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Interfacial evaporation systems have enormous potential for wastewater treatment and freshwater

generation. However, a technological gap remains in achieving a sustainable solar-driven water purification

system that combines rapid evaporation rates with enhanced stability. With this research, we investigated a

self-healing water purification platform that incorporates cellulose nanocrystals that encapsulate polyaniline

into a PVA–borax dynamic crosslinked network, which is capable of effectively enriching heavy metal ions

and generating clean water. The wastewater regeneration system was developed to remove heavy metal

ions through adsorption, then the hydrogel was recovered through self-healing for use as an interface

evaporator for secondary purification of the wastewater. Combining an exhausted self-healing gel with

different substrates using the self-adhesive properties, a dual-layer evaporator with excellent water

evaporation performance was fabricated. A cotton thread evaporator achieved a high evaporation rate of

2.19 kg m−2 h−1 under 1 sun. Subsequent, purification of wastewater meets with the WHO drinking water

standards following the adsorption–evaporation purification process. This strategy provides an efficient,

green, and sustainable approach for achieving wastewater regeneration and heavy metal-free drinking

water.

1. Introduction

Rapid industrial development has given rise to a severe
energy crises and environmental issues, including water

pollution and waste disposal.1–6 Substantial effort has been
devoted to waste-to-treasure strategies, thus minimizing
energy consumption and environmental impact.7–10 The
conversion of waste into value-added chemicals such as the
utilization of solar energy for wastewater purification is
considered as a beneficial processes for resource utilization
in an upgraded circular pathway.11,12 The efficient harnessing
of solar energy is crucial to address future energy and
environmental challenges.13,14 The waste–treating-waste
strategy involves recycling and reusing depleted adsorbents
as interface solar evaporators for secondary purification of
wastewater.15 However, the realization of resource recycling
and upgrading of exhausted adsorbents poses an extremely
high requirement on the mechanical and damage resistant
properties of the materials.16 The practical application of this
method is limited by inherent constraints, particularly
associated with the recyclability and operational lifecycle.17
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Environmental significance

Heavy metal pollution has exacerbated the global drinking water crisis, posing a threat to public health and the environment. Successful remediation and
removal of heavy metal have been accomplished by adsorption-based materials. Specifically, we engineered a self-healing hydrogel for heavy metals removal
and the exhausted adsorbents were then self-healed and upcycled as a solar steam evaporator for drinking water generation. COMSOL simulations also
confirm the significant potential of the upcycled evaporator for practical water purification applications. Our waste-to-wealth strategy offers an innovative
approach to environmental remediation with outstanding long-term stability, energy efficiency, and eco-friendliness, presenting a new perspective on
wastewater recycling and its potential for mitigating water crises.
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During the process of adsorption and subsequent
upcycling of adsorbents, it is inevitable that physical damage
will occur (e.g., erosion, cracks, fractures, and disintegration)
due to water impact or human factors.18,19 The gradual
growth of small physical defects often leads to a reduction in
the materials performance, ultimately resulting in equipment
failure.20,21 To enhance the mechanical stability, a “soft–hard
synergistic” strategy can be employed whereby reinforcement
materials are incorporated as rigid fillers into a soft
amorphous matrix, resulting in a soft–hard dual-network
structure.22 Through the synergistic interplay between the
rigid and soft components, material stress energy is
dissipated significantly, thereby enhancing resistance to
deformation and fracture. However, the contribution of this
toughening method for improving mechanical performance
is limited.23 The introduction of self-healing hydrogel soft
materials could enable autonomous repair of damage that
may evolve into catastrophic failures.24–26 Hydrogels
prepared using dynamic interactions formed by boronic
ester bonds exhibit high toughness, fatigue resistance, and
excellent self-healing ability.27,28 By incorporating boronic
ester dynamic covalent bonds as the soft segments and
introducing robust material nanocellulose (C-CNC) as the
hard segments, a synergistic interaction between the soft
and hard domains is created, resulting in a durable and
tough self-healing material,29,30 which exhibits significantly
enhanced stability and recyclability of the hydrogel for both
metal ion adsorption and subsequent evaporator
fabrication.31

To further enhance the photothermal stability, a dual-
layer evaporator was developed which offers the possibility of
practical long-term use and record-high evaporation rates.32

Through the synergistic effect of an upper layer structure and

a lower layer structure with hydrophilic substrate for
continuously water supply, a significant improvement in the
evaporation rate was achieved.33 However, the fabrication
methods of such dual-layer evaporators, using 3D printing
technologies, vacuum filtration deposition, and casting
strategies, still face challenges in terms of complex
manufacturing processes and high costs.34–36 The
combination of a self-healing photothermal layer and the
water supply matrix in the dual-layer evaporator could be
achieved by self-adhesion, ensuring a seamless,
environmentally friendly, and stable structural integration.37

Various substrates with excellent continuous water transport
capability can be used for evaporator development in order to
achieve high photothermal conversion efficiency with
excellent stability.

Here, we present an energy-saving strategy for the
treatment of complex contaminated wastewater, as shown in
Fig. 1. A self-healing hydrogel with porous and extensive
hydrogen bonding networks was synthesized using
polyaniline as light-absorbing materials, carboxymethyl
cellulose as the hard domain, and polyvinyl alcohol–borax as
the soft thread. The synergistic effect of PVA soft thread and
C-CNC–PANI mixed network with “soft and hard”
combination imparted good mechanical properties to the
hydrogel. Meanwhile, the chemically cross-linked dynamic
covalent bonds and multiple hydrogen bonds endowed the
hydrogel with rapid self-healing capability. The resulting
hydrogel was first subjected to an adsorption process to
remove heavy metal ions, after which the gel is recovered and
self-healed. By virtue of the gel's excellent self-adhesive
properties, it can be composited with different water-
transport substrates to fabricate evaporators for secondary
water purification, thereby achieving the transformation of

Fig. 1 Schematic illustration of solar water purification using CPPB gel.

Environmental Science: NanoPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5/

8/
1 

 1
1:

11
:4

7.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3en00829k


Environ. Sci.: Nano, 2024, 11, 1271–1282 | 1273This journal is © The Royal Society of Chemistry 2024

wastewater into heavy-metal-free drinking water. An
evaporator prepared by combining the self-healing gel with
cotton thread achieved a high steam purification rate of 2.19
kg m−2 h−1 under illumination by sunlight in various harsh
environments. The super-stable and damage-resistant
wastewater treatment system exhibits great potential for
different communities to meet the demand for water in both
quantity and quality.

2. Experimental
2.1 Materials fabrication

Preparation of C-CNC–PANI. Firstly, a suspension of 0.1
wt% C-CNC was dissolved in water and placed into an ice
bath. When the temperature was stable, 4.9 ml aniline was
dissolved in hydrochloric acid (100 ml 1 M) and added into
the prepared suspension of C-CNC. After 1 hour in an ice
bath, 2.5 g ammonium persulfate was dissolved in 100 ml
hydrochloric acid and added into the prepared solution for 4
hours. The precipitate was then repeatedly washed with
deionized water and the unreacted chemicals are removed by
centrifugation with deionized water. Finally, the washed
samples were freeze-dried, and the final product C-CNC–PANI
was obtained.

Fabrication of CPPB hydrogel. 1.5 g PVA was added into 10
ml water solution and stirred at 90 °C for 1 hour to obtain a
transparent PVA solution. Subsequently, we prepared a C-CNC–
PANI suspension by dispersing C-CNC–PANI powder in an
aqueous solution for 40 minutes, employing varying weight
percentages (0%, 1%, 3%, 5%, and 8%) in water. This
suspension was then introduced into a polyvinyl alcohol (PVA)
solution and agitated at 90 °C for one hour. Following this step,
we prepared different borax solutions with varying weight
percentages (0.5%, 1%, 3%, 5%, and 8%) in water and added
them to the suspension. The resulting mixture promptly
underwent gelation, yielding a series of C-CNC–PANI–PVA–
Borax hydrogels, hereinafter referred to as CPPB hydrogels.

2.2 Adsorption of heavy metal ions from simulated real
wastewater

Chopped C-CNC–PANI–PVA–borax (CPPB) gel and a simulated
real wastewater solution containing heavy metal ions,
methylene blue (MB) and methyl orange (MO) were introduced
into a plastic centrifuge tube, followed by thorough agitation in
a water bath for a duration of 2 hours. Then, the supernatant
was collected using a 0.22 μm filter membrane. The ion
concentrations in the various water samples were measured
using an inductively coupled plasma emission spectrometer
(ICP-OES, Agilent 5110, Agilent Technologies, Inc., USA). The
residual dye content in the solution was determined using an
infrared atomic absorption spectrophotometer.

2.3 Solar steam generation

After the evaporator was prepared, the steam-generation
experiments were performed under practical conditions with a

homemade optical system, with a xenon lamp solar simulator
as the light source (AM 1.5G filter, CEL-HXF300, Beijing Taught
Jinyuan technology Co.). Additionally, the output power
underwent independent calibration through an optical power
meter (CEL-NP2000, Beijing Taught Jinyuan Technology Co.).
The water evaporation experiment was conducted in a 50 mL
crystallizing dish filled with 30 mL of primary treatment water,
followed by irradiation under a solar simulator emitting 100
mW cm−2. All experiments were carried out at room
temperature (25 °C) with an approximate humidity level of 50%.
During the experiment, changes in the system's mass were
quantified using an electronic balance, while real-time
temperature variations were monitored via infrared cameras.
Collected water subjected to the evaporation process was tested
for heavy metal ion concentrations as a means of assessing the
wastewater purification efficacy.

3. Result and discussion
3.1 Hydrogel preparation, morphology and component
analysis

Polyvinyl alcohol (PVA), a water-soluble synthetic polymer,
has drawn considerable attention as an optimal material for
many polymer composite materials owing to its pronounced
hydrophilicity, favorable biocompatibility, biodegradability,
exceptional mechanical strength, and effortless
processability.38 Therefore, we incorporated it as the
foundational material for the gel. PANI has been utilized as
a model for photothermal nanomaterials owing to its cost-
effectiveness and broad/high light absorption capacity.39,40

However, the tendency to aggregate can compromise light
management, such as light absorption and scattering,
resulting in a decreased efficiency of solar-to-thermal energy
conversion.41 Therefore, the preparation of highly dispersed
PANI with uniform nanostructure can facilitate solar
absorption and energy confinement.42 In the presence of
C-CNC templates, the growth of PANI occurred along with
C-CNC for the formation of a composite material known as
C-CNC–PANI. The aggregation problem of polyaniline was
solved by introducing C-CNC as the growth template. Upon
mixing PVA with C-CNC–PANI, as depicted in Fig. 2a, and
gradually adding a borax solution dropwise, numerous
dynamic covalent and non-covalent bonds form resulting in
the rapid gelation of the mixture, therefore generating a C-
CNC–PANI–PVA–borax gel (CPPB gel for short). CPPB gel
images of loaded and unloaded C-CNC–PANI are shown in
Fig. 2e. In order to substantiate the successful loading of
polyaniline (PANI), a comprehensive analysis of C-CNC–PANI
was conducted, which included scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
TEM-mapping, Fourier-transform infrared spectroscopy
(FTIR), and zeta potential analysis. The results presented in
Fig. S1† indicate that the surface of C-CNC is smooth. Upon
loading with PANI, SEM imaging reveals the presence of
nanorods on the surface of C-CNC–PANI, confirming that
PANI was used as a growth template during the fabrication
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process. It is evident from the transmission electron
microscopic (TEM) image presented in Fig. 2b that
polyaniline (PANI) exhibits excellent dispersion properties.
This is further supported by the elemental analysis, which
reveals that the unique C element in the C-CNC and the
unique N element in PANI are both evenly distributed
throughout the sample (Fig. 2c). The spectral analysis of the
C-CNC–PANI composite, as obtained from FTIR (Fig. 2d),
reveals significant similarities with pristine PANI, thereby
confirming the successful polymerization of PANI and
C-CNC. Notably, the initial zeta potential of C-CNC was
negative, in contrast to the positive zeta potential of PANI
(Fig. S2†). This observation indicates that the electrostatic
interaction between C-CNC and PANI has significantly
enhanced the dispersion of PANI. These findings validate
the successful loading of PANI onto C-CNC. Moreover, the
gel characterization of the C-CNC–PANI loading before and
after was performed using SEM. The gel before loading

(Fig. 2f) displayed a porous structure, while after the loading
of C-CNC–PANI, the gel surface showed the presence of fine
fibers, (Fig. 2g) indicating the successful loading and
dispersion of C-CNC–PANI in the CPPB gel. Fig. 2d
illustrates the chemical structure and the dynamic hydrogen
bonding within the hydrogel. In the FTIR spectrum, the
CPPB gel displays a peak shift toward lower wavenumbers
when compared to C-CNC and PVA. Notably, the peaks
observed at approximately 3735 cm−1 (C-CNC–PANI) and
3732 cm−1 (PVA) undergo a subtle shift to a lower
wavenumber of 3715 cm−1, which can be attributed to the
formation of hydrogen bonds involving PVA chains, C-CNC–
PANI, and intermolecular bonding (H-bonds). Additionally,
the peak at 1356 cm−1 indicates the presence of borate
species, signifying the asymmetric stretching and relaxation
of B–O–C bonds. These observations provide strong evidence
for the existence of dynamic borate ester bonds and
hydrogen bonds within the CPPB hydrogel.42

Fig. 2 Fabrication and characterizations of CPPB gels. (a) Schematic illustration of the preparation process of CPPB gels. (b) TEM image of C-
CNC–PANI. (c) TEM mapping of C-CNC–PANI. (d) FTIR. (e) Photo of the CCPB gels containing unloaded C-CNC–PANI and loaded C-CNC–PANI. (f)
SEM image of the CPPB gels unloaded C-CNC–PANI. (g) SEM image of the CPPB gels loaded C-CNC–PANI.
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To determine the minimum concentration of borax required
for the gelation of composite hydrogels, varying ratios of borax
were added to a mixture of PVA and C-CNC–PANI. As shown in
Fig. S3,† low concentrations of borax (e.g. 0.5, 1 wt%) failed to
initiate the sol–gel transition, resulting in a flow state of the
PVA and the C-CNC–PANI mixture. As the concentration of
borax increased, complete gelation was gradually achieved, and
the self-healing properties of the CPPB gels containing different
amounts of borax were tested (Fig. S4†). It was found that the
self-healing performance became stable when the borax
concentration reached 3 wt% (since the 0.5 wt% CPPB gel did
not undergo gelation, self-healing could not be observed).

After determining the optimal ratio of borax, the proportion of
C-CNC–PANI was adjusted. Different proportions of C-CNC–PANI
were mixed with PVA and 3 wt% of borax was added. As shown
in Fig. S5,† CPPB gels could be gelled when the proportion of C-
CNC–PANI was less than 3 wt%, but incomplete gelation
occurred when the proportion of C-CNC–PANI was increased to a
higher level (such as 5, 8 wt%). Self-healing tests were performed
on CPPB gels containing different amounts of C-CNC–PANI, and
it was found that 3 wt% exhibited the best self-healing
performance (Fig. S6†). Therefore, 3 wt% was determined as the
optimal amount of C-CNC–PANI in CPPB gels.

3.2 Self-healing performance of CPPB hydrogel

After determining the optimal and ideal ratios of C-CNC–PANI to
borax, a CPPB gel was prepared and the self-healing
performance of the CPPB gel containing 3 wt% C-CNC–PANI

and 3 wt% borax was evaluated (all subsequent experiments
were conducted based on this ratio). Fig. 3a illustrates the self-
healing process of CPPB gel under various environmental
conditions. When the separated gels come into contact under an
ambient atmosphere, the edges fuse together, and over time, the
gap gradually disappears. It is noteworthy that the gel can
achieve self-healing not only in air and water environments but
also in harsh conditions such as pH 1 and pH 11. Considering
practical applications, we also examined the self-healing
behavior in wastewater, dyes (methylene blue and methyl
orange), and saline water, and found that its self-healing
performance was stable. Furthermore, the healed gel exhibits
the ability to withstand stretching in different directions without
undergoing disintegration (Videos S1, ESI†). The self-healing
mechanism of the hydrogels is illustrated in Fig. 3b and c. Borax
dissolves rapidly in water generating trigonal planar boric acid
B(OH)3 and tetrahedral borate ions B(OH)4

−. This reaction is
reversible, and the two substances exchange rapidly in solution.
B(OH)4

− can easily form multiple coordination bonds with two
adjacent hydroxyl groups of PVA chains using the cis-diol sites,
thereby forming dynamic borate ester bonds. These dynamic
chemical bonds constitute the main linkages of the hydrogel
network. The entanglement of the polymer chains, dynamic
borate ester bond formation, as well as intramolecular and
intermolecular hydrogen bonding, constitute the dynamic
reversible network, providing excellent self-healing properties for
the hydrogels.43 Optical microscopic images of the CPPB gels
self-healing process are depicted in Fig. 3d, confirm the gradual
healing of separated gels, facilitated by dynamic covalent bonds

Fig. 3 Self-healing properties of CPPB hydrogel. (a) Photographs of the self-healing properties of CPPB gels under varying environmental
conditions. (b) Illustration depicting the self-healing properties of a gel. (c) The mechanism of the self-healing gel. (d) Optical microscopic images.
(e) Tensile stress–strain curves under different self-healing time. (f) Diagram depicting the efficiency of self-healing.
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(Videos S2, ESI†). It is noteworthy that complete healing was
achieved within 30 minutes. The mechanical properties of the
gels before and after healing were elucidated through a series of
tensile experiments (Fig. S7a†). Initially, tensile testing was
conducted on CPPB gel specimens with varying ratios of C-CNC–
PANI, yielding stress–strain curves for five distinct samples. As
the ratio of C-CNC–PANI increased, the tensile strength of the
hydrogel, which is the maximum stress the hydrogel can
withstand before breaking, increased (Fig. S7b†). This
phenomenon is consistent with the design of a synergistic soft–
hard hierarchical network. The PVA polymer chain, serving as
the pliable matrix, and the C-CNC–PANI cellulose nanocrystals,
functioning as the nano-sized reinforcing domains,
collaboratively create a layered “soft–hard” network structure
characterized by a diverse array of intermolecular hydrogen
bonds. The extensive intermolecular hydrogen bonds between
the soft matrix and the hard nano-sized reinforcing domain
contribute to maintaining the integrity of the entire layered
network structure, thus enhancing the mechanical properties of
the CPPB gels.44 To further evaluate the self-healing ability, the
mechanical properties of the CPPB containing 3 wt% C-CNC–
PANI hydrogels after different self-healing times were
characterized using the tensile test (Fig. 3e). Results indicated
that the tensile strength of the self-healed gel gradually increased

over time, with a significant improvement observed after 30
minutes of self-healing, leading to a substantial restoration of its
mechanical performance. The self-healing efficiency, a critical
parameter for evaluating the self-healing ability, is calculated
using eqn (S1) (ESI†), and the corresponding results are depicted
in Fig. 3f. As the healing time is prolonged, the tensile strength
and strain gradually increase, and the dynamic covalent bonds
are reconstructed, resulting in the restoration of the
mechanical performance, which is almost fully recovered after
30 minutes of healing. The self-healing efficiency can reach as
high as 95.66%.

3.3 Heavy metal ions adsorption and exhausted absorbents
upcycled for evaporators

The CPPB gel contains abundant hydroxyl/carboxyl groups,
which can be used to enrich toxic heavy metal ions, such as
Pb2+, Cu2+, Cd2+, and Hg2+. The strong binding between metal
ions and hydroxyl/carboxyl groups, ensures that toxic metal ions
from wastewater are enriched in the network structure of the
CPPB gels. To further explore the feasibility of its practical
application in metal ion enrichment, a two-step water
purification process of adsorption and evaporation was
designed to purify wastewater, and the wastewater treatment

Fig. 4 Wastewater disposal and evaporator preparation. (a) Diagram depicting the adsorption of CPPB gels. (b) Concentration of heavy metal ions
following the process of adsorption. (c) Schematic diagram of the fabrication of interfacial steam generation systems.
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performance was evaluated using simulated wastewater (Table
S1, ESI†). The adsorption process is shown in Fig. 4a, in which
the CPPB gel was cut into small squares and added to the
simulated wastewater for adsorption with shaking. After 2
hours, most of these heavy metal ions were adsorbed and
enriched in the gel, resulting in lighter color and a decrease of
heavy metal ions by 1–2 orders of magnitude (Fig. 4b). In
addition to its remarkable self-healing ability, the CPPB gel
demonstrates commendable self-adhesive properties, enabling
it to conform to diverse non-linear surfaces. Notably, it adheres
effectively to the surfaces of wood sponge, commercial sponge,
and hydrophilic cotton threads within 2–3 minutes of contact,
as depicted in Fig. S8.† A result of the good self-adhesive
properties, the hydrogel is combined with wood sponge,
commercial sponge, and hydrophilic cotton fabric to form three
different evaporators. Wood sponge, commercial sponge and
hydrophilic cotton fabric serve as water transport pathways, and
circular polystyrene foam (PS foam) is used as a thermal barrier,
providing sufficient support to keep the entire evaporator
structure isolated on the water surface (Fig. 4c).

3.4 Solar driven water evaporation

The solar evaporative performance of the CPPB evaporator
was evaluated using carefully designed equipment, as shown

in Fig. 5a and the physical image is presented in Fig. S9.†
The effect of different C-CNC–PANI doping ratios on the solar
steam evaporation performance was investigated using SG1
evaporator, as depicted in Fig. S10a and b.† As the doping
ratio increased gradually, the water evaporation rate also
increased. However, when the doping ratio exceeded 3 wt%,
the water evaporation rate decreased. Based on the gelation
degree, self-healing performance, mechanical properties, and
photothermal performance, 3 wt% was identified as the
optimal doping ratio for the CPPB gel and was used for all
subsequent tests. In terms of optical performance, as
demonstrated in Fig. 5b, CPPB gel exhibits excellent
absorbance of approximately 98.50% within a wide
wavelength range from 250–2500 nm, with a primary
absorption loss of approximately 1.50% attributed to
reflectance (Fig. S11b†). This is because the detected
transmittance is almost negligible (Fig. S11a†). Subsequently,
the CPPB gel was placed on top of bulk water for solar-driven
water evaporation. The photothermal behavior was evaluated
by monitoring the temperature changes on the surfaces of
the three evaporators under sunlight, as illustrated in Fig. 5c.
The surface temperatures of SG1–SG3 evaporators rapidly
increased within 12 min when exposed to the simulated
sunlight (1 kW m−2) (SG3 showed the most significant
increase, rising from 14.8 °C to 34.7 °C) and stabilizing

Fig. 5 Solar evaporation characterization. (a) Schematic of the interfacial steam generator SG3. (b) UV-vis–NIR absorption spectrum of the CPPB
gel. (c) The temperatures at interfacial steam generators surface under one sun irradiation. (d) The corresponding infrared images of the
temperature distribution over time under 1 sun. (e) Water evaporation rates in dark and light conditions. (f) Mass change of water from SG3 under
0.5–2 sun. (g) Durability testing: continuous 8 hour and repetition for 8 cycles. (h) Variation curve of sunlight intensity and evaporation rate in a
day. (i) The overall heavy metal removal performance of SG3 before and after solar distillation.
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between 15 and 60 minutes (SG3 remained stable at around
35.8 °C), as shown in Fig. 5d. In addition, the introduction of
a substrate with a lower thermal conductivity is crucial for
thermal localization, with the thermal conductivity of the
cotton thread being 0.28 W m−1 K−1 (Table S2†). In order to
measure the rate of water evaporation, the loss of water over
time was recorded (Fig. S12†).

When exposed to one sunlight, it is evident that the
evaporation rate of SG3 is faster than SG1 and SG2, as
indicated by the significant decrease in water quantity. As
illustrated in Fig. 5e, the rate of water evaporation in SG3
was measured as 2.19 kg m−2 h−1, which is superior to SG1
(1.40 kg m−2 h−1) and SG2 (1.72 kg m−2 h−1). The evaporation
efficiency of CPPB is calculated as 86.93% (calculated using
eqn (S7)–(12), ESI†).13 To investigate the water transport
capabilities of the substrates, tests were performed for the
three types of evaporators. The water transport capabilities
were characterized by the half-swelling time, water
transmission rate, and saturated water content. The
saturation water content (Qs) of the three evaporators was
determined through expansion tests (calculated using eqn
(S3), ESI†). It was found that SG3 reached the saturated water
state in 15 minutes, and that the Qs of SG3 was 6.92 g (Fig.
S13a†). Dynamic analysis of the expansion behavior of SG3
enabled the calculation of the water transport rate (calculated
using eqn (S4), ESI†). The SG3 water transport rate was found
to be 0.46 g min−1, as shown in Fig. S13b,† far superior to
SG1 and SG2, and is the main reason for the difference in
water evaporation rates. Consequently, all subsequent tests
were conducted using SG3. To comprehensively assess the
efficacy of the CPPB evaporation system in solar steam
generation under 1.0 sun, a detailed analysis was performed
to compare the system's heat loss and energy gain (calculated
using eqn (S5) and (S6), ESI†).45 The results indicated that,
the top and side energy losses of the CPPB evaporative
system were calculated to be 0.0873 W, while the
environmental energy gain, attributed to the lower
temperature of the cotton thread compared to the ambient
temperature, was 0.123 W. This net effect of the disparity
confirms a significant energy gain of 0.0357 W from the
environment, effectively enhancing the overall water
evaporation rate of the system. Furthermore, investigations
were conducted on the evaporation rate of SG3 under varying
intensities of incident light. Specifically, the evaporation rate
of SG3 was measured at 0.5, 1, 1.5, and 2 sunlight intensities,
resulting an evaporation rate of 1.27, 2.19, 3.32, and 4.67 kg
m−2 h−1, respectively (Fig. 5f). To validate the stability of the
evaporator's performance, continuous 8 hour experiments
and 8 repeated trials were performed. The experiments
recorded the linear mass loss of water within 8 hours and the
evaporation rate for each of the 8 repeated trials. The results
indicate that the evaporation rates across the 8 trials closely
align with the average evaporation rate observed over 8
hours, demonstrating minimal variance (Fig. 5g). The
research findings indicate that SG3 exhibits high efficiency
and stability in its solar-powered water evaporation

capabilities. To confirm the stability of the structure, SEM
images of the hydrogel before and after the cycling were
examined. The porous structure of the hydrogel before and
after evaporation shows negligible changes, thereby further
validating the stability of the evaporator (Fig. S14†).

To further demonstrate the actual evaporation performance
of the evaporator, an outdoor experiment was conducted on
May 22, 2023, in Baoding (Baoding, China, Longitude:
115.46481 E, Latitude: 38.873891 N, temperature of around 32
°C with 22% humidity, and level 4 Southwest wind with a speed
range of 5.5–7.9 m s −1) (Fig. S15†). The corresponding incident
solar intensity and water evaporation rate are shown in Fig. 5h.
The cumulative water production from the device from 9:00 am
to 5:00 pm was 48.23 kg m−2, exceeding the daily outdoor
evaporation capacity of current reported evaporators that can
meet the normal needs of more than 10 people.46,47 The
maximum evaporation rate in outdoor water purification
processes reaches 6.63 kg m−2 h−1, which is significantly higher
than the evaporation rate under one sun during laboratory
experiments. This outstanding outdoor evaporation rate can be
attributed to two factors. Firstly, outdoor temperatures are
much higher than indoor temperatures during the summer.48

The variation in the incident angle of outdoor sunlight resulted
in a high evaporation rate of 6.63 kg m−2 h−1. It is noteworthy
that both the surface and sides of the evaporator serve as areas
conducive to evaporation. Secondly, in the context of the
outdoor experiment, the surface of the evaporator is effectively
cooled by the flow of air.49 The elevated outdoor temperature
and airflow contribute to increased efficiency. Outdoor winds
enhance efficiency by cooling the evaporator's evaporation
surface, maintaining an unsaturated state that boosts the
evaporator's evaporation rate. As such, the high-humidity air
present on the evaporator surface is consistently replaced with
air having low humidity. This phenomenon creates an
unsaturated environment on the surface of the evaporator and
consequently results in a significant improvement in the
efficiency of evaporation.50

Due to the complexity of the application environment for
solar-driven water evaporation, the stable operation of the
evaporator under harsh conditions is crucial. Therefore, the
water evaporation rate of the evaporator in artificially salted
water of different concentrations, saline, strong acid (pH = 1),
and strong alkali (pH = 11), were determined as shown in Fig.
S16–S18.† The water evaporation rate shows no significant
decrease compared to that in pure water, and in the strong acid
and strong alkali environment, the collected pure water is
purified to a neutral condition, verifying the high-efficiency in
complex environments. To confirm the feasibility of the SG3
evaporator for purifying wastewater, the adsorbed water
underwent further distillation treatment using the SG3
evaporator. Only partial removal of heavy metal ions is achieved
through the solar interfacial evaporation process, which fails to
meet World Health Organization (WHO) drinking water
standards (Fig. S19†).7 Therefore, a two-step purification
approach involving adsorption and evaporation was employed.
As shown in Fig. 5i, after two rounds of adsorption–evaporation
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purification, the concentration of heavy metal ions decreased by
3–6 orders of magnitude and the concentration of the four
heavy metal ions in the collected water was much lower than
the drinking water standard defined by the WHO. In addition,
the concentration of mercury ions was already significantly
lower than the WHO drinking water standard after the
adsorption process, and there was no significant change in the
concentration of mercury ions after further evaporation
purification, indicating that the evaporation process made little
contribution to the further removal of mercury.7,51 Furthermore,
the loss of the water was recorded during the wastewater
evaporation treatment process, which was almost the same as
that of pure water (Fig. S20†). The overall purification
performance of the evaporator suggests that it exhibits
significant potential for the removal of heavy metal ions and
wastewater purification. Moreover, when using methylene blue
(MB) and methyl orange (MO) dyes as organic pollutants from
industrial wastewater, as shown in Fig. S21 and S22.† The
adsorption process resulted in a notable decrease in the color of
the solution. Following the purification process of adsorption–
evaporation, the solution became colorless, and the strong
absorption peaks of MB (≈665 nm) and MO (≈465 nm) were
completely eliminated in the condensed water, indicating the
excellent water purification ability of the evaporator.

3.5 Theoretical calculations for solar vapor generation of SG3
evaporator

To further clarify and understand the heat transfer process
and water transport in the SG3 evaporator in real application
scenarios, a simulation was conducted using COMSOL
Multiphysics.52,53 Initially, a model of the SG3 evaporator
immersed in water under solar radiation was created with

the same size parameters (Fig. 6a). The temperature
distribution and cross-sectional views are shown in Fig. 6b, c,
S23 and S24† with the surface temperature quickly reaching
around 35 °C. The simulated top surface temperature
matches well with the experimental results. The evaporator
demonstrates good thermal localization, as the heat from the
evaporative surface can only be transferred over a short
distance, reducing heat diffusion into the bulk water and
promoting the efficiency of solar energy conversion to steam.
Fig. 6d, e, S25 and S26† illustrate the simulated distribution
of relative water pressure, indicating that negative relative
pressure is formed on the gel surface as steam is generated,
ensuring continuous water delivery. Fig. 6f and S27† shows
the distribution of simulated hydraulic head and Darcy
velocity field, further confirming the continuous water
flow generated through capillary core suction and water
evaporation, delivering water along the cotton thread to
the gel, enabling efficient water delivery to compensate
for surface water loss. The calculations demonstrate that
the fabricated evaporator upcycled by exhausted
adsorbents shows great potential in practical water
purifications.

4. Conclusions

In this study, we have developed a wastewater purification
system with outstanding water purification capabilities under
complex environmental conditions, exhibiting exceptional
durability for stable and highly efficient continuous drinking
water generation. In particular, the cotton thread evaporator
achieves a high evaporation rate of up to 2.19 kg m−2 h−1

under sunlight, as well as a continuous outdoor evaporation
quantity of 48.23 kg m−2 over 8 hours, confirming its great

Fig. 6 Theoretical simulation of solar vapor generation of SG3 evaporator under one sun illumination. (a) SG3 evaporator model diagram. Steady-
state simulation of (b) temperature, (c) temperature isosurface, (d) relative water pressure, (e) hydraulic head isosurface and (f) hydraulic head
distribution.
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potential in practical applications. The adsorption-
evaporation purification process ensures that the wastewater
purification aligns with the drinking water standards
established by the WHO. This highly efficient wastewater
purification system exhibits excellent long-term stability and
energy-saving characteristics, providing an efficient, green,
and sustainable route for wastewater regeneration.
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