pathway.
Since the brine is not saturated, the NaCl crystal formed in the
early stage may redissolve in the brine. This mechanism can
explain the occasional falling of the salt crystal from the wall
during long time operation, as shown in Figure S15. The highly
porous structure of the salt crust layer and the self-cleaning
behavior of the SCS membrane ensure the 3D cup solar
evaporator has potential for continuous operation toward
highly saline brine treatment.

ZLD Solar Desalination in a Lab-Made Solar Still. The
3D solar evaporator fabricated in this work can be used as a
solar brine crystallizer operating in open air without collecting
water condensate. In this configuration, it converts high
concentration brines coming from conventional desalination
plants to solid salts, achieving a ZLD desalination goal for the
desalination plants. On the other hand, it can also be used
within solar stills to produce clean water from brines by
collecting the generated water vapor via condensation. To this
end, we employed a lab-made solar still (Figure S17) and
tested the performance of the 3D solar evaporator with 5.5 cm
diameter and 10 cm height (i.e., with a glass cup inside the
SCS cup) under one sun illumination. When the salt
concentration of the source water is 15 wt %, the weight of
the source brine decreased by 36.8 g after 24 h, and 26.9 g of
clean water was collected, equivalent to a brine treatment rate
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of 0.64 kg m−2 h−1 and a clean water production rate of 0.47 kg
m−2 h−1. When the concentration of the brine increased to 25
wt %, a brine treatment rate of 0.66 kg m−2 h−1 and a clean
water production rate of 0.43 kg m−2 h−1 were obtained under
the same conditions. As expected, within the solar still, all of
the salts precipitated exclusively on the outer wall of the cup
(Figure S16). As a matter of fact, the clean water production
rate within the solar still was slightly underestimated because
some water droplets were still on the inner walls of the solar
still and could not be collected for the measurement purpose.
Based on the weight decrease of the source brines, the clean
water production rates by our 3D cup in the solar still system
for 15 wt % brine and 25 wt % brine would be 0.55 and 0.50 kg
m−2 h−1, respectively. A clean water productivity of >3 kg m−2

per day from concentrated brine can be expected for this
simple device, which is even higher than some carefully
designed commercial solar stills when they are operated with
lake water and seawater.31,59,60 The comparison demonstrates
the advantage of our solar evaporator design in direct
desalination of highly concentrated brines. When the solar
still is operated with extremely high concentration brine (25 wt
%), its clean water production rate is only slightly lower than
that with 15 wt % brine, but more brine (37.8 g for 25 wt %
brine) is converted to solid salt than the latter (36.8 g for 15%
brine). This is to say that brine treatment capacity is higher for
more concentrated brine with our technology. The above
result demonstrated that this 3D cup structure can be used as a
brine crystallizer in open air for highly concentrated brine
treatment and as a solar evaporator in a closed chamber in a
solar still for direct ZLD desalination. It only uses green energy
and common cheap materials, and no high pressure or vacuum
operation is involved, which are otherwise required in a
conventional ZLD system. These features make the 3D solar
evaporator a very promising device in a ZLD desalination
system.
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