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ABSTRACT: The remediation of wastewater containing oily pollutants is imperative to
mitigate the serious threats posed to the safety of fresh water, human well-being, and the
environment. Current membrane separation technologies are severely restricted by their
limitations for separating various types of oily pollutants with low sustainability. Herein, by
imitating the plant transpiration in nature, we designed a solar-driven device composed of
natural biomass sugar cane stem, chitosan/carboxymethyl cellulose, and graphite powders to
separate versatile oily pollutants from the wastewater. Owing to its superior solar absorption
capacity, microchannels for water transportation, and underwater oleophobicity, the resultant
evaporator not only exhibited an excellent evaporation rate of 1.41 kg m−2 h−1 but also
demonstrated an admirable purification efficiency of 99.9% for oily wastewater. Moreover, the
device can maintain a stable evaporation rate and the original structure even in oily
wastewater containing strong acid, alkali, or hypersaline components. Therefore, this work provides an effective approach to
producing clean water from versatile wastewater.
KEYWORDS: wastewater purification, oily pollutants, solar-driven, plants transpiration, underwater oleophobicity

1. INTRODUCTION
At present, oily wastewater from domestic activities and
industrial emissions have severely threatened drinking water
safety, human health, and ecological environment.1−4 It is thus
essential to advance effective and green technologies to
remediate oily wastewater. Conventional approaches for the
treatment of the oil/water mixture include centrifugation
separation, gravity separation,5 physical adsorption,6 and
chemical treatment,7 which all have obvious disadvantages of
environmental pollution, high capital, and inefficient separa-
tion. Currently, membrane separation has received consid-
erable attention due to its relatively simple operational
processes.8−12 For instance, the MXene membrane,13 covalent
organic framework membrane,14 polytetrafluoroethylene mem-
brane,15 polycaprolactone-mixed supramolecular framework
fiber membrane,16 cobalt phosphide/stainless steel mesh
membrane,17 and fish gelatin membrane18 have been prepared
to efficiently handle oily wastewater. However, it is
complicated to realize the purification of various types of
oily wastewater with only one membrane because there are not
only oil droplets but also salt ions, organic and acids, or
alkaline pollutants in oily wastewater.2,19,20 Therefore, the
efficient purification of oil/water mixtures to obtain fresh water
is still an urgent issue that must be addressed.
Recently, as an effective alternative, a solar steam evaporator

has been investigated for seawater desalination or wastewater
purification. The solar steam generator has emerged as a
promising solution to facilitate freshwater production from

wastewater or seawater by harnessing solar energy.21−26

According to the reported literature, inorganic materials,
such as semiconductors27 and metallic nanoparticles,28,29 and
organic materials, such as carbon-based materials30,31 and
polymers materials,32 have been developed for solar steam
evaporation. However, the widespread adoption of this
emerging technology is restricted owing to its expensive raw
materials and complicated fabrication processes. Furthermore,
although solar-driven evaporators can efficiently deal with
seawater and brine, the presence of substances like oils, dyes,
and organic compounds can clog the microscale channels of
solar-thermal devices, leading to diminished evaporation
efficiency and potential device damage.33,34 Inspired by the
plant transpiration process, the exodermis of the plant roots
serves as a selective barrier against the harmful elements in soil
but allows for water infiltration, whereas the vascular bundles
inside provide abundant channels for water transportation,35

and the plant leaves absorb sunlight and vapor escapes through
stomata on their surfaces. In this study, the chitosan/
carboxymethylcellulose (CS/CMC) gel of the evaporator
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acted as an obstruction to deter the oil droplets while enabling
water transport to the upper surface of the evaporator for solar-
driven evaporation. CS/CMC plays a significant role in oil
resistance. As far as we know, solar-driven technologies are
commonly used for water evaporation and seawater desalina-
tion, whereas the purification of oil-in-water emulsions in this
way has been rarely investigated, especially for the emulsified
oily seawater.
Herein, we propose a novel strategy to design a sustainable,

low-cost, and multifunctional solar-driven device. We select the
desugaring stem of sugar cane (SS) modified by CS/CMC
hydrogel fillings and decorated with graphite powders (GPs)
on the top surface to prepare the oily wastewater purification
system (SS-CS/CMC-GP). The well-distributed microchan-
nels are fairly favorable for the water transportation of the
solar-driven evaporator.36 In addition, owing to its superior
hydrophilicity and underwater oleophobicity, the solar-driven
device displays a high purification efficiency of 99.9% for an
oil-in-water emulsion. Moreover, benefiting from the excellent
desalination property and acid-alkali resistance, the device
demonstrates a great value in purifying oily seawater and
acidic/alkaline oily water to generate freshwater. Furthermore,
the evaporator exhibits outstanding long-term durability and
an excellent photothermal conversion of 93.3%. All of these
promising features indicate that the well-designed SS-CS/
CMC-GP solar-powered evaporator is achievable for handling
oily wastewater, oily seawater, and domestic sewage. This
device demonstrates a significant potential for addressing water
scarcity in arid and underdeveloped regions by efficiently
extracting clean water from household wastewater. Further-
more, the scalability of the evaporator by increasing its quantity
presents promising practical applications, particularly in water-

scarce island regions, where solar energy can be utilized to
obtain freshwater from seawater.

2. RESULTS AND DISCUSSION
2.1. Fabrication and Schematic of the SS-CS/CMC-GP.

In nature, transpiration is a fundamental physiological process
of plants that has been extensively investigated.37,38 As shown
in Figure 1a, under solar illumination, tree leaves harness
sunlight and convert it into thermal energy, which is
concentrated on the surface of leaves. This concentrated heat
energy facilitates the evaporation of liquid water, allowing it to
be released into the atmosphere through the leaves.
Concurrently, tree roots take up water from the soil and
transport it to the leaves through the negative pressure system.
This process is facilitated by the capillary force of wood
channels, which creates a continuous flow of water from the
bottom to the top of the tree.39 Inspired by the transpiration
process of a tree, a bilayer structured solar-driven device
composed of SS-CS/CMC that acts as a water transportation
layer and GPs as the solar absorption layer was designed to
achieve the efficient separation of oily wastewater. GPs are
known as superior photothermal conversion materials,40

whereas SS is an outstanding water-absorbing material with a
rapid water transport performance. Furthermore, the CS/CMC
gel introduced into the microchannels can be likened to a
hydrophilic filter film, which effectively prevents insoluble oil
from passing through the bottom of the film. Because of the
excellent underwater oleophobicity of SS-CS/CMC, the
evaporator is expected to handle different kinds of oily
wastewater under solar illumination. During the purification
process, water can be transported to the top surface of the
device from the bulk wastewater along the microchannels

Figure 1. (a) Tree-inspired solar-driven device for purification of oily wastewater. (b) The fabrication process of the solar-driven device. (c)
Detailed process of the CS/CMC gelation. The insets are digital images of the CS/CMC precursor solution and CS/CMC gel.
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under capillary forces; meanwhile, oil droplets are limited in
the bulk wastewater. Under solar illumination, the liquid water
is converted to vaporous water, leaving behind solely the
pollutants. Subsequently, the vaporous water was condensed
on a collector to obtain clean water, thereby successfully
realizing the purification of oily wastewater.
The fabrication of the SS-CS/CMC-GP solar-driven

evaporator is schematically shown in Figure 1b. SS was chosen
as the substrate owing to its cost-effectiveness, excellent
hydrophilic and thermal insulating properties, and the unique

structure of abundant microchannels.36 First, CS/CMC is
introduced into the SS channels by soaking the SS pieces into
the CS/CMC precursor mixture. After the glutaraldehyde was
added as the curing agent, the samples are placed in an oven
for interaction and then transferred to a freeze-dryer for freeze-
drying. Therefore, the open channels in the SS are filled with
CS/CMC. Afterward, solar absorber GPs are sprayed on the
surface of the SS-CS/CMC to obtain the ultimate SS-CS/
CMC-GP device after air-drying. Figure 1c illustrates the
formation process of the CS/CMC hydrogel in detail. CS, a

Figure 2. (a) Photograph of sugar cane fruits. Cross-section SEM images of (b, c) SS, (d, e) SS-CS/CMC, and (f, g) SS-CS/CMC-GP,
respectively. The insets are optical photos of the corresponding specimens. (h) EDS mapping images of the SS.

Figure 3. (a) WCAs of SS, SS-CS/CMC, and SS-CS/CMC-GP devices. (b) OCAs of SS and SS-CS/CMC for various oils. (c) UV−vis-NIR light
absorption spectra of SS, SS-CS/CMC, and SS-CS/CMC-GP. (d) The temperature changes of SS, SS-CS/CMC, and SS-CS/CMC-GP over time
under 1 sun irradiation.
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biopolymer derived from chitin, has abundant reactive
functional amino groups and hydroxyl groups, which enable
it to interact with anion biopolymers. The inherent richness of
adsorption sites in CS has led to its widespread application in
the fabrication of membranes for the efficient treatment of
various types of contaminations.41 CMC, a water-soluble
derivative of cellulose, is a type of anion biopolymer and has
plentiful carboxyl and hydroxyl groups. Because of the
positively charged amino groups and negatively charged
carboxyl groups, CS can interact with the CMC to form gels
under electrostatic attraction.
2.2. Structural Characterization of the Sample. The

morphological and microstructural characterizations of the
samples are listed in Figure 2. Sugar cane is one of the main
farm crops and is widely cultivated in subtropical and tropical
areas. Photographs of the sugar cane fruit are shown in Figure
2a. SEM images in Figure 2b,c indicate that the structure of
natural SS is composed of vascular bundles and parenchyma
cells. The vascular bundles (20−80 μm in diameter) that
commonly exist in plants are responsible for water trans-
portation, whereas the honeycomb-like parenchyma cells

(100−240 μm in diameter) are well distributed around the
vascular bundles for nutrition storage. Figure 2d,e and Figure
S1 illustrate that the vascular bundles in the SS were filled with
CS/CMC, whereas the original SS channel walls and CS/CMC
can be well-recognized. Notably, the microstructure of the SS
is well retained after filling with CS/CMC, illustrating its
outstanding structure stability. GPs with a thickness of ∼110
μm (Figure S2) are well deposited on the surface of SS-CS/
CMC, as evidenced by the SEM image displayed in Figure 2f,g,
which facilitate solar absorption and solar−thermal conversion.
The corresponding EDS elemental mapping displayed the
distribution of elements C, N, and O on the natural SS (Figure
2h and Figure S3). Clearly, element C is most densely
distributed on the surface of the SS. The corresponding
contents of C, N, and O elements were calculated according to
the mapping intensity (Figure S4). The results showed a
change in the elemental proportion of the samples. GPs, as one
of the carbon materials, were introduced to substantially
increase the C content of the device. The C content of SS-CS/
CMC-GP (88.01%) was dramatically higher than those of SS
(50.03%) and SS-CS/CMC (45.04%). The insets in Figure

Figure 4. (a) Weight loss and (b) evaporation rates of various evaporators and pure emulsion under 1 sun illumination over time. (c) The
evaporation−condensation device diagram of wastewater purification. (d) The TOC contents of soybean oil-in-water emulsion and the obtained
water from the SS-GP device and SS-CS/CMC-GP device. (e) The TOC content of the condensate and purification efficiency for soybean oil-in-
water emulsion. (f) Mass change and (g) evaporation rate of the SS-CS/CMC-GP device toward emulsions with various oil/water ratios. (h) TOC
content and purification efficiency of the condensed water obtained from the different oil/water ratios emulsions.
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2b,d,f are the digital photos of natural SS, SS-CS/CMC, and
the SS-CS/CMC-GP device, respectively.
2.3. Wettability and Photothermal Characterization.

The surface wettability of the solar-driven evaporator plays a
crucial role in water transportation and prevents the infiltration
of oil droplets. To investigate the surface wettability, the water
contact angle (WCA) of various specimens was measured in
the first step. The high surface energy components of plentiful
−OH groups in the cellulose of the SS and CS/CMC endowed
the SS, SS-CS/CMC, and SS-CS/CMC-GP with super-
hydrophilic and underwater superoleophobic properties.42 As
displayed in Figure 3a, the WCAs of the various specimens are
nearly 0°, indicating thair excellent hydrophilicity. Moreover,
the CS/CMC gel fills the pore of the SS, delaying the
infiltration of the droplets; thus, the time for droplets to
penetrate into the interior of the SS-CS/CMC is longer than
that of SS (Figure S5). On the other hand, the underwater oil
contact angle (OCA) of the specimen was also measured to
evaluate the oleophobic property. Figure 3b shows the OCAs
of various oils on the surfaces of SS and SS-CS/CMC.
Specifically, the OCAs of soybean oil, silicone oil, and n-decane
on the SS surface are 152.4 ± 1.2, 153.2 ± 1.6, and 141.7 ±
1.3°, respectively, whereas those on the SS-CS/CMC surface
are 156.7 ± 2.2, 157.2 ± 0.9, and 152.7 ± 1.9°, illustrating that
the introduction of the CS/CMC gel further improves
underwater oleophobicity. This is because the surface of SS-
CS/CMC has more −OH groups compared to SS.42 As shown
in Figure S6, it can be seen from the infrared spectrum of the
CS/CMC that the wide absorption peak at 3420 cm−1

belonged to the stretching vibration of −OH, demonstrating
the abundant presence of −OH groups in CS/CMC.
The light absorption capability of the evaporator signifi-

cantly influences its solar−thermal conversion performance.
Figure 3c shows the UV−vis-NIR spectra of the samples. The
averaged light absorption (calculated using the solar spectral
solar irradiance AM 1.5G) of the SS was 44.1% within the
wavelength range 250−2500 nm. Moreover, the SS-CS/CMC
shows a higher light absorption of 45.6%, which is mainly
attributed to the filling of CS/CMC gel in the SS channels,
resulting in a slight decrease in light diffuse reflectance (Figure
S7). Moreover, the addition of GPs as superior solar absorber
noticeably increased the absorption of the light by the SS-CS/
CMC.43 As the converted heat energy is more concentrated on
the surface of the device, the absorption of the SS-CS/CMC-
GP evaporator increases to 93.3%, which is conducive to the
efficient production of solar vapor.
To evaluate the solar−thermal conversion performance, the

surface temperatures of the various specimens were recorded
by employing an infrared camera under 1 sun irradiation
(Figure S8). As displayed in Figure 3d, the beginning surface
temperatures of SS, SS-CS/CMC, and SS-CS/CMC-GP were
23.5, 23.2 and 23.6 °C, respectively, which are adjacent to the
room temperature due to the water saturation. The surface
temperatures of SS and SS-CS/CMC increased gradually to
27.6 and 27.8 °C after 6 min of solar irradiation and eventually
stabilized at 27.7 and 28.3 °C after 10 min of illumination,
respectively. By contrast, the surface temperature of the SS-
CS/CMC with GP coating reached 31.6 °C rapidly after 6 min
of solar illumination and balanced at 33.8 °C after 24 min of
solar irradiation. The SS-CS/CMC-GP exhibited excellent
solar−thermal conversion performance compared to the SS
and SS-CS/CMC, which is consistent with the above trend of
the light absorption behavior. However, the temperature

change of the pure emulsion before and after 1 h solar
irradiation was only 1.6 °C (from 23.6 to 25.2 °C), indicating
that the evaporator is beneficial to the water evaporation.
2.4. Solar-Driven Evaporation Performance. To

measure the solar-powered evaporation rates of the various
devices, the weight loss of the evaporation device was carefully
monitored using an electronic balance under constant 1 sun of
solar irradiation. A control test with pure oil-in-water emulsion
under identical irradiation intensity was also carried out for
comparison. As shown in Figure 4a, typical solar-driven
evaporation curves of the various evaporators illustrated that
the mass loss of the oil-in-water emulsion was approximately
linear with the solar illumination time. The corresponding
evaporation rates were acquired by calculating the slopes of the
weight loss curves. As presented in Figure 4b, the evaporation
rates of the samples reach equilibrium after approximately 6−
10 min of solar irradiation, coinciding with the time it takes for
the surface temperature to stabilize (Figure 3d). Owing to their
porous structure, the SS and SS-CS/CMC specimens showed
evaporation rates of 1.10 and 1.12 kg m−2 h−1, respectively.
After decorating with GPs, the evaporation rates of the SS-GP
and SS-CS/CMC-GP increase to 1.35 and 1.41 kg m−2 h−1,
respectively, which are 3.3 and 3.4 times higher than that of
pure emulsion (0.41 kg m−2 h−1). Compared with SS and SS-
CS/CMC, SS-CS/CMC-GP coated with photothermal con-
version material GP is capable of absorbing solar energy and
converting it into thermal energy, creating a temperature
gradient between the material and the surrounding water. This
temperature gradient drives the evaporation process. Interest-
ingly, the evaporation rate of the SS-CS/CMC-based
evaporator was greater than that of the raw-SS-based one,
which verifies the above analysis of light absorption. During the
solar-driven process, the evaporator floats in a tank containing
oily wastewater with the assistance of foam and is placed inside
a distiller plexiglass. Under solar irradiation, the generated
steam rises and meets the top plate. Subsequently, the redox
mixture condenses and flows into the water collector for
further collection, as depicted in Figure 4c. In addition to the
investigation of the evaporation performance, the purification
capability of device was estimated by measuring the total
organic carbon (TOC) content of primary soybean oil-in-water
emulsion and the evaporation condensate. The obtained
condensed water from the SS-GP evaporator exhibits a high
TOC content of 144.3 mg L−1, which was much higher than
that of condensed water collected from the SS-CS/CMC-GP
evaporator (Figure 4d). As shown in Figure 4e, the TOC
values of the primary emulsion and evaporation condensate
were 10342.2 and 32.2 mg L−1, respectively, demonstrating a
purification efficiency of 99.7%. The above result further
verifies that the CS/CMC gel enhances the evaporator
performance. In a comprehensive consideration, SS-CS/
CMC-GP was selected to carry out the following experiment.
The evaporation and purification properties of the SS-CS/

CMC-GP device for emulsions stabilized with various
concentrations were also studied. Figure S9a shows the
emulsion with different oil/water mass ratios of 2.5/97.5,
5.0/95.0, 7.5/2.5, and 10.0/90.0. With the increases of the oil/
water mass ratio, the emulsion becomes more and more milky.
It is worth noting that the evaporation rate of the SS-CS/
CMC-GP device is not greatly affected by the high oil/water
ratio emulsions (Figure 4f). As shown in Figure 4g, the
evaporation rates of the SS-CS/CMC-GP evaporator with oil/
water mass ratios of 2.5/97.5, 5.0/95.0, 7.5/2.5, and 10.0/90.0
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were 1.37, 1.36, 1.34, and 1.30 kg m−2 h−1, respectively. Figure
4h depicts the purification efficiency of the SS-CS/CMC-GP
device for emulsions with different oil concentrations.
Specifically, the TOC contents of the above four emulsions
were 38049.2, 61219.5, 86146.3, and 104962.6 mg L−1,
respectively. After purification by the SS-CS/CMC-GP device,
the corresponding collected condensed water displayed low
TOC values of 552.4, 726.9, 491.5, and 674.8 mg L−1,
respectively. Thus, the calculated purification efficiencies are
98.6, 98.8, 99.4, and 99.3% for 2.5/97.5, 5.0/95.0, 7.5/2.5, and
10.0/90.0 emulsions, respectively. The images in Figure S9b
display that clear and transparent clean water was collected
from the milky emulsions.
2.5. Solar-Driven Purification and Desalination

Performance. To justify the extensive applicability of the
solar-powered purification evaporator sufficiently, other
surfactant-stabilized emulsions were prepared and tested
under 1 sun of solar irradiation. In addition to soybean oil,
the purification rates and efficiencies of corn oil-in-water,
silicone oil-in-water, n-decane-in-water, and toluene-in-water

emulsions were also investigated. As shown in Figure S10,
more dense oil droplets (<10 μm) are observed in the original
emulsions. Interestingly, no droplets are seen in the obtained
water after purification treatment. To accurately determine the
purification capability of the SS-CS/CMC-GP device, the
TOC content of the obtained water from the different
emulsions was also measured. As exhibited in Figure 5a, the
TOC contents for the original corn oil, silicone oil, n-decane,
and toluene emulsions were 121916.7, 9965.9, 11840.2, and
12607.4 mg L−1, respectively. After purification by the SS-CS/
CMC-GP device, the corresponding condensed water collected
from emulsion showed relatively low TOC values of 33.35,
27.13, 53.78, and 40.23 mg L−1, respectively. As a result, the
calculated purification efficiencies of corn oil-in-water, silicone
oil-in-water, n-decane-in-water, and toluene-in-water emulsion
are 99.9, 99.7, 99.6, and 99.7%, respectively. All types of
emulsions were transformed from a milky liquid to clear and
transparent water after treatment (Figure 5b). The high
purification efficiency illustrates that the solar-driven SS-CS/
CMC-GP evaporator can efficiently remedy various types of

Figure 5. (a) TOC content of different emulsions and the condensate and purification efficiency for different emulsions. (b) Optical photographs
of various emulsions before and after purification with the SS-CS/CMC-GP device. (c) The evaporation rates of the soybean oil-in-water emulsion
under different pHs. (d) The long-term durability of the SS-CS/CMC-GP device for handing soybean oil-in-water emulsion (insets are the
underwater surface of the device under different treating times). (e) Concentrations of six primary ions and the TOC content of the oily seawater
before and after the solar-driven desalination and purification. (f) Desalination and purification efficiencies of the oily seawater after the solar-driven
treatment. (g) TOC content of the kitchen wastewater before and after solar purification.
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oil-in-water emulsions. Moreover, the evaporation performance
of the SS-CS/CMC-GP device for different emulsions was
almost the same as that of soybean oil-in-water emulsion
(Figure S11). Compared to most previous studies, the
purification performance of the SS-CS/CMC-GP device
demonstrates superior effectiveness. It is found that the
purification efficiency of the SS-CS/CMC-GP device is
superior to those of most devices reported previously (Table
S1).
Given the complex constituents, oily wastewater puts

forward higher requirements for acid and alkali tolerance of
the SS-CS/CMC-GP device. Therefore, we determined the
evaporation performance of the device and the pH of
condensed water obtained from different soybean oil-in-water
emulsions with a pH of 1−13. Figure 5c shows that the
evaporation rates of the SS-CS/CMC-GP device in emulsions
with various pH values ranging from 1 to 13 are 1.41, 1.38,
1.40, 1.40, 1.33, 1.39, and 1.37 kg m−2 h−1, respectively,
demonstrating that the evaporation rate did not remarkably
change compared to the neutral emulsion. The pH test paper
of the emulsion before and after purification (Figure S12)
reveals that all of the obtained condensed water exhibited a pH
of approximately 7 (Figure S13), implying that both acidic and
alkaline emulsions were purified effectively, resulting in the
generation of clean water. These results suggest that the SS-
CS/CMC-GP device is resistant enough for an extensive pH
range. Then, the long-term durability of the SS-CS/CMC-GP
evaporator was evaluated by recording the evaporation rate for
handling soybean emulsions (Figure 5d). The device was
placed under continuous 1 sun irradiation. It was found that
the evaporation rate of the SS-CS/CMC-GP evaporator could
remain stable even after 40 h. As the solar irradiation time
increased from 40 to 60 h, the evaporation rate slightly
decreased from 1.40 to 1.16 kg m−2 h−1. The decrease in the
evaporation rate can be attributed to the accumulation of the
emulsifier from the emulsion.20 As displayed in the illustrations
in Figure 5d, after purification treatment for 10 h, the milky
white emulsifier started to accumulate on the underwater
surface and almost covered the entire underwater surface of the
SS-CS/CMC-GP evaporator after 40 h. This milky white
emulsifier accumulated on the underwater surface of the device
can be readily removed by washing with water, confirming that
the oil is only adhered to the underwater surface of the
evaporator and does not penetrate the inside of the device.19

As expected, the purification rate of the evaporator returns to
its original value. The above results suggest that the SS-CS/
CMC-GP evaporator possesses an outstanding long-term
durability.
To demonstrate the solar desalination performance of the

SS-CS/CMC-GP evaporator, oily seawater was used as the
desalination sample. As shown in Figure 5e, after desalination
under 1 sun solar illumination, the concentrations of Na+,
Mg2+, K+, and Ca2+ cations and Cl− and SO4

2− anions and the
TOC content of the obtained condensed water were
significantly decreased from 10900.91, 1310.63, 391.28,
416.76, 19450.37, 2758.62, and 10342.19 mg L−1 to 2.34,
0.93, 2.93, 3.69, 6.37, 1.28, and 55.16 mg L−1, respectively. The
purification efficiency of oil and the rejection of cations and
anions all exceed 99.9% (Figure 5f). The clean water obtained
from the purification process meets the drinking water
standards set by the World Health Organization, as indicated
by the acceptable levels of the TOC content and ion
concentrations (displayed as yellow dashes in Figure 5e).

Moreover, the digital photographs of the SS-CS/CMC-GP
device after purification for 2 days are also provided in Figure
S14. The structural integrity of the device remained intact,
without any visible salt accumulation on its surface. Addition-
ally, the concentration of organic compounds in the kitchen
wastewater was significantly decreased from 2570.23 to 11.82
mg L−1, demonstrating its excellent purification performance
for practical kitchen wastewater (Figure 5g). The above results
indicate that the SS-CS/CMC-GP evaporator possesses
superior decontamination capability and salt inhibition
property for oily seawater purification applications. Moreover,
wastewater treatment experiments were further carried out to
investigate the wastewater purification capability of the SS-CS/
CMC-GP device. Four colorful solutions were chosen to be
purified under 1 sun light illumination. As shown in Figure
S15a, the main characteristic peaks at 484, 426, 418, and 628
nm are attributed to the absorption peaks of red, yellow, green,
and blue dyes, respectively. After solar-powered purification, as
shown in Figure S15b, the absorption value of the condensed
water is similar to that of distilled water without the
characteristic peaks of the dyes shown, indicating that the
dye should be effectively removed from the purified water.
Figure S16 clearly illustrates the transformation of colored dye
water from its initial state to a clear and transparent
appearance, underscoring the potential of the SS-CS/CMC-
GP evaporator in effectively purifying organic wastewater.

3. CONCLUSIONS
In summary, a plant-inspired solar-driven SS-CS/CMC-GP
device was prepared for efficient general-purpose solar-driven
oily wastewater purification. The device incorporates a solar-
absorbing top layer and a water transportation bottom layer.
Because of its unique superhydrophilicity and underwater
oleophobicity, abundant microchannels, and excellent solar
absorption property, the evaporator demonstrates exceptional
effectiveness in oil−water separation and the removal of
organic dyes and metal ions from wastewater and seawater. A
purification efficiency of 99.9% and an evaporation rate of
1.37−1.41 kg m−2 h−1 under 1 sun irradiation were achieved by
the SS-CS/CMC-GP evaporator, even in an emulsion with
high oil/water ratio of 10/90 (g/g). More importantly, the
device maintains a stable water evaporation performance and
efficient solar purification toward various oil-in-water emul-
sions. Moreover, the evaporator displayed outstanding acid/
alkali resistance and excellent long-term durability. Therefore,
this green and renewable biomass-based separator provides a
facile strategy for purifying oily wastewater and producing
clean water from oily wastewater or seawater.

4. EXPERIMENTAL SECTION
4.1. Materials. Fresh sugar canes were purchased from Guangxi

Region, China. Soybean oil and corn oil were obtained from the
Taobao store. Silicone oil, toluene, Tween 80, acetic acid, sodium
dodecyl sulfate (SDS), GP, and CS with degree of deacetylation of
90.0% and viscosity-average molecular weight of 62 kDa were
supplied by Sinopharm Chemical Reagent Co., Ltd. (China).
Glutaraldehyde (50% water solution), n-decane, and CMC with a
degree of substitution of 1.0 were bought from Shanghai Macklin
Biochemical Co., Ltd. (China). All chemical reagents were used
without further purification.
4.2. Preparation of SS-CS/CMC-GP and SS-GP Devices. The

samples used in this work were extracted from the stem part of sugar
cane. Briefly, the skinned sugar cane was cut into cylindrical pieces
(diameter: 2.0 cm, height: 2.0 cm) along the growth direction, boiled
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in water, and dried to obtain sugar cane stem (SS) specimen.
Meanwhile, CS solution (1 wt %) and CMC solution (1 wt %) were
mixed evenly by stirring to prepare the precursor solution of CS/
CMC hydrogels. Then, the SS samples were immersed in precursor
solutions for 12 h. And then, 300 μL of glutaraldehyde liquid was
introduced into 40 mL of the aforementioned mixture and stirred in
an ice bath for 10 min. Next, all of the samples were maintained at 60
°C to react for 3 h. Finally, samples were rinsed with deionized water
to remove the unreacted reagents and freeze-dried in a freeze-dryer
for 48 h, and the SS-CS/CMC was prepared.

GP was carefully mixed with deionized water to prepare a GP
dispersion (10 mg mL−1). Afterward, the well-dispersed solution was
sprayed evenly on the surface of SS-CS/CMC. After being dried in air,
the SS-CS/CMC-GP evaporator was obtained. As a control sample,
the GP dispersion was spread evenly onto the surface of SS to acquire
the SS-GP evaporator.
4.3. Preparation of Oil-in-Water Emulsions. Soybean oil (1.0

g), Tween 80 (0.1 g), and water (99.0 g) were mixed and sheared at
high speed (8000 rpm) for 15 min to prepare a soybean oil-in-water
emulsion. The preparations of corn oil-in-water emulsion and silicone
oil-in-water emulsion were handled the same as those of soybean oil-
in-water emulsion. Soybean emulsions with different oil/water ratios
of 2.5/97.5, 5.0/95.0, 7.5/92.5, and 10.0/90.0 were also prepared
according to the same oil/Tween 80 ratio, respectively. Similarly, n-
decane (1 g)/toluene (1 g), SDS (0.5 g), and water (99 g) were
mixed and subjected to shearing to obtain an n-decane-in-water
emulsion and toluene-in-water emulsion. The oily seawater was
obtained by dissolving 3.5% bay salt in a soybean oil-in-water
emulsion.
4.4. Characterization. The morphology and element mapping of

the samples were investigated by using field-emission scanning
electron microscopy (Tescan MAIA3 XMH, 10 kV). The water and
underwater oil contact angles were determined with a LAUDA
Scientific GmbH, LSA-100 instrument. The optical properties,
including transmittance (T) and reflectance (R) spectra within the
200−2500 nm range, were captured by using a UV-3600 spectrometer
fitted with an integrating sphere. The absorption (A) values were
calculated by A = 1 − R − T. Fourier transform infrared (FT-IR)
spectra were obtained by a Nicolet iS10 FTIR spectrometer. The
concentration of major metal ions in both predesalination and
postdesalination water was evaluated using inductively coupled
plasma optical emission spectroscopy (Agilent 720ES). The
concentrations of chloride ions (Cl−) and sulfate ions (SO4

2−) before
and after desalination were measured using an ion chromatograph
instrument (ICS-1100). The optical absorption spectra of the dye
solutions and collected clean water were recorded by using a UV−vis
spectrometer (UV-3600, Shimadzu). The TOC values of the
emulsions and condensates were quantified by employing a TOC
analyzer (Vario TOC).
4.5. Oily Wastewater Purification Experiment. The solar-

driven purification experiment was conducted by employing a
conventional solar simulator (PLS-SXE300UV) as the illumination
source. The irradiation intensity was calibrated by using a light
intensity meter. A calibrated electronic balance with a precision of 0.1
mg was utilized to monitor the changes in the mass of the oily water.
The experiments related to water evaporation were performed under
ambient conditions at around 25 °C accompanied by a relative
humidity of approximately 60%. Monitoring the upper surface
temperature of the sample was accomplished by using a thermal
infrared camera (FLUKE-VT04).
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