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framework hydrogels for
synergistic seawater desalination and uranium
extraction†

Wei-Rong Cui,‡a Cheng-Rong Zhang,‡a Ru-Ping Liang*a and Jian-Ding Qiu *ab

Meeting the demand for fresh water and energy is among the major challenges to the development of

human civilization. Herein, we report the concept of a covalent organic framework hydrogel (named

CPP) as a synergistic platform for seawater desalination and uranium extraction. In natural seawater, CPP

shows an exceptional evaporation rate (0.744 kg m�2 h�1) and uranium extraction capacity (4.15 mg g�1),

which benefits from the hydrophilic 3D hydrogel network and capillary microporous channels of CPP

providing adequate water transport, improving the mass transfer of uranyl ions, and increasing the

binding sites of uranyl ions. In addition, CPP exploits interfacial solar heating to limit heat, increases solar

energy utilization, and further accelerates the coordination between uranium and binding sites. The

excellent photocatalytic effects endow CPP with high anti-biofouling activity, achieving long-term solar

desalination and highly efficient uranium extraction. The connection between freshwater and nuclear

energy is realized in a new material providing an opportunity to meet the growing needs of mankind.
1. Introduction

With the rapid growth of population and economy, the demand
for fresh water and energy has increased sharply.1–3 With
advantages of high efficiency and low-carbon footprint, nuclear
energy plays an irreplaceable role in the global energy system
and is supposed to become one of the primary clean energy
sources in the decades to come.4–9 Uranium is a primary
element for the nuclear industry, and nearly 99.8% of uranium
is stored in the oceans.10–13 Recovering uranium from seawater
is currently a promising method to solve the increasing energy
demand.14–18 Recently, many adsorbents, such as porous
organic polymers,19 organic–inorganic hybrid composites,20,21

metal–organic frameworks22 and covalent organic frameworks
(COFs),8,13,23 have been used to extract uranium from seawater.
Among them, covalent organic frameworks are currently the
most promising adsorbents due to their high stability, regular
pore structure and relatively high selectivity.8,13 However, owing
to complicated ocean environments, serious marine biofouling
will lead to the closure of adsorption sites, which is one of the
main reasons for low uranium extraction capacity.13,16 Since
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covalent organic frameworks are usually obtained in the form of
powder due to their crystalline nature,8,13 they are difficult to
process and recycle. Moreover, vanadium in the ocean exhibits
much higher affinity for the amidoxime group than uranium.8,13

Therefore, it is necessary to design and develop a new uranium
recovery platform with high capacity, excellent selectivity,
excellent anti-biofouling activity and easy recovery.

The shortage of fresh water resources is a serious and global
problem. Since 97% of the Earth's water is present in the form of
seawater, desalination plays a vital role in the generation of
freshwater. Solar-driven desalination uses solar energy to heat
seawater to produce steam, becoming one of the most promising
sustainable technologies for desalination.24–29 The solar-driven
photothermal effect can signicantly increase the coordination
interaction between uranium and the binding site,13,16 which is
expected to synergistically improve the extraction efficiency of
uranium in the desalination process. Current research is mainly
focused on either seawater desalination or uranium extraction,2,8,19

while few strategies tackle both issues jointly.
Since the efficiency of vapor generation largely depends on

the absorber, various absorbers have been developed, such as
metal nanoparticles,30 porous carbonmaterials31 and plasmonic
materials.32 However, high cost, inefficient heat conversion, and
short service life are still the key bottlenecks hindering practical
applications of these materials.33 Hydrogels are crosslinked
polymer networks and are emerging solar energy desalination
platforms.2,34 Ideal hydrogel absorbers should have broadband
light absorption, high photothermal conversion efficiency,
adequate water transport, a stable three-dimensional (3D)
porous network and long service life. However, aer being
J. Mater. Chem. A
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Fig. 1 Schematic depicting the thiazole-linked COF hydrogel (CPP) for synergistic seawater desalination and uranium extraction.
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soaked in seawater for a long time, hydrogels could be fouled by
biofouling,2,27 thereby signicantly reducing desalination effi-
ciency and service life.13,34

To overcome the comprehensive challenges of fresh water and
energy shortages, we proposed a new concept of synergistic seawater
desalination and uranium extraction. As a proof of concept, we
report a thiazole-linked COF hydrogel (named CPP) as a synergistic
platform for uranium extraction and desalination (Fig. 1). CPP was
constructed by integrating a dopamine-modied thiazole-linked
COF into the polymer network of polyvinyl alcohol (PVA). The
modied COF and PVA were covalently cross-linked, giving CPP
excellent stability and mechanical properties. First of all, CPP has
excellent hydrophilicity and broadband light absorption, and can
limit heat to a small amount of water on the evaporation surface,
thereby signicantly reducing the evaporation enthalpy of water,
and greatly promoting the rapid diffusion and mass transfer of
uranyl ions. Secondly, the capillary microporous channels of CPP
increase the water transport rate, so that the evaporation surface can
obtain a sufficient and uniform water supply and increase the
binding sites of uranyl ions. Beneting from the dense hydroxyl and
thiazole rings on the COF skeleton, CPP showed excellent selectivity
to uranyl ions. Thirdly, CPP exploited interfacial solar heating to
limit heat, increased solar energy utilization, and further accelerated
the coordination between uranium and binding sites. Finally, the
excellent photocatalytic activity endowed CPP with high anti-
biofouling activity, thus achieving synergistic seawater desalina-
tion and uranium extraction for a long time.
2. Experimental
2.1. Materials

All reagents were obtained from commercial sources and used
as received. 2,4,6-Triformylphloroglucinol (Tp), 2,6-dia-
minoanthracene (Da), and 1,3,5-triformylbenzene (Tb) were
purchased from Jilin Chinese Academy of Sciences-Yanshen
Technology Co., Ltd. Methylene blue and methyl orange were
J. Mater. Chem. A
purchased from Energy Chemical Technology (Shanghai) Co.,
Ltd. Sulfur, acetic acid, dimethyl sulfoxide (DMSO), o-dichlo-
robenzene (o-DCB), n-butanol (n-BuOH), polyvinyl alcohol
(PVA), glutaraldehyde, dopamine hydrochloride, tetrahydro-
furan (THF) and ethanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. Ultrapure water was prepared using
a Millipore system (18.25 MU cm).

2.2. Synthesis of Tp-Sa/PDA

200 mg Tp-Sa samples were dispersed in Tris-buffer aqueous
solution (50 mL, 10 mM; pH 8.5). Aerward, dopamine hydro-
chloride (100 mg) was added into the mixture, which was then
stirred (500 rpm) at ambient temperature for 12 h. The resulting
powders were washed several times using ultrapure water and
dried at 60 �C for 12 h.

2.3. Synthesis of the CPP hydrogel

In a typical synthesis, PVA (1 g), glutaraldehyde (225 mL, 50% in
ultrapure water), and ultrapure water (10 mL) were mixed together
by ultrasonic treatment. Then, HCl (500 mL, 1.2 M) and Tp-Da/PDA
(300mg) solutions were added to the above buffer and the gelation
was carried out for 3 h. The obtained COF hydrogel was immersed
in ultrapure water overnight to obtain pure CPP. The puried CPP
was frozen in a refrigerator, and then thawed in ultrapure water at
30 �C. The freezing and thawing process was repeated 3 times.
Finally, the obtained CPP sample was freeze-dried. The ve CPP
control samples with Tp-Sa/PDA : PVAweight ratios of 1 : 10, 2 : 10,
3 : 10, 4 : 10, and 5 : 10 are denoted as 0.1 CPP, 0.2 CPP, 0.3 CPP,
0.4 CPP, and 0.5 CPP, respectively.

3. Results and discussion
3.1. Construction and characterization of a thiazole-linked
COF

The reserves of uranium in seawater are abundant, but the
concentration of uranium is extremely low (ca. 3.3 ppb),
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Synthesis of Tp-Sa and Tb-Sa via a one-pot multicomponent reaction.
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accompanied by a large number of competing ions.13 The
current amidoxime-based COFs showed poor specicity to
uranyl ions, and the tedious post-modication process would
reduce the porosity as well as crystallinity of the amidoxime-
based COFs.8 Furthermore, almost all amidoxime-based COFs
depend on olen linkages or imine bonds.8,35 However, such
bonds lead to relatively inferior broadband absorption, low
hydrophilicity or poor stability.8 Hydroxyl groups introduced
into the robust thiazole-linked periodic array framework could
greatly increase the broadband absorption, photocatalytic
activity, hydrophilicity and the selectivity to uranium, and
overcome the above bottlenecks.36–38

Based on the above considerations, we assembled 2,4,6-tri-
formylphloroglucinol (Tp), 2,6-diaminoanthracene (Da) and
sulfur under solvothermal conditions by a one-pot method to
prepare a new thiazole-linked COF (Tp-Sa). The multi-
component reaction could avoid the separation of intermedi-
ates, thereby simplifying the procedure and eliminating the
complex post-modication process of amidoxime-based COFs
(Fig. 2). The as-synthesized Tp-Sa had high crystallinity, robust
stability, good hydrophilicity and excellent photocatalytic
activity (see Fig. S1–S23 and Tables S1 and S2†). For compar-
ison, we also synthesized a reference-COF (Tb-Sa) without
hydroxyl groups in the same way.
This journal is © The Royal Society of Chemistry 2021
3.2. Interaction between thiazole-linked COFs and uranium

We then compared the uranium extraction performance of Tp-
Sa and Tb-Sa under dark conditions. As shown in Fig. S24,† Tp-
Sa exhibited signicantly higher extraction capacity than Tb-Sa,
indicating that the introduction of dense hydroxyl groups may
provide higher affinity and many more active sites for uranium
coordination. To verify the above speculations and explain the
binding mechanism between Tp-Sa and uranium, XPS was
performed. Aer uranium extraction, intense U 4f peaks were
observed,8,13 suggesting that uranium was successfully bound to
Tp-Sa (Fig. S25†). However, no obvious U 4f peaks were found
for Tb-Sa (Fig. S26†), indicating that there was no strong
interaction between Tb-Sa and uranium. As shown in the cor-
responding high-resolution spectrum, the N 1s spectrum of Tp-
Sa could be tted to two peaks, centered at 399.60 and 399.05 eV
(Fig. S27†), which were assigned to C–N and C]N,8,39–41

respectively. Aer uranium extraction, the two peaks in the N 1s
spectrum were shied to higher binding energy. Moreover, the
O 1s spectrum of Tp-Sa could be tted to two peaks (Fig. S28†),
centered at 532.69 and 530.58 eV, which were attributed to C–O
and C]O, respectively.13,42 Evidently, aer uranium extraction,
the position of C–O and C]O was shied to higher binding
energy, and the proportion of the C]O peak signicantly
increased, while that of C–O decreased. The obvious shi of the
two O 1s core peaks fully proved the intense interaction between
J. Mater. Chem. A
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uranyl ions and oxygen atoms in the salicylideneaniline moiety,
and the structure of Tp-Sa changed from the enol-form to the
keto-form.43,44 However, no obvious shi was observed in the S
2p high-resolution spectrum of Tp-Sa (Fig. S29†), indicating no
strong interactions between sulfur atoms and uranium.45 The
above results indicated that the extraction of uranium by Tp-Sa
was mainly a chemical process, where the nitrogen atoms and
the hydroxyl groups in thiazole rings were coordinated with
uranium, while Tb-Sa without hydroxyl groups cannot coordi-
nate with uranyl ions (Fig. S30†). The uorescence spectra of Tp-
Sa further indicated that it had a good selectivity to uranyl ions
(Fig. S31 and S32†).

Obviously, Tp-Sa showed excellent affinity and high extrac-
tion capacity for uranium. However, the key bottleneck limiting
the practical application of COFs was that they were usually
obtained in powder form, and were thus difficult to process and
recycle.8,13,46 Recently, amidoxime-functionalized polymer
powders have been introduced into the hydrophilic hydrogel 3D
network to improve its extraction efficiency for uranium.11,47

Compared with powder-based adsorbents, hydrogel-based
polymer adsorbents have a loose hydrophilic 3D network and
capillary microporous channels,48,49 allowing full exposure of
binding sites and promoting rapid diffusion and mass transfer
of uranyl ions. We speculated that integrating COFs into
a hydrophilic 3D network structure can overcome the short-
comings of traditional COF adsorbents. As far as we know,
studies on the adsorption of uranium from seawater by a COF-
based hydrogel have rarely been reported. The difficulties for
preparing COF-based hydrogels are mainly due to a lack the
robust graing sites or functional groups. Inspired by mussel-
chemistry, surface chemical modication of polydopamine
(PDA) has become a popular strategy in materials science.50,51

PDA could easily modify COFs through self-polymerization. The
PDA shells are rich in functional groups, such as catechols,
amines and imines,51 which can be used as the graing sites for
hydrogels and the binding sites for uranium. In addition to its
abundant functional groups, PDA also exhibited broadband
Fig. 3 Scheme of the synthetic procedure for the preparation of the CO

J. Mater. Chem. A
light absorption in the visible and near-infrared regions,51 as
well as a high photothermal conversion efficiency.
3.3. Fabrication and characterization of CPP

Tp-Sa/PDA was prepared by mixing Tp-Sa and PDA in Tris buffer
solution and stirring at room temperature for 12 h (Fig. S33†).
In the FT-IR spectrum of Tp-Sa/PDA, the vibration peak of N–H
(ca. 1531 cm�1) was found (Fig. S34†), indicating that Tp-Sa was
successfully graed by PDA.46 The PXRD pattern of Tp-Sa/PDA
exhibited a similar diffraction prole to that of Tp-Sa
(Fig. S35†), suggesting that the crystal structure was well
preserved during the modication process. The BET surface
area of Tp-Sa/PDA was calculated to be 247.8 m2 g�1 (Fig. S36†),
and the pore size was centered at 1.98 nm (Fig. S37†), indicating
that the porosity of Tp-Sa was retained aer dopamine post-
modication. In addition, Tp-Sa/PDA showed a similar cross-
linked ber network structure to the Tp-Sa (Fig. S38†), further
indicating that the morphology was well retained during the
modication process. Most importantly, the successful modi-
cation of PDA could signicantly improve the hydrophilicity
and light absorption properties of Tp-Sa (Fig. S39 and S40†),
which provides a solid foundation for synergistic selective
uranium extraction and effective steam generation.

The COF-based hydrogel (CPP) was prepared by in situ gela-
tion of polyvinyl alcohol (PVA) and Tp-Sa/PDA (Fig. 3). The
synthesized CPP was black (Fig. 4a), and had outstanding exi-
bility and elasticity (Fig. S41†). SEM images showed the internal
cross-linked network structure (Fig. 4b) and sub-10 mm micro-
porous channels (Fig. 4c) of CPP, which could signicantly
promote water transport and rapid diffusion of uranyl ions. The
energy storage and dissipation characteristics of viscoelastic
materials were measured to reect the interaction between the
components of the CPP.49 As shown in Fig. 4d, the storage
modulus (G0) values of CPP and PVA hydrogels were higher than
the lossmodulus (G00), indicating that they were both cross-linked
polymer skeletons. Compared with PVA, CPP had a lower G00,
F-based hydrogel.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Photograph of CPP (a). SEM images of CPP showing the cross-linked network structure (b) and microporous channels (c). Dynamic
mechanical analysis of CPP (d).
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which might be due to the introduction of Tp-Sa limiting the
relative slippage between polymer chains,28 indicating that the
Tp-Sa/PDA penetrated into the CPP polymer network. In the FT-
IR spectrum of CPP (Fig. S42†), the C–O vibration peak (ca.
1087 cm�1) of PVA,49 the C]N vibration peak (ca. 1597 cm�1) of
Tp-Sa, and the N–H vibration peak (ca. 1531 cm�1) of PDA were
found,52 indicating the successful formation of the CPP poly-
meric hydrogel network. In addition, the results of TGA were in
good agreement with the FT-IR results (Fig. S43†), further con-
rming the successful preparation of CPP.

Here, ve CPP control samples with Tp-Sa/PDA : PVA weight
ratios of 1 : 10, 2 : 10, 3 : 10, 4 : 10, and 5 : 10, denoted as 0.1 CPP,
0.2 CPP, 0.3 CPP, 0.4 CPP, and 0.5 CPP, respectively, were
synthesized (Fig. S44†). The stress–strain curves demonstrated
that the compressive strain of 0.3 CPP was much better than that
of the pure PVA hydrogel (Fig. 5a). In addition to excellent
compression resistance, the 0.3 CPP hydrogel also exhibited
excellent tensile properties (Fig. S45†). Compared with the pure
PVA hydrogel, 0.3 CPP exhibited much higher mechanical
strength, which could be attributed to the covalent cross-linking of
the Tp-Sa/PDA and PVA network, thus forming a highly stretchable
CPP. This strategy provided a new platform for the processing and
recycling of COF powders, and is expected to overcome the chal-
lenges of COFs for extracting uranium from seawater.

A UV-vis-near-infrared (UV-vis-NIR) spectrophotometer was
used to explore the light absorption of CPP. The CPPs (0.1–0.5)
had an ultra-high full solar spectrum light absorption (Fig. 5b),
This journal is © The Royal Society of Chemistry 2021
which could be attributed to the excellent light absorption
capability of Tp-Sa/PDA. Besides, CPP exhibited low reectance
and low transmittance in the full solar spectrum (Fig. S46 and
S47†), indicating that the synthesized CPP could effectively
collect solar energy. Due to the introduction of the Tp-Sa with
a large specic surface area, the specic surface area of CPP was
measured to be 59.8 m2 g�1 (Fig. S48†). The pore size distri-
bution of the COF-hydrogel shows that the COF-hydrogel not
only had a microporous structure, but also had a macroporous
structure, conrming the hierarchical porous structure of the
COF-hydrogel which was conducive to the diffusion of uranyl
ions and the transportation of water (Fig. S49†). Furthermore,
CPP exhibited outstanding hydrophilicity (the water contact
angle was 0�), which might be due to the introduction of PDA
and PVA molecules with excellent hydrophilicity (Fig. S50†).46,49

As a result, water could be easily and quickly transported
through the interconnected pores of CPP, thereby ensuring
effective water supply from the cold bulk water at the bottom to
the hot area during steam generation. Meanwhile, the excellent
hydrophilicity of CPP could promote the rapid diffusion and
mass transfer of uranyl ions. All of this indicated that the
synthesized CPP has excellent mechanical stability, and
outstanding broadband absorption capability and hydrophi-
licity, and is expected to serve as a new platform for synergistic
uranium extraction and seawater desalination.

The photothermal conversion of 0.3 CPP was evaluated by
the temperature change on the surface of CPP (Fig. 5c). To
J. Mater. Chem. A
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Fig. 5 Compression stress–strain curves of PVA and CPP hydrogels (a). UV-vis-NIR spectra of CPPs (b). The surface temperature of CPPs under
one sun (c). The mass loss of water (d). Evaporation performance of water with the CPPs (e). The mass of water evaporated by CPP at different
optical densities of 1–5 kW m�2 (f).
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explore the utilization of solar energy by CPP, infrared imaging
was used to monitor the temperature rise of 0.3 CPP under one
sun (1 kW m�2). By comparing the infrared images of the solar
evaporation system, it was clearly observed that the surface
temperature of free-oating 0.3 CPP rose rapidly within 10 min
(Fig. S51 and S52†), and the maximum temperature of 0.3 CPP
was 42.4 �C under one sun. However, the temperature of the
bulk water had almost no change, which proved that the con-
verted energy was limited to the 3D network structure of CPP,
rather than diffusing into the bulk water,32 thereby exploiting
interfacial solar heating for heat limitation and increasing the
generation rate of solar vapor.

3.4. Solar vapor generation under one sun

The solar vapor generation performance of CPP was quantita-
tively investigated. The vapor generation rate based on CPP was
much higher than that of pure water. Moreover, 0.3 CPP
exhibited a much higher water evaporation rate of 1.5 kg m�2

h�1 than the others (Fig. 5d), which was about six times higher
than the pure water mass change. The energy efficiency (h) for
solar to vapor generation of 0.3 CPP was 91.4% (Fig. 5e), which
was better than that of other solar absorbers under similar
conditions (Table S3†). Both the evaporation efficiency and
surface temperature were signicantly increased with the
increase of solar irradiation. Obviously, the evaporation rate
could be further increased by using an optical concentrator
(Fig. 5f, S53 and S54†).

We then studied the evaporation quality loss of four different
types of water, including seawater, river water, strongly acidic
water and strongly alkaline water to explore the practical
application of CPP (Fig. 6a). Under different water
J. Mater. Chem. A
environments, CPP still showed a high evaporation rate and
excellent photothermal conversion efficiencies (Fig. 6b). In
addition, FT-IR spectra showed that CPP still retained the same
peaks aer evaporating the different types of water, further
conrming the excellent stability of CPP in different water
environments (Fig. S55†). Meanwhile, we evaluated the desali-
nation effect of CPP, and the pH values of acidic water and
alkaline water aer desalination were both close to 7.0
(Fig. S56†). In addition, the concentration of Na+, Mg2+, K+ and
Ca2+ ions decreased signicantly by three to four orders of
magnitude, which was far below the World Health Organization
(WHO) drinking water standards (Fig. 6c).49 Furthermore,
methyl orange (MO) and methylene blue (MB) aqueous solu-
tions were used as simulated industrial dye wastewater
samples, and the absorbance value aer purication was close
to zero (Fig. 6d), indicating that the collected water contains
negligible dye contaminants. Surprisingly, aer 12 evaporation
cycles in natural seawater, CPP still showed a high evaporation
rate, indicating the excellent stability and recycling ability
(Fig. S57†). The stable and high evaporation rate reected the
excellent desalination and salt-resistant performance of CPP
(Fig. S58†), indicating that CPP could be used as a solar evap-
orator for a long time without recycling. All of this conrmed
that the synthesized CPP could overcome the challenges of
a complex seawater environment and could be used as an effi-
cient solar desalination platform.

3.5. Uranium extraction studies

The uranium extraction capacity of CPP in uranium spiked
ltered natural seawater was investigated. In the dark, the
uranium extraction capacity of CPP was measured in 35 ppm
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Evaporation mass loss of different types of water by CPP (a). Evaporation performance of CPP in different types of water (b). Concen-
trations of four main ions in natural seawater before and after solar energy-driven desalination (c). UV-vis absorption spectra of methyl orange
(MO) and methylene blue (MB) before and after solar-driven desalination (d).
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uranyl spiked ltered natural seawater with a pH of 3.0–6.0.
Meanwhile, the PDA cross-linked PVA hydrogels (PVA-PDA) were
also used to explore the chelation abilities for uranium. It was
observed that CPP exhibited the highest uranium extraction
capacity (412.9 mg g�1) at pH 5.0 (Fig. S59†). In the dark, the
extraction capacity of the PVA-PDA hydrogel for uranium was
67.7 mg g�1 at pH 5.0, which might be attributed to the inter-
action between the hydroxyl groups and uranyl ions.46,50 We
then studied the effect of the ratio of Tp-Sa/PDA in CPP on the
uranium extraction capacity in the dark (Fig. S60†). As the ratio
of Tp-Sa/PDA increased from 0.1 to 0.4, the extraction capacity
of uranium was enhanced from 237.7 mg g�1 to 429.5 mg g�1,
which might be due to the higher Tp-Sa/PDA content greatly
increasing the uranyl binding sites in CPP.11,47 However, when
the Tp-Sa/PDA ratio in CPP was further increased to 0.5, the
uranium extraction capacity of CPP decreased to 399.6 mg g�1,
which might be the reason for the decrease in extraction
capacity due to the shielding effect.11,47 A similar result was re-
ported during the extraction of uranium on PAO hydrogel
samples.47 In general, considering the synergistic needs of high-
efficiency solar evaporation and high-capacity extraction of
uranium, we selected 0.3 CPP as an efficient platform for
synergistic uranium extraction and desalination.
3.6. Photo-enhanced uranium extraction from natural
seawater

We then investigated the uranium extraction performance of
0.3 CPP in uranium spiked ltered natural seawater. Beneting
This journal is © The Royal Society of Chemistry 2021
from the excellent photocatalytic activity of CPP, it could effi-
ciently produce biotoxic ROS (Fig. S61†), exhibiting exceptional
anti-biofouling activity through broken biological entities.
Here, we took bacteria as targets. The result conrmed that the
CPP exhibited outstanding anti-bacterial activity against Gram-
positive Staphylococcus aureus and Bacillus cereus, as well as
Gram-negative Vibrio alginolyticus and Pseudomonas aeruginosa
under visible light irradiation (Fig. 7a and S62†). The SEM
images of CPP treated V. alginolyticus aer solar irradiation
showed that the whole entity was destroyed and its internal
contents were completely released (Fig. 7b), while the integrity
was preserved under dark conditions. The results indicated that
CPP had a wide range of anti-biofouling activities, could effec-
tively resist complex marine biofouling, and provided a prereq-
uisite for long-term synergistic uranium extraction and
desalination.

The uranium extraction performance of the CPP in the dark
and under solar irradiation was also investigated in uranium
spiked ltered and non-ltered natural seawater (Fig. 7c). The
marine biofouling was eliminated by ltering natural seawater
through a 0.22 mm sterile lter.18 In the dark, the uranium
extraction capacity of CPP aer ltration increased by 25.4%,
suggesting that biofouling had a critical inuence on the uranyl
extraction of CPP under dark conditions. Under a solar irradi-
ation, the uranium extraction capacity in spiked non-ltered
natural seawater (508.6 mg g�1) was close to the extraction
capacity in spiked ltered natural seawater (541.2 mg g�1), and
their difference was only 6.4%, suggesting that seawater
J. Mater. Chem. A
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Fig. 7 Anti-bacterial activity (a). SEM images of bacterial cells (b). Uranium extraction capacity in uranium spiked natural seawater (c). FT-IR
spectra (d). Extraction of uranium from natural seawater (e). Selectivity of CPP for metals in natural seawater (f).
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biofouling had a negligible impact on the uranyl extraction of
CPP under solar irradiation. In addition, under simulated
sunlight irradiation, the equilibrium time for extraction of
uranium by CPP was shortened from 7 to 5 h (Fig. 7c), which
might be due to the increase in the temperature of CPP aer
solar irradiation promoting the thermal movement of uranyl
ions nearby,16 thereby signicantly increasing the affinity of
CPP to uranyl ions. To verify the above speculation, we inves-
tigated the extraction performance of CPP for uranium at
different temperatures (Fig. S63†). The results conrmed that as
the temperature increased, the extraction capacity of CPP for
uranium increased signicantly. In addition, the good photo-
electric effect of CPP could efficiently form a surface positive
electric eld around the 3D hydrogel network (Fig. S64†), which
would exhibit a strong electrostatic attraction to [UO2(CO3)3]

4�

in natural seawater,16 further improving the uranium extraction
capacity. Moreover, the adsorption process of the CPP for uranyl
ions followed the Langmuir adsorption isotherm model
(Fig. S65†), indicating that the specic binding sites of CPP can
extract uranyl ions efficiently by monolayer adsorption. All of
these demonstrated that the excellent photocatalytic activity
and high photothermal conversion efficiency of CPP could
signicantly increase its affinity to uranyl ions, thereby signi-
cantly increasing its extraction efficiency and capacity for
uranium.

Recyclability of adsorbents is very important for practical
applications. Aer eluting the CPP with the elution solution of
ascorbic acid (0.5 M) and HNO3 (0.1 M), the vibration peak of
O]U]O in the FT-IR spectra disappeared (Fig. 7d), indicating
that the uranium was successfully desorbed. In addition, the
XPS survey spectra of CPP showed that aer desorption of
uranyl ions by using the elution solution, the U 4f peaks
completely disappeared (Fig. S66†), further indicating success-
ful desorption of uranium. Owing to the covalent crosslinking
of the modied COF and PVA, CPP has excellent stability and
mechanical properties. As a result, aer recycling, the
J. Mater. Chem. A
functional groups and cross-linked network structure of CPP
were well retained (Fig. 7d and S67†). Surprisingly, CPP still had
excellent extraction capacity (505 mg g�1) even aer six cycles,
and high elution efficiency (>88%) (Fig. S68†). However, for
previously reported hydrogels, such as the PAO semi-IPN
hydrogel47 and polyacrylonitrile nanoparticle/graphene
composite hydrogel,53 they were far from this gure of merit.
3.7. Synergistic desalination and uranium extraction

Finally, to achieve synergistic uranium extraction and desalination
in the real world, we designed a complete prototype to demonstrate
simultaneous desalination and uranium extraction in seawater
under natural sunlight (Fig. S69†). The experiment was performed
under natural sunlight from 07 : 00 to 17 : 00, and the average solar
irradiation was ca. 0.812 kw m�2 (Fig. S70†). The average water
purication rate could reach ca. 0.744 kgm�2 h�1 (Fig. S70†). At the
same time, we also evaluated the uranium extraction capacity of
CPP in natural seawater. The results showed that the extraction
capacity of CPP and PVA-PDA for uranium was 4.15 mg g�1 and
0.55 mg g�1, respectively, within 10 days (Fig. 7e). Beneting from
the outstanding affinity and selectivity of CPP to uranyl ions, the
CPP exhibited poor adsorption capacity for other competitivemetal
ions, and exhibited about 7.4 times higher extraction capacity than
that of vanadium (Fig. 7f). All of this demonstrated that even under
non-ideal conditions, CPP could still purify fresh water and adsorb
uranyl ions during periods of low or varying solar irradiation,
showing its extremely attractive prospects for practical applications
to solve the current shortage of fresh water and nuclear energy.
4. Conclusion

Solar desalination and uranium extraction are critical for
solving the global shortage of fresh water and energy. CPP was
customized with ideal broadband light absorption capacity,
good mechanical properties, effective energy limitation, and
capillary microporous channels for rapid diffusion of uranyl
This journal is © The Royal Society of Chemistry 2021
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ions and adequate water transport. The promotion of solar
desalination and thermal movement of uranyl ions through
photothermal enhancement can realize synergistic freshwater
collection and uranium extraction. Owing to its excellent pho-
tocatalytic activity, CPP exhibited high anti-fouling activity on
marine biological entities, thus achieving long-term solar
desalination and highly efficient uranium extraction. The CPP
prototype demonstrated for the rst time the synergistic desa-
lination and uranium extraction in seawater under natural
sunlight. It could produce 0.744 kg m�2 h�1 of fresh water
under natural sunlight within one day, absorb 4.15 mg g�1 of
uraniumwithin 10 days, and exhibit high selectivity to uranium.
Surprisingly, CPP could operate in different harsh water envi-
ronments and be easily regenerated, which provided an
extremely attractive strategy for synergistic uranium extraction
and seawater desalination.
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