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Uranium extraction from seawater (UES), a potential approach to securing the long-term uranium supply

and sustainability of nuclear energy, has experienced significant progress in the past decade. Promising

adsorbents with record-high capacities have been developed by diverse innovative synthetic strategies,

and scale-up marine field tests have been put forward by several countries. However, significant

challenges remain in terms of the adsorbents’ properties in complex marine environments, deployment

methods, and the economic viability of current UES systems. This review presents an up-to-date

overview of the latest advancements in the UES field, highlighting new insights into the mechanistic

basis of UES and the methodologies towards the function-oriented development of uranium adsorbents

with high adsorption capacity, selectivity, biofouling resistance, and durability. A distinctive emphasis is

placed on emerging electrochemical and photochemical strategies that have been employed to develop

efficient UES systems. The most recent achievements in marine tests by the major countries are

summarized. Challenges and perspectives related to the fundamental, technical, and engineering aspects

of UES are discussed. This review is envisaged to inspire innovative ideas and bring technical solutions

towards the development of technically and economically viable UES systems.

1. Introduction

The transition towards a deeply decarbonized and sustainable
energy system has become a defining challenge for human
society in the 21st century.1 An increasingly tight global supply
of traditional non-renewable energy supplies (e.g., oil, coal and
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natural gas) has provided an incentive for countries worldwide
to develop new technologies to secure the energy supply.2

To exploit alternative sources to fossil fuels, renewable energy
sources such as wind, solar, tidal and geothermal power have
set off a boom in recent years.3 However, these kinds of green
energy are still subject to constraints in terms of reliability,
economy and environmental impact. By contrast, nuclear fis-
sion has been universally acknowledged as a mature and safe
technology that can produce energy with consistent output and
minimal carbon footprints. The vigorous development of
nuclear energy has made a vital contribution towards global
low-carbon energy needs.4

Uranium (U), as an essential resource for nuclear energy
production, is of strategic importance to the sustainability of
the global nuclear industry.5 In recent years, the increasing

scale of nuclear power has driven significant growth in reactor-
related uranium demand. The dwindling availability of terres-
trial uranium reserves, which are estimated to afford only about
a century of consumption,6 thus has motivated considerable
interest in identifying and utilizing unconventional uranium
reserves. Uranium extraction from seawater (UES) has been
highlighted as a potential approach to this end.7,8 There is
about 4.5 billion tU in the ocean, nearly 1000 times more
plentiful than the estimated amount of terrestrial uranium
reserves (7.6 million tU) at present.9 This reserve presents a
huge alternative reserve that can meet at least 10 000 years of
global demand for uranium resources, provided that the devel-
opment of chemical separation techniques allows an economic-
ally viable recovery. Meanwhile, an additional advantage of UES
lies in the environmental benefit, which has a less negative
impact on ecological systems as compared with terrestrial
uranium mining.

Natural seawater is a complex biogeochemical system with
an ultra-low concentration of U (B3.3 ppb), accompanied by a
great amount of competing metal ions, high salinity, specific
pH conditions, and substantial marine biofouling,10 making
UES a rather challenging task. To enrich the extremely dilute U
from the vast oceans, an energy-saving and cost-efficient
method is required. Among the well-established chemical
separation techniques,11 adsorption has been demonstrated
to be an adaptable and reliable approach with environmental
friendliness for marine uranium enrichment.12 As with every
new technology that begins to gain widespread adoption,
innovations in the design and optimization of new materials
play a critical role in the advancement and development of this
technology.13 Accordingly, the core job of developing adsorp-
tion techniques for UES has been focused on exploring high-
performance adsorbent materials for uranium capture. The
challenge as it stands is that adsorbent materials should have
robust structures and exhibit remarkable properties, including
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adsorption capability, selectivity, biofouling resistance, and
durability in seawater.14,15 Undoubtedly, the deliberate design
and development of adsorbent materials are of central impor-
tance to guarantee the stable harvesting of marine uranium
while accelerating the commercialization of UES.12

The origin of UES dates back to the ‘‘Project Oyster’’
initiated by the United Kingdom in the early 1950s. Since the
first public report by Davies et al. in 1964,16 UES has spurred
considerable interest among research entities worldwide.
Initially, numerous studies were performed to screen potential
adsorbent materials. Inorganic adsorbents, particularly hydrous
titanium dioxide, were one of the earliest materials that drew
attention.9,17–21 These materials were ruled out in the 1980s due to
their minimal adsorption capacity and poor mechanical resis-
tance. The focus has then been turned to synthetic polymers,
which represent the most promising adsorbents applicable for the
large-scale marine test of UES. Specifically, the development of
amidoxime (AO) derived polymers, ‘state-of-the-art materials’ for
UES, has aroused a research upsurge that has continued over the
past decades.22–29 Up to now, ongoing efforts have been made
to construct AO-based polymeric adsorbents with improved pro-
perties. Meanwhile, emerging nanostructured materials in recent
years, such as porous carbon materials, metal–organic frame-
works (MOFs), covalent organic frameworks (COFs), porous
organic polymers (POPs), porous aromatic frameworks (PAFs)

and genetically-engineered proteins, have opened up a new avenue
for the development of potential uranium adsorbents.30–39 Overall,
with the evolution of adsorbent materials, significant achievements
of UES, in terms of fundamental studies and marine engineering,
have been made by scientists worldwide (Fig. 1). In particular, the
past decade has been regarded as a ‘Golden Age’ of UES, as
evidenced by the abundance of adsorbents studied in the literature
and a series of milestone events in marine field tests.

Several reviews summarizing the research on UES were
published in the past decade. However, most of the reviews
merely discussed one specific class of adsorbents (e.g., carbon
materials,31 AO-based materials,25 and magnetic nanoparticles40)
or just focused on their solution chemistry aspects,41 rather
than presenting a comprehensive landscape of UES. A high-
level overview was provided by Abney and co-workers,10 but
primarily focused on the miscellaneous adsorbents developed
from 2000 to 2016 without discussing the engineering aspects.
In the past five years, the drive for new materials has generated
a staggering number of research studies dealing with high-
performance adsorbents for UES. According to the retrieval
from the Web of Science database, more than 300 articles
referring to UES have been published from 2017 to 2022.
A notable trend is that novel electrochemical and photochemi-
cal approaches have been exploited to boost UES. Meanwhile,
considerable achievements in UES have been made by locating

Fig. 1 The development of UES presented in the form of a timeline of the major advances in milestone events. The schematic diagrams of adsorption
platforms and materials were reproduced from the literature with copyright permissions from the respective publishers. They include: MOFs,32

U-Grabber,75 H-ABP,132 AO-OpNpNc,133 MPN-based membranes,144 PyB-SO3H,252 Royal Society of Chemistry; AF/AI fibers,110,111 PE-graft-poly(AO-co-
tBA) fibers,76 OMC@PDA,39 UiO-66-AO,82 American Chemical Society; AO-UHMWPE,69 AO-PIM-1,145 Protein,178 HW-ACE,276 Springer Nature;
MS@PIDO/Alg sponge,134 DSUP fibers,141 PAO-Co,245 MIPAF-11c,171 COF-TpDb,83 POP2-PO3H2,193 Wiley-VCH; marine adsorption systems developed
by Japan,7 Elsevier; marine adsorption systems developed by the United States,155 American Chemical Society; and marine adsorption systems developed
by China,137 Wiley-VCH.
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adaptable materials and building infrastructures for scale-up
marine tests. This urges a timely review to present the state-of-
the-art of UES, with an emphasis on the updated insights into
the design philosophy of materials and the emerging strategies
to develop advanced UES systems. In addition, the latest
achievements made in marine field tests are encouraging while
suggesting technical and economic obstacles before we can be
optimistic about the commercialization of UES. Overall, an up-
to-date and comprehensive overview will expand our knowledge
and understanding of the critical issues in this field, in terms of
scientific, engineering, and commercial feasibility, which is
envisaged to inspire innovative ideas and bring technical solu-
tions towards a promising future for UES.

Thus, we will provide in the following a comprehensive
summary of the advancements in the field of UES, highlighting
the latest design philosophy of adsorbent materials and the
emerging strategies towards more efficient UES systems in the
past five years (Fig. 2). To rationally design effective adsorbents
for uranium harvesting from the oceans, identifying the domi-
nant species of uranium and their solvation structures under
realistic seawater conditions is a prerequisite.42–44 Therefore,
we will first start with a concise yet insightful introduction of
the solution coordination chemistry of uranium in seawater.
We will then focus on summarising the state-of-the-art strate-
gies for the function-oriented design and synthesis of uranium
adsorbents with elevated performance, aiming to provide
insights into the development of next-generation uranium
adsorbents. This will be followed by the introduction of emer-
ging electrochemical and photochemical strategies that have
been exploited for marine uranium harvesting. These non-
passive strategies are envisioned to inspire the development
of more efficient UES systems. In addition, we will present
an overview of the implementation of marine tests in major

countries including Japan, the United States, and China, which
contributes valuable insights from an engineering point of
view. Finally, we will take a deep dive into the challenges facing
the further development of UES, and conclude this review with
the opportunities and perspectives of UES in hopes of inspiring
more advancements in this prospective field.

2. Solution coordination chemistry of
uranium in seawater

A molecular-level understanding of the solution coordination
chemistry of uranium in seawater is an essential requirement
for the development of achievable adsorbent materials.45

In this regard, thermodynamic studies, theoretical calculations
and spectroscopic techniques43,44,46,47 are the primary appro-
aches to identifying the speciation of uranium in seawater
while investigating the coordination behaviours between ura-
nium and various ligands (Fig. 3).

It has been found that more than 90% of the uranium in
seawater exists in the stable ionic form of [UO2(CO3)3]4� and
the neutrally charged derivative form of Ca2UO2(CO3)3.42 The
uranyl ion ([UO2]2+), as the basic form of uranium, has a linear,
center-symmetric structure with both UQO bond lengths of
about 180 pm. The double bonds between the uranium center
and oxygen atoms are chemically inert, making uranyl an
exceptionally stable molecular species. The perturbations of
the O–U–O angle in [UO2]2+ are usually small (about 51) and
multiple ligands may coordinate with the uranyl ion in an
equatorial plane around the uranium center.48

As a member of actinides, uranium is a strong electron
acceptor and can be considered as a kind of hard acid

Fig. 2 Overview of topics discussed in this review.
Fig. 3 Summary of the approaches used for investigating the speciation
of uranium in seawater.
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according to the Hard–Soft-Acid–Base theory.49 Because of the
electronic effect, the introduction of electron-donating groups
can enhance the complexation ability between ligands and the
uranyl. In addition, steric hindrance and weak interactions
(e.g., hydrogen bond interaction, hydrophilic interaction, and
hydrophobic interaction) in the coordination environment
affect the stability of the uranyl complexes. Specifically, the
extra hydrogen bonds can increase the bond length of UQO,
while shortening the length of the bonds between the coordi-
nation atom and the uranium in the near-equatorial plane.50

Integrating the solution chemistry of uranium with density
functional theory (DFT) calculations provides a viable approach
for the design and screening of potential uranyl ligands. This
significantly promotes the development of various promising
adsorbents, especially for prevailing organic framework materi-
als (e.g., MOFs, COFs, POPs, and PAFs) with built-in function-
alities and structural diversity. Meanwhile, the solution
chemistry and the ligand-binding behaviours of competing
ions in seawater, such as vanadium (V), are also worthy of
attention. Substantial investigations in this regard have pro-
vided a comprehensive understanding of the coordination
behaviours in marine environments, which has implications
for the development of novel uranium adsorbents with better
selectivity.

3. Uranium adsorbents: function-
oriented design and synthesis

As aforementioned, adsorption is recognized as the most
promising technique for UES because of its adaptability to
marine engineering with minimum energy consumption.
Researchers worldwide have achieved significant progress in

this area by developing various adsorbents to harvest uranium
in oceans. Considerable efforts have been made to screen
potential candidates while improving their (1) adsorption ability,
(2) selectivity, (3) biofouling resistance and (4) durability in sea-
water. In this section, the state-of-the-art strategies towards the
function-oriented design and synthesis of uranium adsorbents
with elevated performance will be comprehensively summarized,
aiming to provide insights into the development of next-
generation uranium adsorbents. Emphasis will be put on the
design philosophies and inspiring strategies. Meanwhile, the
underlying interaction mechanism responsible for the effec-
tive binding of uranium under marine conditions will also be
discussed.

The section is organized into four subsections, highlighting
each of the functions outlined above (Fig. 4). Prior to this, it
should be noted that due to the large quantity of literature, only
milestone studies and impressive achievements in the past five
years will be highlighted, rather than a detailed description of
each reported material. Moreover, this review only concerns the
materials developed for uranium extraction from environ-
mental seawater; that is, it does not cover the investigations
that deal with uranium only from aqueous solutions without
considering seawater conditions.

3.1. Strategies for improving the adsorption ability

Strong adsorption towards U with a high capacity is the fore-
most important property of a potential adsorbent for UES.
As the adsorption capacity towards uranium has been consi-
dered to be the main cost driver of UES, it has always been a top
priority to improve the uranium uptake capability of adsorbent
materials. In this subsection, based on an updated mechanistic
understanding of the adsorption behaviours of well-developed

Fig. 4 Overview of strategies for the function-oriented development of uranium adsorbents.
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adsorbents at the molecular, mesoscopic, and macroscopic
levels, the strategies established for improving the adsorption
ability of uranium adsorbents will be elaborated. Specifically,
the methods to promote the ligand–uranyl interactions, regu-
late the spatial conformation of polymeric adsorbents and
improve the structural features of uranium adsorbents will be
discussed.

3.1.1. How to promote ligand–uranyl interaction? The
adsorption capacity of uranium adsorbents is positively asso-
ciated with the number of accessible ligands and their binding
ability towards uranyl ions. During the evolution of uranium
adsorbents, substantial efforts in the early days were made
to introduce a maximum number of functional ligands to
enhance uranium binding. Versatile polymerization techni-
ques are employed to increase the grafting yield of polymeric
adsorbents. The emergence of diverse porous organic frame-
works provides new platforms to accommodate high-density
ligands. Enhanced ligand–uranyl interaction is then achieved
by rational molecular design and pore engineering of the
frameworks. Besides, the introduction of collaborative func-
tionalities adjacent to ligands has been demonstrated to be an
effective approach to promoting the interaction with uranyl
ions. Representative studies employing these methods or

techniques to increase the adsorption capacity of uranium
adsorbents are summarized in this subsection.

Firstly, due to the high affinity towards uranyl ions in a
chelating coordination mode, amidoxime (AO) has been iden-
tified as one of the most effective ligands of uranium.51–54

A considerable number of AO-containing adsorbent materials,
especially those with polymer matrixes, have been developed
for UES.25 The most studied AO-based polymers are generally
prepared by grafting acrylonitrile (AN) monomers onto poly-
olefin supports with robust backbones, such as polyethylene
(PE) and polypropylene (PP) (Fig. 5A). The classical radiation-
induced graft polymerization (RIGP) method is widely
employed to this end,26,55,56 followed by post-amidoximation
to convert AN groups to AO ligands (Fig. 5B).57 The degree of
grafting (DOG) is thus a direct reflection of the number of
ligands, which is influenced by irradiation parameters (e.g.,
irradiation dose, dose rate) and grafting reaction conditions
(e.g., atmosphere, retention time, temperature) during the RIGP
process.58–60

The Prasad group provided a detailed investigation of the
effect of parameters including the cumulative dose, surrounding
atmosphere, reaction temperature and duration on the DOG of
AO polymers on the surfaces of PP fibers.58 The results showed

Fig. 5 (A) The commonly used trunk materials for the preparation of uranium adsorbents by RIGP. (B) A typical scheme depicting the preparation of AO
adsorbents by RIGP of AN and subsequent amidoximation. Reproduced with permission.57 Copyright 2012, American Chemical Society. (C) The DOG of
PAN as a function of reradiation dose, atmosphere, temperature and retention time. Reproduced with permission.58 Copyright 2010, American Chemical
Society. (D) A subset of comonomers studied for the preparation of uranium adsorbents using RIGP. (E) The uranium adsorption amount as a function of
wt.% of AN in the monomer mixture. Circles correspond to MA-co-grafted PAO PE fibers, triangles correspond to HEMA-co-grafted-PAO PE fibers, and
diamonds correspond to the bare PAO-graft-PE adsorbent. Reproduced with permission.65 Copyright 2000, American Chemical Society. (F) Schematic
diagram of the preparation process of UHMWPE-g-P(AO-co-AA) fibers. Reproduced with permission.69 Copyright 2017, Springer Nature.
(G) Photographs of the resultant AO-UHMWPE fibers and their floating in the seawater (H). Reproduced with permission.71 Copyright 2016, American
Chemical Society.
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that an increased DOG was obtained with the increase of cumu-
lative dose (Fig. 5C). When irradiated in air, the DOG can reach
80 wt% around the cumulative dose of 220 kGy, and was still on
the rise. However, when irradiated in an N2 atmosphere, the DOG
was only up to 25 wt%. The DOG increased to 90 wt% when the
irradiated PP sheet was exposed to the air for 15 min and then
contacted with the monomer to induce polymerization. At the
same time, a DOG of 130 wt% was obtained when the temperature
of the grafting polymerization was raised to 60 1C. Besides, the
effect of cumulative dose on the DOG was also varied with the
energy beam. The as-prepared AO-functionalized PP sheet with a
DOG of 110 wt% was subsequently tested in a mooring facility
located in the Trombay estuary, with a uranium adsorption
capacity (qU) of 0.61 mg g�1 obtained over an adsorption period
of 13 d at the pilot scale.

In addition to the irradiation parameters, the DOG is also
influenced by the feed monomer and comonomer ratio.60–67

Earlier studies suggested that comonomers such as acrylic acid
(AA), methacrylic acid (MA), and glycidyl methacrylate (GMA)
(Fig. 5D) had a certain influence on the adsorption perfor-
mance of uranium adsorbents. So, continuous research has
been performed to select suitable comonomers and elucidate
the underlying relationship governing the adsorption capacity
of the adsorbents.61,62,64,65

Choi and Nho64 conducted comprehensive studies on the
graft copolymerization process of monomers including AA, MA,
GMA and AN onto PE films. It was found that the increase of
the AN component led to an increased content of AN in the
AN : AA and AN : GMA copolymers, while the AN component of
the AN : MA copolymer was almost independent of the AN
component of the feed monomer. The maximum DOG of
125 wt% was obtained under the conditions of a feed ratio of
AN : AA (40 : 60, mol%). Nevertheless, a subsequent adsorption
study revealed that the polymer with a monomer ratio of
AN : AA (50 : 50, mol%) was determined to acquire a maximum
uptake of uranium.61 Saito and co-workers compared the
adsorption performances of adsorbents prepared by RIGP of
AN with two different hydrophilic comonomers (MA and
2-hydroxyethyl methacrylate (HEMA)) from a PE matrix.65 Vary-
ing the contents of the comonomers endowed adsorbents with
different hydrophilicities and adsorption capability. The MA
copolymer was found to exhibit a higher adsorption rate than
the HEMA copolymer (Fig. 5E). Lab-based flow-through experi-
ments and marine test in a submerged mode at an ocean site
were both carried out to investigate the uranium adsorption
performance, where a 60 : 40 AO : MA copolymer on a fibrous PE
trunk was observed to achieve the optimal recovery, with a qU of
0.9 mg g�1 following 20 d deployment in the open ocean.

The nature of substrate materials subject to radiation for
radical formation also plays a role in achieving higher DOG
while exerting an influence on the ligand–uranyl interaction.
To overcome the poor mechanical properties demonstrated
by conventional polymeric substrates after irradiation,61,68 an
ultra-high molecular weight polyethylene (UHMWPE) was uti-
lized as a support and was grafted with AN and AA to prepare
UHMWPE-g-(PAO-co-PAA) fibers through the RIGP approach

(Fig. 5F).69–72 The DOG of g-ray irradiated UHMWPE fibers
(UHMWPE-g-(PAN-co-PAA)) can reach higher than 300 wt%
after 3 h of graft polymerization with an absorbed dose of
50 kGy. After amidoximation treatment, the resultant UHMWPE-
g-(PAO-co-PAA) fibers achieved a qU of 2.3 mg g�1 in the filtered
seawater from Sequim Bay, Washington, US, over 42 d.70

However, the qU decreased to 0.25 mg g�1 when the fibers were
deployed in the East China Sea for 60 d (Fig. 5G and H), which
was ascribed to the competitive ions and biofouling in a real
marine environment.71 In addition, when the grafting mono-
mers on UHMWPE fibers were changed to GMA and MA, the
maximum grafting rate could be improved to 553 wt% by
adjusting the monomer concentration and radiation dose.73

The high DOG obtained by using UHMWPE fibers as the host
was attributed to the high stability and a long half-life (26 d in a
vacuum, 13 d in air) of free radicals generated in the fibers under
irradiation.74

Atom-transfer radical polymerization (ATRP) represents a
significant milestone in the development of polymer chemistry.
The application of this controlled/living radical polymerization
(CRP) technique broadens horizons for uranium adsorbent
synthesis with record-setting performances.75–78 In particular,
ATRP allows for the incorporation of monomers which are not
suitable for RIGP due to radical quenching and is especially
well-suited for the control polymerization of AN.79 A pioneering
study utilizing ATRP to prepare a uranium adsorbent was
reported by Saito and co-workers. Poly(vinylbenzyl chloride,
VBC) (Fig. 6A) was first grafted onto a PE trunk through RIGP
to install ATRP initiation sites. A fiber adsorbent PE-g-PVBC-
g-(PAN-co-PtBA) with a ‘‘brush-on-brush’’ structure was then
created by copolymerizing AN and tert-butyl acrylate (t-BA)
(Fig. 6B) through ATRP, followed by amidoximation.75 Consid-
erably high DOG ranging from 585 to 2818 wt% could be
achieved by tuning the AN : tBA feed ratio while optimizing
the synthetic conditions (e.g., reaction time, solvent, catalyst
and temperature) in the ATRP process. The obtained adsor-
bents exhibited a qU of 141–179 mg g�1 when immersed in a
6 ppm uranium brine solution, and a qU of 0.99–1.56 mg g�1

when packed in a column adsorption system for uranium
enrichment in real seawater. More significantly, by chain-
extension of the grating polymer chains to further introduce
the hydrophilic block of PtBA in the ATRP system, followed by
hydrolysis to obtain the PE-g-PVBC-g-(PAO-co-PAA)-b-PAA adsor-
bent, the uranium uptake capacity in real seawater was doubled
(qU B3.02 mg g�1) after 56 d of exposure. These results
motivated the focus on the exploration of the polymer chain
conformation and optimization of hydrophilic comonomers in
the development of uranium adsorbents, which will be elabo-
rated in Section 3.1.2.

Building on this work, Brown et al. reported the synthesis
of adsorbents through ATRP without RIGP assistance.76 Espe-
cially, new trunk fibers namely chlorinated PE (CPE) and PP
(CPP) fibers with various shapes were employed to afford ATRP
initiation sites (Fig. 6C). Then, AN and tBA were successfully
grafted onto the halogenated PE via ATRP copolymerization,
and amidoximation was completed through the common
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approach. By changing the structure of active chlorine sites on
trunk fibers and ATRP conditions such as the AN : tBA : RCl
ratio and chlorination time, varied DOG values were yielded,
and a high value of 2570 wt% was achieved. When immersed in
750 mL of simulated seawater containing 5–7 ppm added U, the
maximum adsorption capacity of 146.6 mg g�1 was obtained.
In a concurrent report from the same group, a poly-(vinyl
chloride)-co-chlorinated poly(vinyl chloride) (PVC-co-CPVC)
fiber was used as a backbone to graft AN and tBA via ATRP
copolymerization.80 The optimal functional fiber with the tBA/
AN ratio of 0.356 and a high DOG of 1390 wt% exhibited a
recovery capacity of 5.22 mg g�1 after 49 d of exposure to
seawater.

Additionally, ATRP demonstrated its versatility in the pre-
paration of PAO functionalized mesoporous polymer adsor-
bents.79,81 Typically, mesoporous polymer monoliths containing
chlorinated initiation sites were first synthesized through a free
radical polymerization of VBC in the presence of DVB as the
crosslinking agent. Then, ATRP of AN was initiated from the
chloride in the poly(VBC-co-DVB), and an amidoximation reaction
was performed to generate AO ligands (Fig. 6D).81 Likewise, the
DOG of PAN, as well as the surface area and pore architectures of
the final poly(VBC-co-DVB), could be tuned as a function of
initiator density, catalyst concentration and the DVB : VBC ratio
during the ATRP process. While the adsorbent with a 1 : 1 DVB :
VBC achieved the highest DOG of PAN, the material synthesized
with 2 : 1 DVB : VBC exhibited the highest adsorption capacity for
uranium, indicating the important role of the structural proper-
ties of adsorbents, which will be elaborately discussed in Section
3.1.3. Finally, a qU of 75 mg g�1 was observed when tested in a
100 ppm uranium-spiked solution, while a dramatic decrease of
uranium uptake (qU B2 mg g�1) was observed when the uranium
solution was reduced to 10 ppb.

In addition to developing AO-functionalized polyolefin poly-
mers, scientists have also made considerable efforts to exploit
the expanding family of porous organic frameworks, such as
metal–organic frameworks (MOFs), covalent organic frame-
works (COFs), porous organic polymers (POPs) and porous
aromatic frameworks (PAFs), to be potential uranium adsor-
bents in recent years.37,82–92 The flexible molecular design,
programmable pore structures, broad chemical and reticular/
topological variety, and especially ultrahigh surface area of
these porous organic materials provide excellent opportunities
to introduce a high density of chelating groups to promote the
ligand–uranyl interaction.30 Typically, Wang and colleagues
performed the first use of AO as a functional ligand of classical
UiO-66 MOF material for UES.82 The adsorbent was prepared by
a microwave-assisted cyanation reaction, followed by amid-
oximation treatment with hydroxylamine hydrochloride under
basic conditions (Fig. 7A). The resultant UiO-66-CN and UiO-66-AO
exhibited a high surface area of 878 m2 g�1 and 711 m2 g�1,
respectively. Rapid adsorption of UiO-66-AO was observed in a
kinetic investigation, with almost 99.0% of the total uranium
adsorption achieved within 10 min from real seawater containing
an extra 500 ppb U, and 94.8% of U could be recovered within
120 min from real seawater. Although the DOG of AO in the
as-prepared UiO-66-AO was only 19.1 wt%, it afforded a qU of
2.68 mg g�1 in the seawater from the Bohai Sea within 3 d.

In comparison to MOFs, COFs have more robust structures
supported by covalent bonds, making them a favourable
platform to accommodate AO ligands for uranium capture
from seawater. A two-dimensional (2D) COF-TpDb was first
prepared by condensing 2,5-diaminobenzonitrile (Db) with
triformylphloroglucinol (Tp), which was then processed to
convert the cyano groups to AO ligands to generate the AO-
functionalized COF adsorbent (COF-TpDb-AO) (Fig. 7B).83

Fig. 6 (A) The commonly used trunk materials for the preparation of uranium adsorbents by ATRP. (B) Two commonly used comonomers for the
preparation of uranium adsorbents by ATRP. (C) A scheme depicting the preparation of CPE/CPP-g-poly(AO-co-tBA) fibers by ATRP. Reproduced with
permission.76 Copyright 2016, American Chemical Society. (D) A scheme depicting the preparation of poly-DVB-VBC-g-AO resin adsorbents.
Reproduced with permission.81 Copyright 2016, Springer Nature.
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A stable 2D crystalline architecture with a high surface area of
826 m2 g�1 and open 1D pore channel structures was deter-
mined, affording a saturation qU of 408 mg g�1 at pH 6. When
tested in a spiked seawater sample containing 20 ppm U, a high
capacity (127 mg g�1) and fast kinetics (90 min) were observed.
It is noteworthy that, compared with materials with disordered
pore networks, the well-defined ordered pore channels in these
crystalline porous materials enable the decorated AO ligands to
be more conveniently accessible. High exposure of the binding
sites allows a higher interaction efficiency, thereby resulting in
a high affinity and rapid adsorption kinetics towards uranium.

PAFs represent a new category of porous materials that
consist of extended organic structures in which the light
elements (H, B, C, N, and O) are interlinked by strong covalent
bonds. Due to their high chemical stability and fascinating
structural topologies, they have attracted tremendous attention
in the field of UES.37,93–95 Dai and co-workers pioneered the
synthesis of PAFs functionalized with AO ligands for UES.95

A highly porous PAF material (PPN-6) was grafted with AN
monomer through ATRP reaction with a DOG of 150 wt%. After
conditioning with KOH, the resultant PAO-functionalized PPN-
6 (PPN-6-PAO) demonstrated a maximum uranium uptake
capacity of 4.81 mg g�1 after 42 d of contact with the

uranium-spiked filtered environmental seawater. It is expected
that the introduction of rigid fragments into the skeleton could
improve the availability of AO groups, whereas soft polymers
with a flexible or semi-rigid skeleton may lead to a dense
structure that masks the binding sites (Fig. 7Ca).

To supplement this effort, AO-modified building units were
recently cross-linked into the rigid framework of PAFs via an
AlCl3 catalysed Scholl reaction.88 Subsequent amidoximation
treatment was performed to convert the cyano groups to AO
ligands in the frameworks, generating PAF-170 series adsor-
bents (Fig. 7Cb). It was found that the adsorption capacity of
these adsorbents varied with the molar ratio of the cyanphenyl
and biphenyl feed monomers. The adsorption capacity of
PAF-170-AO-4 (cyanphenyl : biphenyl = 2 : 1) was superior in
the same series of adsorbents, with a high qU of 702 mg g�1

in a 7 ppm uranium solution at pH 6, which was attributed to
its highest utilization ratio of the AO ligands. To further
improve the porosity of adsorbents for promoting the avail-
ability of the adsorption sites, rigid monomers (p-terphenyl
and 1,3,5-triphenylbenzene) with expanded structures were
employed to prepare PAF-171-AO and PAF-172-AO adsorbents
(Fig. 7Cb). While PAF-171-AO and PAF-172-AO showed an
increased utilization ratio of the AO ligands, they afforded a

Fig. 7 (A) Synthetic route of UiO-66-AO: (i) the synthesis of UiO-66-AN by microwave-assisted cyanation in the presence of CuCN; and (ii) the
conversion of UiO-66-AN to UiO-66-AO through hydroxylamine hydrochloride treatment. Reproduced with permission.82 Copyright 2017, American
Chemical Society. (B) Synthetic route of COF-TpDb-AO: (a) the condensation of Db with Tp and the corresponding transformation process of the cyano
to AO group; and graphic view of the eclipsed AA stacking structure of COF-TpDb (b and c) and graphic view of COF-TpDb-AO (d). Reproduced with
permission.83 Copyright 2018, Wiley-VCH. (C) (a) Schematic representation of AO-modified adsorbents including a flexible skeleton, semi-rigid skeleton,
and completely rigid skeleton; and (b) scheme of synthesis for PAF-170-AO, PAF-171-AO and PAF-172-AO adsorbents. Reproduced with permission.88

Copyright 2020, Royal Society of Chemistry. (D) (a) Structure of building units of POP-AO, POP-oNH2-AO and POP-pNH2-AO polymers; single crystal
structures and the corresponding DFT optimized structures of UO2(AO)2(MeOH)2 (b and d) and UO2(oNH2-AO)2(MeOH)2 (c and e). Reproduced with
permission.87 Copyright 2018, Springer Nature. (E) Photos of various adsorbent materials before and after uranium inclusion. Reproduced with
permission.87 Copyright 2018, Springer Nature.
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decreased qU of 608 mg g�1 and 569 mg g�1, respectively. This
was explained by the increased mass per structural unit by the
incorporation of building blocks. Due to its open architecture,
the PAF-170-AO-4 adsorbent also exhibited good selectivity for
uranium with a large coefficient Kd of 9.37 � 106. Furthermore,
considering that the powder form of PAF-170-AO-4 was not
suitable for the practical marine experiment, it was further
coated on the porous ceramic sheet (denoted PAF-CS) with the
mass ratio ranging from 1 wt% to 10 wt%. When exposed to an
electrically-driven flow seawater system containing 3.3 ppb
uranium, a remarkable uptake of 8.92 mg g�1 was achieved
after 60 d. These works put forth a promising design strategy to
promote the performances of uranium adsorbents.

Another intriguing strategy to promote the binding ability of
AO-based adsorbents towards uranyl ions is the introduction
of collaborative functionalities.46,61,69,87,96–100 For instance,
bifunctional AO-based fibers were prepared by attaching various
auxiliary diethylenetriamine (EDTA) ligands on commercially-
available PAN fibers based on the amination chemistry, followed
by the conversion of the residual nitrile species to AO through
hydroxylamine treatment.96 Adsorption studies were carried out
in filtered environmental seawater in a flow-through column at
PNNL. After a contact time of 21 d, the bifunctional AO-EDTA and
AO-Phon-DETA showed a higher uranium extraction capacity of
0.54 mg g�1 and 0.79 mg g�1, respectively. In comparison, the
pristine PAO and non-amidoximated Phon-DETA only exhibited a
capacity of 0.12 and 0.14 mg g�1, respectively. This work provided
a good illustration that bifunctional polymers display a potential
synergistic effect between the incorporated functionalities and AO
ligands in enhancing uranium adsorption.

A particularly interesting study by the Ma group highlighted
the elevated extraction ability of judiciously designed bio-
inspired nano-traps. The concept was illustrated by constructing
chelating systems into POPs with the simultaneous introduction
of amino and AO groups.87 Specifically, to evaluate the effect
of the spatial distribution of amine and AO groups on their
collaborative binding ability, a series of vinyl-functionalized
monomers with an amino substituent in different positions
relative to AO were designed for self-polymerization into highly
porous materials, followed by post-transformation of the cyano
into AO group, generating the POP-AO adsorbent without the
amino group, POP-oNH2-AO adsorbent bearing an amino group in
the ortho position and POP-pNH2-AO adsorbent bearing an amino
group in the para position (Fig. 7Da). Upon exposure to a
7.56 ppm uranium solution, a dramatic colour change was
observed for all three adsorbents, indicating the effective uptake
of uranium (Fig. 7E). An uptake capacity of 440 mg g�1,
580 mg g�1 and 530 mg g�1 was obtained for POP-AO, POP-
pNH2-AO and POP-oNH2-AO at pH 6, respectively. Further adsorp-
tion experiments in seawater indicated that POP-oNH2-AO
exhibited a superior affinity for U, with a uranium uptake of
4.36 mg g�1 after 56 d, whereas POP-pNH2-AO and POP-AO
showed lower extraction capacities of 2.27 and 1.32 mg g�1,
respectively. The structure–property relationship of these adsor-
bents was then explored through X-ray crystallographic studies
and DFT calculations (Fig. 7Db–d). It was demonstrated that the

introduction of auxiliary amino substituents facilitated lowering
the charge on uranyl in the complex and could serve as a
hydrogen bond acceptor, thus resulting in an increased affinity
of AO towards uranyl. This work offers inspiration for further
exploiting the collaborative coordination interactions to promote
the ligand–uranyl binding of uranium adsorbents.

Basically, well-established approaches to elevate the adsorp-
tion capacity of polymeric adsorbents towards uranium in
seawater involve the tuning of the number, accessibility and
synergistic binding ability of the functional ligands. The
advancement of polymerization technology has broken through
the bottleneck in developing well-defined uranium adsorbents
with high DOG.79,81,101,102 However, substantial research has
demonstrated that a maximum number of the ligands in the
uranium adsorbent does not promise a high adsorption capa-
city. Without effective contact with uranyl ions, most of the
ligands are in the ‘dormant’ state. Only a small portion (o1%)
of the ligands participate in the coordination to uranyl ions.103

Thus, scientists have urged recently to address the huge gap
between the theoretical DOG and realistic utilization ratio of
the ligands by examining their accessibility and the kinetic
issues. More discussion about the influence of the accessibility
of binding sites on the uranium adsorption ability of the
adsorbents will be presented in Section 3.1.2.84 Besides, special
emphasis should be placed on the solution chemistry of uranyl
ions by investigating their coordination to more ligands with
collaborative functionalities. This helps bring forward new
design philosophies for developing more advanced adsorbents
with synergistic binding to uranyl ions.

On the other hand, an important question that should be
raised here is whether AO is the most optimal ligand for
binding uranyl ions in seawater. As we know, AO ligands have
been investigated for over 40 years, and have proved their high
affinity towards uranyl ions in the marine environment. Mean-
while, polymeric adsorbents bearing AO ligands have been
readily produced on a pilot scale for marine tests. Thus, AO
ligands are still considered to be one category of the most
effective ligands for UES. However, benefiting from the latest
advancement in uranium coordination chemistry, new effective
ligands and promising design principles, such as the pre-
organization of collaborative ligands, have been developed
recently.104–107 More discussion in this regard will be presented
in Section 3.2.3. With further studies on the mechanistic
insights into the uranyl–ligand interactions, next-generation
ligands with improved affinity and selectivity to uranyl ions in
ocean environments could be envisioned.

3.1.2. How to regulate spatial conformation? As evidenced
in the aforementioned studies, a majority of the uranium
adsorbents exhibited quite a poor adsorption ability in seawater
due to the low utilization ratio of the functional ligands.76,80

The frustrating truth makes researchers examine the factors
restricting the performance of polymer adsorbents for uranium
adsorption. A critical issue involving the relationship between
the accessibility of ligands and the spatial conformation of
polymer chains has been more frequently realized. Polymer
conformation refers to the spatial configuration of the
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constitutive atoms or atomic groups for a given, fixed connec-
tivity, which is the molecular basis underlying essentially all
physical properties of polymers while significantly affecting
their functions. Since the ligands of the polymeric adsorbents
are tethered to the polymer backbones, their accessibility and
binding behaviours would be significantly influenced by the
polymer chain conformation, which is tunable from a collapsed
state to a stretched state. In addition, the adsorption of uranyl
ions by polymeric adsorbents is a responsive process where the
uranium center plays as a cross-linking point to form coordina-
tion with multiple ligands. This makes the variation of the
polymer chain conformation a dynamic process because of the
interchain crosslinking triggered by uranium binding.14,108

Therefore, developing viable strategies to tune the chain con-
formation is expected to improve the adsorption ability of
polymeric adsorbents.75

Since uranium adsorption is carried out in aqueous solutions,
a basic approach to tune the chain conformation of polymeric
adsorbents is to introduce a second monomer containing hydro-
philic groups in the RIGP system. The hydrophilic groups provide
a significantly-hydrated local environment around the functional
ligands, promoting their accessibility to uranyl ions by improving
the mass transfer resistance. The introduction of hydrophilic
comonomers to synthesize polymeric adsorbents for UES was
first conducted by Omichi and co-workers.55,56 AO-functiona-
lized PE fibers prepared by co-grafting of AN and hydrophilic
monomers (AA or N,N-dimethyl-acrylamide (DMAAm)) were found
to show a significantly improved ability for uranium uptake,

compared to that of pristine AO-grafted polymers without hydro-
philic chain segments.

In another representative work, Oyola and Dai systematically
studied uranium recovery as a function of different hydrophilic
components including AA, MA, vinyl sulfonic acid (VSA), vinyl
phosphonic acid (VPA) and itaconic acid (ITA), which were
co-grafted with AN through RIGP onto PE fibers with a
‘‘hollow-gear’’ shape (Fig. 8A).109 When exposed to simulated
seawater, the uranium adsorption in terms of comonomer
follows the order: AA o VSA o MAA o ITA o VPA (Fig. 8B),
while when contacted with real seawater after B11 weeks, a
change in the performance was observed: MAA o AA (Mohr’s
salt) o VSA o ITA (Mohr’s salt) o ITA o VPA (Fig. 8C).
Obviously, the uranium adsorption capacity was related to the
hydrophilic comonomers, and the PE fibers grafted with AN
and ITA or VPA produced the highest performances for ura-
nium. Building on this work, two classical series of adsorbents
called ‘‘AF’’110 and ‘‘AI’’111 series containing AN along with ITA/
VPA were developed (Fig. 8D). The study on the parameters
influencing the DOG was carried out by varying the comonomer
ratio. The DOG of the AF series was found to be 154–354 wt%
when the AN : ITA ratio ranged from 3.76 : 1 to 23.26 : 1. The
uranium uptake was unrelated to the DOG, with a maximum qU

of 3.90 mg g�1 obtained for the adsorbent at a 7.57 : 1 AN : IA
ratio after 1 h KOH conditioning and 56 d of the marine test
(Fig. 8E). For the AI series, the AN : VPA ratio was adjusted from
1.91 : 1 to 7.39 : 1, leading to DOG of 110–300 wt%. Similarly,
the amount of adsorption was independent of DOG, and an

Fig. 8 (A) The grafting, amidoximation and KOH conditioning of different hydrophilic comonomers to a PE fiber with a ‘‘hollow-gear’’ shape via RIGP,
and the digital photo of the final adsorbent. (B) Comparison of adsorption performance between the adsorbents functionalized with different hydrophilic
comonomers in simulated seawater using the laboratory screening protocol (red bars indicate the cases with Mohr’s salt additives). (C) Comparison of the
AO contents and adsorption performances of the adsorbents functionalized with different hydrophilic monomers in natural seawater after B11 weeks of
exposure. A–C reproduced with permission.109 Copyright 2016, Royal Society of Chemistry. (D) Structure diagrams of AF series and AI series adsorbent
materials. (E) Adsorption performances of AF series and (F) AI series adsorbents after 56 days of contact with Sequim Bay seawater in a flow-through
column. The AF and AI series adsorbents were both treated with 0.44 mol L�1 KOH at 80 1C for 1 and 3 h. D–F reproduced with permission.110,111
Copyright 2016, American Chemical Society.
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adsorbent with a 3.52 : 1 ratio of AN : VPA showed the best
adsorption performance (3.35 mg g�1, after 3 h KOH condition-
ing) after 56 d of exposure to natural seawater (Fig. 8F).
The improved adsorption performance by the inclusion of
hydrophilic comonomers was confirmed by these reports,
revealing the effectiveness of the optimization of hydrophilic
comonomers.75 It is worthy of note that treating the nitrile-
based polymeric adsorbent with KOH to generate deprotonated
carboxylic acids has been considered as another approach to
increase the hydrophilicity of the adsorbent. As indicated in
Fig. 8E and F, in addition to the chemical composition, KOH
conditioning time plays an important role in controlling the
uranium adsorption capacity, where for all the AI series adsor-
bents, 3 h of KOH conditioning (0.44 mol L�1, at 80 1C) was
better than 1 h with respect to uranium adsorption capacity; in
contrast, for the AF series adsorbents, the adsorption capacity
obtained after 1 h of KOH conditioning was better than that of
the 3 h treatment.

To regulate the chain conformation of polymeric adsorbents
to promote the accessibility and binding ability of tethered
functional ligands, a brilliant alternative approach is to develop
block copolymers (BCPs) containing hydrophilic comonomers
by using diverse CRP techniques. Because of their well-defined
structures with extraordinary compositional versatility, BCP-
type adsorbents hold tremendous potential to afford maximum
ligand availability while enabling a quantitative investigation of
their structure–property relationship. A seminal work about
BCP-type adsorbents was reported by Saito and co-workers
combining the use of RIGP and ATRP. As mentioned in

Section 3.1.1, for the preparation of the adsorbent PE-g-PVBC-
g-(PAN-co-PtBA), PVBC was first grafted onto a PE trunk through
RIGP to install initiation sites, and then a ‘‘brush-on-brush’’
structure was created by copolymerizing AN and tBA through
ATRP, and followed by amidoximation reaction. To explore the
effect of the chain conformation on the adsorption towards U,
a chain extension of the grafting brushes through ATRP was
performed where short hydrophilic PtBA chains were added to
the tail of the PAN-co-PtBA brushes, followed by further hydro-
lysis to obtain PE-g-PVBC-g-(PAO-co-PAA)-b-PAA (Fig. 9A). When
immersed in natural seawater, strikingly, the adsorbents after
chain-extension introduction of the hydrophilic PAA block
afforded nearly doubled seawater adsorption capacity from
1.56 mg g�1 to 3.02 mg g�1 under the same conditions.75

Since bare hydrophilic comonomers have been verified to
have no adsorption ability for uranium, their influence on the
polymer chain conformation was further investigated. Pre-
liminary results revealed that the enhancement in uranium
absorption capacity was attributed to the more stretched con-
formation of the polymer brushes with the incorporation of
hydrophilic PAA blocks. In their follow-up study, by using the
neutron reflectometry (NR) technique, the effects of hydrophilic
groups, alkali conditioning and metal-ion loading on the
conformation of polymer adsorbents were further verified.112

Specifically, three series of adsorbents namely the pure PAO
monoblock polymer, deuterated-PAO polyacrylic acid diblock
copolymers (d-PAO-b-PAA) and the random copolymer configu-
ration (PAO-co-PAA) were prepared through ATRP of AN or
AN with tBA at different molar concentrations (Fig. 9Ba).

Fig. 9 (A) Illustration of the addition of the hydrophilic group to the tail of the PE-g-PVBC-g-(PAN-co-PtBA) adsorbent. Reproduced with permission.75

Copyright 2014, Royal Society of Chemistry. (B) Illustration of a pure PAO monoblock polymer, deuterated-PAO polyacrylic acid diblock copolymers
(d-PAO-b-PAA) and the random copolymer configuration (PAO-co-PAA). Reproduced with permission.112 Copyright 2018, Elsevier. (C) (a) The NR
profiles of PAAO brushes measured before and after exposure to the UO2(NO3)2 solutions with different concentrations; and (b) SLD profiles obtained
from the best fittings of the NR data. Reproduced with permission.113 Copyright 2018, Elsevier. (D) (a–d) Optical microscope photos of PAN and PAN-
(OH)n-P fibers before and after swelling; and (e) swelling diagram of the swollen-layer on the PAN-(OH)n-P surface. Reproduced with permission.115

Copyright 2020, Elsevier.
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These adsorbents were deposited onto quartz substrates and
were characterized by the NR technique in air and heavy water
(D2O) (Fig. 9Bb), in which the NR data of solvated samples were
collected using a liquid cell (Fig. 9Bc). The obtained NR
revealed that the initial film thickness of pure PAO and PAO-
co-PAA samples with similar molecular weights and grafting
densities extended from 95 Å thickness in the air to 180 and
280 Å in D2O, respectively, suggesting that the incorporation of
hydrophilic segments on the polymer would cause swelling of
the polymer, which reduced the barrier to uranium diffusion,
and in turn increased the uranium adsorption capacity. More-
over, the d-PAO thickness in both diblock samples increased by
B100% and B150% in D2O, while the PAA swelled by B180%
and B170%, respectively, relative to their thickness in the air.
Additionally, the shrinking of the diblock copolymer was
observed after alkali treatment and during metal ion adsorp-
tion, although it was not yet clear which metal ion was
responsible for it.

In a concurrent report, Xie and colleagues conducted a study
employing the in situ NR technique to probe the conforma-
tional behaviour of poly(acrylamidoxime) (PAAO) brushes in
water, focusing on the change in polymer chain conformation
before and after uranyl ion adsorption.113 The NR profiles were
obtained by the measurements of the PAAO film both in air and
in an aqueous solution. While no apparent interference fringes
were found when the PAAO film was immersed in pure D2O
solution, fringes were observed when the film was immersed in
a solution containing UO2(NO3)2. After exposure to 10 mmol L�1

UO2(NO3)2 solution, the height of the PAAO brushes increased
significantly by 5 nm, while continuing to increase the UO2(NO3)2

concentration to 100 ppm, only a slight increase was observed
(Fig. 9C). A speculation was provided by the authors based on
these results that due to the strong complexation between uranyl
ions and AO groups, a shrinkage of the PAAO brushes occurred
when uranyl ions were adsorbed, resulting in a collapse or more
compact conformation of the polymer brushes. Concomitantly,
the expulsion of the uranium solution from PAAO brushes was
also observed, which further hindered the diffusion and adsorp-
tion of uranium. However, the uranium adsorption capacity
increased with the increase in UO2(NO3)2 concentration, indicat-
ing that a new balance between the adsorption and expulsion of
uranium solution induced by shrinkage of PAAO brushes was
established before reaching the theoretical adsorption capacity.
These results increased the mechanistic understanding of the
adsorption of uranium to PAAO polymers. Besides, since there are
more coexisting ions in the actual seawater environment, the
influence of competitive ions on the conformation of polymer
brushes is worth noting.

Motivated by these findings, the Wang research group
investigated the effect of the molecular chain conformation
and swelling behaviour on the adsorption of uranium by the
polymer grafted with hydrophilic hyperbranched ligands.114,115

In their recent study, amino trimethylene phosphoric acid
(ATMP) was chosen as a terminal group grafted onto the surface
of a PAN fiber, generating adsorbents labeled PAN-(OH)n-P.115

When immersed in an aqueous solution, the swelling behaviour

of the gel-like swollen-layer was captured with an optical micro-
scope where both the dried PAN and PAN-(OH)n-P exhibited an
increase in diameter (Fig. 9D). The swelling behaviour was
expected to facilitate the uranium adsorption by decreasing the
resistance of uranium into the swollen-layer. More importantly,
the conformation of the molecular chain underwent a significant
change, from the collapsed conformation to an extended con-
formation, as indicated in Fig. 9De, leading to an increased
collision probability between uranium and the functional group.
Accordingly, the PAN-(OH)n-P polymer demonstrated an improved
adsorption for uranium compared to PAN-(OH)n adsorbent with-
out grafting of ATMP under all tested adsorption conditions. The
uranium adsorption performance of PAN-(OH)n-P was further
determined in both simulated seawater and real seawater. When
contacted with a simulated seawater system, the adsorbent
acquired an uptake of 7.4 mg g�1 after 45 d, and 209.8 mg g�1

was recovered following 5 consecutive days of adsorption from
8 ppm uranium spiked seawater. These studies highlighted the
importance of the polymer chain conformation in controlling the
adsorption ability of polymeric adsorbents towards uranium.

Fundamental insights into the relationship between the
chain conformation of polymers and their adsorption beha-
viours would accelerate the development of new-generation
uranium adsorbents. To this end, based on the quantitative
analysis of the mesoscopic scenario of metal ion adsorption by
polymeric adsorbents, our group recently established a new
paradigm for smart design while customizing polymeric adsor-
bents for UES, by integrating multi-scale computational simu-
lation with precise synthesis.116 The concept and strategy used
in this work are illustrated in Fig. 10. Specifically, by using the
computational modeling involving both the dissipative particle
dynamics (DPD) and molecular dynamics (MD) approaches, the
theoretical assessment of the conformational dynamics of a
series of model AO-functionalized block copolymers, PAOm-b-
PPEGMAn, and their adsorption behaviours toward uranium
was first performed. The simulation results revealed the effect
of the block ratio (n/m) on the adsorption properties of materials,
where the maximum adsorption capacity with atomic economy
was predicted to achieve with a preferred block ratio of 0.18.

Fig. 10 The illustration of multi-scale computational modeling combined
with droplet-flow PET-RAFT polymerization for the target-oriented
development of new-generation uranium grabbers. Reproduced with
permission.116 Copyright 2022, Springer Nature.
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In accordance with the computer-aided design, a series of model
block copolymers with different block ratios were synthesized
using a photoinduced electron transfer-reversible addition-
fragmentation chain transfer (PET-RAFT) polymerization117,118

in a continuous droplet-flow platform. Subsequently, the
adsorption performances of the obtained polymeric adsorbents
were investigated in spiked solutions, which exhibited pre-
dicted uranium adsorption behaviour, in conformity with that
revealed by the computational simulation. Significantly, a high
qU of 11.4 mg g�1 could be achieved when the optimal polymer
adsorbent was exposed to real seawater within 28 d, demon-
strating the great potential of AO-functionalized BCPs with
structural and conformational benefits for UES. This study
offers a new research perspective to study the adsorption of
metal ions by polymers, bridging the specific metal–ligand
interactions at the molecular level and the spatial conforma-
tional properties at the mesoscopic level.

In brief, the polymer chain conformation exerts a significant
influence on the adsorption ability. The hydrophilic compo-
nent in the polymer affects the structure of grafting chains,
putatively leading to interesting morphological phenomena,
which have received increasing attention in the past five years.
As clearly demonstrated, tuning the chain conformation of
polymers can help to afford maximum ligand availability, and
thus improve the interaction with uranium. However, the
studies reported so far have only superficially grazed the
influence of the chain conformation on the adsorption of
uranium. In future work, it is necessary to combine the funda-
mental analysis based on polymer solution physics and classi-
cal adsorption theories to establish the relationship between
the structure, conformation and adsorption behaviours of
polymers. In addition, pivotal information on the polymer
chain conformation in aqueous environments can be obtained
with the aid of computational simulation and NR techniques,
which would inspire the design of high-performance polymeric
adsorbents. Meanwhile, more efforts are needed to develop
controllable polymerization techniques to achieve the precise
synthesis of polymers with structural and conformational
benefits.76,80

3.1.3. How to improve structural features? Since adsorbent
materials have diverse forms such as fibers, powders, mono-
liths, hydrogels and membranes, shaping their structure repre-
sents another effective approach for increasing their adsorption
capacity towards uranium. Particular interest has been put to
improve the surfaces and porosity of solid adsorbents. This will
maximize the exposure of ligands to uranyl ions while facilita-
ting the mass transfer process. Generally, adsorbents with high
specific surface area (SSA) are expected to achieve a high DOG,
thus providing abundant adsorption sites for uranyl binding.
Therefore, shaping the adsorbent to increase the SSA appears to
be one of the feasible ways to improve its adsorption efficiency.
To this end, various effective means have been adopted to
increase the SSA of fiber adsorbents, mainly involving changing
the cross-sectional shape,119,120 reducing the diameter of
fibers,121–126 or a combination of the two. Besides, adsorbents
with implementable structures such as sponges, hydrogels and

membranes have been exploited with high SSA and high
affinity to uranium. This section offers an elaboration on
strategies utilized to improve the structural features of repre-
sentative adsorbents for enhancing their adsorption ability.

First, it is generally accepted that the substrate materials of
adsorbents with high SSA can afford maximum ligand avail-
ability. Accordingly, changing the cross-sectional shape of
fibers is considered to be an effective way to increase the SSA
of the adsorbents. This was demonstrated by Omichi and
co-worders119 who synthesized adsorbents by grafting PAN onto
PP fiber substrates with either a round or cross-shaped
sectional view. Results showed that the adsorbent with the
cross-shaped support with a larger SSA exhibited a superior
uranium uptake to the adsorbent with the round-shaped sup-
port. Moreover, higher recovery of uranium was achieved by
decreasing the diameter of adsorbents with round-shaped fiber
supports, verifying the effect of SSA on uranium adsorption.
Subsequently, the role of the geometry of trunk fibers in
uranium recovery was also evaluated in Oyola’s work,120 in
which AN : MA at a ratio of 70 : 30 was first grafted onto a series
of PE fibers with a round morphology and varying diameters,
followed by amidoximation and adsorption tests in 8 ppm
uranium solution. It was generally found that smaller-
diameter fibers exhibited a higher adsorption capacity than
larger-diameter fibers. The adsorption of uranium increased
from 30 mg g�1 to 140 mg g�1 when the diameter decreased
from 20 mm to 0.24 mm. Additionally, the uptake capacity of
non-round-shaped trunk fibers was also explored where a
fiber with a hollow gear shape as a PE trunk outperformed
other non-round-shaped fibers, affording a uranium uptake of
188.1 mg g�1, while quasi-trilobal shaped adsorbents only
showed an adsorption capacity of 20 mg g�1. In addition to
the high SSA of the hollow gear adsorbent, the hollow interior
also allowed increasing access to the AO groups, which
increased the adsorption sites, thereby improving the uranium
adsorption capacity.

Commercially available trunk fibers are mainly produced by
the melt-spinning method. These microfiber adsorbents still
suffer from relatively large diameters and small SAA.120 The
development of spinning technologies, including but not
limited to electrospinning,121,122 forcespinning123 and solution
blow spinning approaches,124–129 has gained increasing attrac-
tion in recent years, providing reliable ways to produce fibers
with diameters at nanometer levels and adsorbents with high
SSA. Typically, electrospinning is a versatile method used to
fabricate nanofiber mats in large quantities.130 In this process,
a viscoelastic polymer fluid overcomes its surface tension
through electrostatic traction, creating a continuous jet that
is drawn out into ultrafine fibers with diameters down to tens
of nanometers, which are further assembled directionally or
randomly into fiber mats with sizes ranging from centimeters
to meters.131 Taking advantage of this powerful technique,
Xie and colleagues fabricated nanofibrous PAO/polyvinylidene
fluoride (PVDF) composite mats through a two-nozzle electro-
spinning process,121 in which PAO and PVDF solutions were
separately loaded into two syringes and connected to a
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high-voltage power supply, then PAO and PVDF nanofibers
were simultaneously drawn out from their respective nozzles
and interwoven into the final composite mats (Fig. 11Aa). By
tuning the injection rate of the PVDF solution, fibrous compo-
site mats with different PAO contents and diameters ranging
from 150 nm to 400 nm were obtained (Fig. 11Ab–d). After
blending with PVDF, the mechanical properties, porosity and
utilization ratio of AO groups of the electrospun mats were
highly enhanced. The adsorption performance was further
evaluated in artificial seawater at pH 8.0 with 3.5 wt% sea salt
and ten commonly-found interfering ions. The resultant PAO/
PVDF composite mats demonstrated a uranium uptake capacity
of 1.85 mg g�1 after 24 h of batch adsorption. To enhance the U
adsorption capacity, the subsequent work from the same group
introduced a carboxylic (AC�) group into the electrospun sys-
tem where PAO and PVDF-g-PAAc were selected as the starting
materials and were electrospun into the nanofibrous composite
mats by the same technique.122 The addition of AC� groups
enormously increased the U adsorption capacity (2.86 mg g�1 in
simulated seawater) of the obtained composite mat adsorbents
because of the synergistic effect between the two functional
groups.

Likewise, solution blow spinning (SBS) is also a versatile
method for preparing nanofiber adsorbents, owing to its unique
advantages such as no requirement of a high direct current
voltage source and electrically conductive collector, and no
limitation for the thickness of nanofibers deposited on the
collector.125–127 In a landmark example, Wang and co-workers
developed a novel pre-amidoximation with a SBS strategy to
massively fabricate poly(imide dioxime) nanofiber (labelled
PIDO NF) adsorbents for UES (Fig. 11Ba).125 Unlike the conven-
tional AO-based adsorbents obtained by post-amidoximation
treatment of nitrile functionalized fibers, in this work, the ami-
doximation of PAN raw material was first carried out through
hydroxylamine treatment in organic solvent (e.g., DMF, DMSO).
The obtained PIDO solution was then injected into a multi-nozzle
system and stretched by the compressed air flow, and aligned
fibers were continuously deposited on a rolling drum to form a
uniform fiber mat (Fig. 11Bb). The obtained nanofibers have an
average diameter of 406.13 � 28.35 nm and a BET surface area of
28.42 m2 g�1 (Fig. 11Bc). Good extendibility and mechanical
properties of the wet PIDO NF mat samples were also observed
from an obvious necking phenomenon (Fig. 11Bd–f), which were
beneficial for practical adsorption application in seawater. Subse-
quently, the adsorption performance of the obtained PIDO NF was
tested in both uranium spiked and non-spiked seawater, which
was collected from coastal water near the Boundary Island of the
South China Sea. Combined with the full coverage of imide
dioxime sites, the favourable characteristics of 3D porous archi-
tecture, excellent hydrophilicity, and high SSA, the PIDO NF
showed an adsorption capacity up to 951 mg g�1 in 8 ppm
uranium-spiked natural seawater. More importantly, the adsorp-
tion capacity of the PIDO NF for uranium reached 8.74 mg g�1

after 56 d contact with real seawater in the field column test,
which represented a high adsorption value among the fabric
adsorbents.

Building on this work, a modified aqueous solution blow
spinning (ASBS) strategy was developed by the same team for
the synthesis of PAO-based nanofibers (Fig. 11Ca).126 Similarly,
a pre-amidoximation process of PAN was carried out to prepare
the PAO precursor. While the amidoximation product PAO is
not soluble in deionized water, the good solubility of PAO in
alkaline solutions enables the possibility for the preparation of
PAO-based nanofibers from aqueous solutions, rather than an
organic solvent, which could avoid environmental impacts and
reduce the cost. Alginate (Alg) was then chosen as a supporting
component for hybrid nanofibers and a small amount of
polyethylene oxide (PEO) was employed as an accessory ingre-
dient to increase the spinnability of the polymer mixture.
Accordingly, PAO was mixed with Alg and PEO in an alkaline
aqueous solution to prepare the feed polymer solution, which
was fed to the nozzles and then stretched rapidly; the PAO/
Alg/PEO nanofibers were continuously deposited on a rolling
collector through the ASBS process (Fig. 11Cb). Furthermore,
an in situ crosslink treatment was performed by introducing
calcium chloride (5 wt%) solution into the PAO/Alg/PEO NFs to
enhance their water-stability and mechanical stability. At the
same time, PEO was washed out during the crosslinking
process due to its water-soluble property. Significantly, obvious
changes in morphology and structure were observed after
crosslinking, where the diameter of the dry fibers decreased
from 402.15 � 10.75 nm to 300.25 � 16.35 nm (Fig. 11Cc and d),
resulting in an increase of SSA from 5.8 m2 g�1 and 33.7 m2 g�1

for PAO/Alg/PEO NFs and PEO removed PAO/Alg NFs, respectively.
When investigated for uranium recovery, a saturation capacity of
892.77 mg g�1 and 8.42 mg g�1 was obtained for PAO/Alg NFs
from 8 ppm U-spiked seawater and 8 tons of non-spiked natural
seawater, respectively. These novel SBS strategies show great
potential in the preparation of new generation uranium adsor-
bents for UES.

Aside from reducing the diameter of trunk fibers, a novel
strategy to increase the SSA of the grafting chain was proposed
by Xu and co-workers to prepare high SSA AO-based polymeric
(H-ABP) fibers to increase the uranium adsorption capacity
while maintaining their mechanical properties.132 Specifically,
a 3D hierarchically porous H-ABP fiber was fabricated via self-
assembly of axial grafting chains. A two-step graft polymeriza-
tion was involved, including the RIGP of 2-hydroxyethyl acrylate
(HEA) onto a PE-coated PP fiber at a very low adsorbed dose
(10 kGy) followed by the Ce4+ initiated graft polymerization
(CIGP) of AN and AA onto the poly-HEA (PHEA) chains (Fig. 12A).
The latter process brought about axial grafting chains along the
trunk fibers rather than radial direction grafting chains generated
by RIGP, and the self-assembly of axial grafting chains and
subsequent amidoximation resulted in high SSA H-ABP fibers
(12.7 m2 g�1) with uniform functional polymer particles
(B500 nm in size) and a 3D hierarchically porous structure
(Fig. 12B). Remarkably, the adsorbent reached a record high
qU of 11.5 mg g�1 within 90 d of contact in natural seawater,
and a long service life of at least ten adsorption–desorption
cycles. The authors believed that this would contribute to
reducing the final uranium production cost.
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In a follow-up study, in order to maximize the functionality
of trunk materials, the same team selected UHMWPE fibers as
the backbone materials, and again employed the two-step co-
grafting polymerization involving the RIGP of HEA and AA on
the UHMWPE fibers followed by the CIGP of AN and AA onto
poly-HEA side chains (Fig. 12C),133 resulting in poly-AN-co-AA
(PAN) fibers with an interconnected open-pore architecture,
PAN nanoparticles and nano-channels. After amidoximation,
the fibrous AO-OpNpNc adsorbent was constructed. The fibers
exhibited properties of high SSA (11.1 m2 g�1) and inter-
connected open-pore architecture, providing numerous nano-
channels for the continuous mass transport of uranium. The
uranium adsorption capacity and stability of the AO-OpNpNc
fibers were investigated. When immersed in a lab-scale simu-
lated seawater system,71 a high qU of 15.98 mg g�1 was achieved
by the AO-OpNpNc fibers, which was higher than those of the
competing ions including V, Mg and Ca in the system
(Fig. 12Da). The adsorption capacity was found to increase with
the increase of DOG of poly-AN and AO density of the AO-
OpNpNc fibers, where an adsorbent with a DOG of 307 wt% and
an AO density of 7.7 mmol g�1 afforded a 100% uranium
uptake with a qU of 17.70 mg g�1 (Fig. 12Db). It was worthwhile

to mention that the adsorbent exhibited an extremely long
service life of at least 30 cycles in the simulated seawater system
(Fig. 12Da), in which the adsorption capacity remained in the
range of 16.33–13.28 mg g�1. This value represented the longest
service life of the currently reported uranium adsorbents
(Fig. 12De). The batch adsorption tests were also carried out
in natural seawater; a uranium capacity of 17.57 mg g�1 was
observed after three rounds of adsorption (Fig. 12Dc). Adsorp-
tion was also performed using a flow-through flume system
developed in the coastal marine areas of Raoping, Guangdong
Province, China. While the contamination of marine micro-
organisms was noted on the adsorbent’s surface after 90 d
of adsorption, an exceptional qU of 15.42 mg g�1 was still
obtained, which was higher than those of the competing ions
Fe, Co, Ni, Cu, Zn and Pb, except for V (Fig. 12Dd). Encoura-
gingly, a total of 5.6 g crude product of uranium was recovered
by the AO-OpNpNc fibers in a three-month test performed at
the Tropical Marine Biological Research Station in Hainan,
Chinese Academy of Sciences, Sanya, China (Fig. 12Df).

Hydrogels functionalized with appropriate ligands have
recently emerged as a new class of uranium adsorbents. In contrast
to most fibrous adsorbents with relatively hydrophobic and dense

Fig. 11 (A) (a) Schematic diagram of the two-channel parallel-blend electrospinning method for PAO/PVDF composite mat preparation. Reproduced
with permission.122 Copyright 2016, Royal Society of Chemistry. (b) The change in porosity of the PAO/PVDF mats as a function of PAO content; SEM
images of electrospun PAO/PVDF mats containing 56.6% (c) and 100% PAO (d). Reproduced with permission.121 Copyright 2015, Royal Society of
Chemistry. (B) (a) Schematic diagram of the pre-amidoximation with a SBS strategy for fabricating PIDO nanofibers; (b) photograph of a PIDO NF mat
collected with an air-permeable roller; SEM image (c) and photograph (d) of the PIDO NF mat; (e) photos of the PIDO mat and braid mounted in a Zwick
universal testing machine; and (f) photograph of a representative mechanical test for the wet PIDO NF mat. Reproduced with permission.125 Copyright
2018, Wiley-VCH. (C) (a) Illustration of the ASBS process for PAO/Alg NF mat preparation; (b) photograph of the obtained typical PAO/Alg NF mats; and
(c and d) SEM images of PAO/Alg NFs with different magnifications. Reproduced with permission.126 Copyright 2020, Wiley-VCH.
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structures, the loose hydrophilic 3D network of hydrogel-based
adsorbents could facilitate the diffusion of uranyl ions into their
inner structures.134,135 Moreover, the relatively simple preparation
process makes them attractive in the field of UES.136 Wang and
colleagues developed a series of hydrogel-based adsorbents to
explore their utility for UES.137–140 Typically, a PAO-embedded
hydrogel membrane was prepared through eco-friendly sun-
light (UV) polymerization.137 The obtained hydrogel membrane
exhibited a semi-interpenetrating structure and a hydrophilic
poly(acrylamide) 3D network to accommodate PAO (Fig. 13A).
Adsorption tests of the resultant semi-IPN-PAO hydrogels were
carried out in 8 ppm and 32 ppm uranium-spiked seawater,
yielding an outstanding qU of 718 � 16.6 mg g�1 and 1279 �
14.5 mg g�1, respectively. When immersed in natural seawater
in a flow-through system for 4 weeks, the hydrogel achieved an
uptake capacity of 4.87 � 0.38 mg g�1, indicating its potential
for UES.

In a follow-up study of the team,138 in order to increase the
content of PAO in the hydrogel’s structure to enhance the U
adsorption capacity, an ion-crosslinked supramolecular Zn2+-
PAO hydrogel membrane was designed and synthesized by
simply mixing the solutions of zinc chloride and PAO.
On account of the strong interaction between Zn2+ and two
AO anions (AO�), the PAOs were directly cross-linked by the
super-hydrophilic zinc ions that served as the cross-
linker, forming a 3D hydrogel network with a high content of

well-dispersed PAO (E96 wt% of the dry gel) and good hydro-
philicity (Fig. 13B). Consequently, the Zn2+-PAO hydrogel with
different ratios of mZn2+ : mPAO displayed high uranium adsorp-
tion capacities, and the sample with mZn2+ : mPAO = 4 : 100
exhibited a superior uptake of 1188 � 18.9 mg g�1 in 32 ppm
U-spiked water and 830 � 16.5 mg g�1 in 32 ppm U-spiked
seawater. The lower adsorption of the hydrogel in 32 ppm
U-spiked seawater was attributed to the existence of various
competing metal ions (e.g., Na, Ca, Mg, K, V, Fe, Co, Ni and Cu)
and high ionic strength. While the Zn2+-PAO hydrogel showed a
weaker affinity for other trace metal elements, it showed high
adsorption for V even more than uranium. This may be
ascribed to the transformation of a portion of AO groups to
cyclic imide-dioxime groups that have a high affinity for V.
Finally, the ability of this hydrogel membrane to recover
uranium from real seawater was examined with a continuous-
flowing system. After 4 weeks of adsorption, an enhanced
uranium adsorption performance (9.23 � 0.52 mg g�1)
was acquired, as compared with the semi-IPN-PAO hydrogel
(4.87 � 0.38 mg g�1).137

Very recently, inspired by the biological channels in plants, a
directional-channel PAO (DC-PAO) hydrogel was created to
improve the uranium extraction efficiency via the active pump-
ing of uranyl ions into the adsorbent (Fig. 13Ca).139 Oriented
channels were introduced into PAO through an ice-crystal
growth technique (Fig. 13Cb). The diameter of the channels

Fig. 12 (A) Schematic illustration of the synthesis process for H-ABP fibers: (a) preparation of H-ABP fibers with a controllable order morphology;
(b) structural evolution of grafted chains in H-ABP fibers induced by RIGP and CIGP; and (c) structural evolution of grafted chains in the ABP fiber induced
by RIGP. (B) SEM images of PE/PP (a1–3), PE/PP-g-PHEA (b1–3), PE/PP-g-PHEA-(PAA-co-PAN) (c1–3) and H-ABP (d1–3) fibers at different
magnifications, and ESEM image of the wet H-ABP fiber after being soaking in deionized water for three days (e1–3). (A and B) reproduced with
permission.132 Copyright 2019, Royal Society of Chemistry. (C) Schematic illustration of the synthesis process for AO-OpNpNc fibers. (D) Adsorption
performances of AO-OpNpNc fibers: (a) uranium adsorption capacity during 30 adsorption–desorption cycles with an initial uranium concentration of
330 ppb and coexisting ions; (b) the changes in uranium adsorption capacity and AO density as functions of different DOG of PAN; (c) uranium adsorption
capacities after different contact periods in natural seawater; (d) adsorption capacities of uranium and other co-existing ions (including V, Fe, Co, Ni, Cu,
Zn and Pb) after 90 d of adsorption in natural seawater; (e) comparison of uranium adsorption capacity and service life between AO-OpNpNc fibers and
other representative reported adsorbents for UES; and (f) photo of 5.6 g of uranium crude product recovered from the ocean. (C and D) reproduced with
permission.133 Copyright 2020, Royal Society of Chemistry.
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can be controlled by changing the solid contents of the
precursor solution (Fig. 13Cc). Additionally, the directional
channels of the DC-PAO hydrogel could be well-maintained
in seawater. This carefully-designed structure provided favour-
able transport channels for the rapid migration of uranyl ions
into the hydrogel networks, affording a high transpiration-
enhanced uranium adsorption ability together with an ultra-
efficient solar desalination performance. A significantly higher
adsorption capacity of 6.42 � 0.56 mg g�1 was achieved in the
natural seawater for 7 d, as compared to that of the channel-
less hydrogel (3.58� 0.39 mg g�1) and the DC-PAO hydrogel not
exposed to irradiation (4.69 � 0.42 mg g�1) (Fig. 13Cd).
Of particular interest, owing to the introduction of the direc-
tional channels, this plant-mimetic transpiration-enhanced
hydrogel exhibited a uranium adsorption rate of 0.917 mg g�1 d�1,
which was the fastest uranium adsorption rate among the AO-based
adsorbents reported at present. It is worthy of note that hydrogel-
based adsorbents containing some biological entities such as
specific proteins with ultrahigh selectivity for uranyl ion adsorption
were also developed by the Wang team,141,142 which will be elabo-
rately discussed in Section 3.2.

Furthermore, the rapid growth of membrane technology in
recent years offers an alternative choice of adsorbents for UES.
Novel porous membrane-based adsorbents have been con-
structed for UES due to their diverse operating modes, collec-
tion and recycle potential.143–145 A representative study by

Guo and co-workers reported the design and preparation of a
microporous polyphenol membrane which exhibited excellent
performances for uranium extraction in both laboratory
and field examinations.144 A biomass-derived microporous
membrane was synthesized by incorporating polyphenol func-
tionalities onto a commercially-available microporous poly-
amide (PA) membrane. When applied for uranium recovery,
the selective adsorption of uranium mainly occurs through the
formation of supramolecular uranium–phenolic networks on
the surface of the microporous PA membrane (Fig. 14A and B).
The potential application of the as-prepared polyphenol-
functionalized membrane for uranium extraction from simu-
lated seawater was evaluated. The uranium extraction efficiency
of the membrane was not significantly affected by the multiple
competing ions even at excess concentrations in simulated
seawater (Fig. 14C), demonstrating its satisfactory selectivity.
Based on the results of the laboratory test, marine field experi-
ments were further carried out in different sea areas in China.
Similarly, the polyphenol-functionalized membrane displayed
high selectivity, high extraction efficiency and high permeate
flux in the actual seawater test. After processing 10 L of seawater
from the East China Sea, a total uranium mass of 27.81 mg with
an extraction rate of 84% was acquired, and the extraction rate
could also reach more than 80% even after 10 extraction cycles
(Fig. 14D–F). The techno-economic analysis suggested that the
utilization of natural polyphenols significantly reduced the cost of

Fig. 13 (A) Schematic illustration of the fabrication process of PAO hydrogel membranes: (a) illustration of fabricating PAO semi-IPN hydrogel
membranes; (b) massively and directly fabricating PAO hydrogel membranes under sunlight; and (c) photos of self-supporting PAO hydrogel membranes.
Reproduced with permission.137 Copyright 2019, Wiley-VCH. (B) Schematic illustration of the ionic cross-linking of Zn2+-PAO supramolecular hydrogel
and the uranium-binding mechanism. Reproduced with permission.138 Copyright 2020, Wiley-VCH. (C) (a) Schematic of transpiration-enhanced uranium
extraction from seawater using a plant-mimetic DC-PAO hydrogel; (b) the preparation process of the DC-PAO hydrogel; (c) SEM images of the (b1)
cross-sectional view and (b2) longitudinal view of the dry hydrogel; and (d) uranium extraction performance of the DC-PAO hydrogel in natural seawater.
Reproduced with permission.139 Copyright 2021, Wiley-VCH.
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membrane synthesis (Fig. 14G). The deployment and cost of
uranium extraction from real seawater using a polyphenol-
functionalized membrane were estimated under the assump-
tion that different potential energy drives were used. Compared
with the passive adsorption of uranium in seawater, the inte-
gration of additional energy-driven systems with adsorbents

could improve the uranium extraction efficiency, offering a
promising solution to UES. Meanwhile, the results showed that
the final cost of uranium production could be significantly
reduced by integrating the membrane-based separation system
with a natural tide-driven process or a desalination plant-
integrated process (Fig. 14H).

Fig. 14 The preparation and adsorption performances of polyphenol-functionalized membranes. (A) SEM image of PIM membranes before and after
polyphenol-functionalization and scheme highlighting uranium adsorption and recycle of the membranes. The uranium–phenolic network constructed
from uranium and polyphenol building blocks is also presented. (B) Schematic illustration of the complex seawater environment containing various co-
existing metal ions. (C) Extraction efficiency for uranium in the presence of various competing ions. (D) Marine field study site location on the local map of
the East China Sea. (E) Extraction rate and uranium extraction mass by three layers of polyphenol-functionalized membranes under different seawater
flow volumes. The half-wave rectified alternating current electrochemical (HW-ACE) method and conventional physicochemical adsorption approaches
were used to compare polyphenol-functionalized membranes. (F) Extraction mass/moles of various metal ions after processing 10 L seawater. The inset
displays the change in uranium extraction rate during 10 extraction cycles. (G) Scheme and material cost analysis of a polyphenol-functionalized
membrane system for uranium extraction. (H) Schematic representations and combined cost analysis of three different routes that could potentially
be applied in practical applications of polyphenol-functionalized membranes for uranium extraction. Reproduced with permission.144 Copyright 2019,
Royal Society of Chemistry.
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Inspired by the high mass transfer efficiency of ubiquitous
natural fractal networks, a biomimetic porous membrane
based on AO-functionalized polymers of intrinsic microporosity
(PIMs)146 with hierarchically porous structures and rich binding
sites was developed by Wen and colleagues.145,147 The membrane,
labeled AO-PIM-1, was fabricated by a non-solvent-induced phase
separation method, resulting in a large number of interconnected
multiscale channels (Fig. 15A). When employed for uranium
extraction, a two-step adsorption behaviour was observed where
uranium first entered the membrane through the artificial macro-
pores on the surface, and then diffused into smaller biomimetic
branching channels. Ultimately, uranium was conveyed to the
intrinsic micropores of the polymer where adsorption occurred.
This design allowed the high mobility of uranium in the AO-PIM-1
membrane while maintaining the high SSA for improving the
uranium adsorption potential. Adsorption experiments were sub-
sequently carried out to evaluate the practical performances of the
AO-PIM-1 membrane. Upon being immersed in uranium-spiked
water, an obvious colour change from white to yellow by the

naked eye was captured due to the successful uranium uptake.
The emergence of characteristic double peaks of U 4f5/2 and U
4f7/2 in the XPS spectrum of the membrane after adsorption
further verified the presence of uranium on the membrane
surface (Fig. 15B). The adsorption kinetics results confirmed
the two-step adsorption process of uranium on the hierarchically
porous AO-PIM-1 membrane, and the saturated adsorption
capacities of the membrane with respect to the 8 ppm, 16 ppm
and 32 ppm uranium-spiked solutions were 124.17 mg g�1,
197.92 mg g�1 and 345.94 mg g�1, respectively, after 50 h
adsorption (Fig. 15C). Compared with the solution-cast
membrane with only intrinsic microporosity, a 20-fold higher
uranium adsorption capacity was observed owing to the rapid
diffusion of uranium species in the biomimetic membrane with
hierarchical structures and high SSA (Fig. 15D). Additionally,
the AO-PIM-1 membrane exhibited an adsorption capacity
of 9.03 mg g�1 from natural seawater after four weeks, and
no perceptible decrease of the capacity was observed after
five adsorption/desorption cycles. This work provides a new

Fig. 15 Uranium adsorption on the biomimetic porous membrane based on AO-functionalized PIM-1 with a hierarchically porous structure inspired by
natural fractal networks. (A) Schematic illustration of the bioinspired hierarchically porous membrane, and mechanism of the two-step adsorption
behaviour of uranium by the membrane where aqueous uranium molecules first entered the membrane through the artificial macropores on the surface,
and then diffused into the smaller biomimetic branching channels, and ultimately conveyed to the intrinsic micropores of the polymer where adsorption
occurred. (B) Digital photographs (top) and XPS profiles (bottom) of the AO-PIM-1 membrane before and after uranium loading. (C) Adsorption kinetics
data of uranium on the AO-PIM-1 membrane in uranium-spiked water samples with different initial uranium concentrations. (D) Comparison of
adsorption kinetics data between the AO-PIM-1 membrane and two types of solution-cast membrane in 32 ppm uranium-spiked solution. Reproduced
with permission.145 Copyright 2022, Springer Nature.
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concept for membrane design inspired by biological structures
for uranium enrichment.

As discussed above, AO-functionalized polymeric adsorbents
for UES can be shaped into diverse forms by various polymeri-
zation methods and processing techniques.148–153 Constant
efforts are being made to improve their structures and morpho-
logies for promoting their adsorption ability towards uranium
in seawater. Currently, polymer fiber-based adsorbents are
considered to be the most ideal form for UES because of their
robust structure and easy deployment for marine engineering.
The employment of advanced processing techniques allows the
preparation of ultrafine AO-functionalized fibers with high SSA.
However, the trade-off between these structural advantages and
mechanical strength needs to be considered. The development
of hydrogel-based adsorbents for UES is an active attempt,
considering the simple synthesis of hydrogels with hydrophilic
3D networks. Nevertheless, owing to their low mechanical
strength and salt resistance, whether hydrogel materials can
meet the requirements of field tests of UES remains to be
further explored. In addition, exploiting the membrane tech-
nology for UES is still in its infancy. On the one hand, functio-
nalized membranes with high affinity and selectivity to
uranium are scarcely reported, not to mention the biofouling
problem. On the other hand, energy-consuming systems are
required to be integrated with the membrane modules. Thus, a
rigorous techno-economic analysis of the membrane-assisted
UES system needs to be made.

3.2. Strategies for improving selectivity

The ocean is a high-salinity ecosystem due to the existence of
various metal ions (e.g., Na+, K+, Mg2+, Ca2+) with much higher
concentrations than uranium. The binding ability of uranium
adsorbents is found to be significantly inhibited in such a
competitive environment.154 Particular attention has been
given to vanadium (V), which represents one of the strongest
competitors of uranium in seawater. Even with a relatively
lower concentration (B1.9 ppm) than uranium in seawater,155

V is more strongly bound to AO-functionalized adsorbents,
leading to a decrease in their adsorption capacity towards
uranium.110 Thus, shaping adsorption materials with selectivity
to uranium remains one of the fundamental challenges for
UES. In recent years, several intriguing strategies have been
developed to endow adsorbents with high selectivity to uranyl
ions, including utilization of ion imprinting technology, bio-
inspired ligands based on protein engineering, and synergistic
chelation approaches, which will be comprehensively described
and analyzed in this section.

3.2.1. Ion imprinting technology. Ion recognition is a
phenomenon that can be envisaged as the preferential binding
of an ion to a ‘‘receptor’’ with high selectivity over closely
related structural analogues.156 Ion imprinting technology
(IIT) is associated with this concept, which is often described
as a method of making an ion lock to match an ion key. The
recognition is introduced by template ions during the polymeri-
zation based on the shape and size of template ions and the
affinity of functional groups. With the construction of selective

recognition sites in synthetic polymers by removing some or all
of the introduced ion templates, IIT offers a principle-based
approach for boosting the recognition specificity.157 This con-
cept has been elegantly translated into uranyl ion imprinting
techniques, enabling the formation of specific uranium recog-
nition sites in synthetic polymers by using uranyl ion tem-
plates. Polymeric adsorbents with high selectivity to uranyl ions
can thus be developed. The uranyl ion imprinting technique
has emerged as one of the effective ways to promote the
selectivity of uranium adsorbents.

To create ion-imprinted polymers (IIPs), two steps are typi-
cally involved in which the imprinted ions are first introduced
during the cross-linking polymerization of the chelating mono-
mers, followed by the elution of the imprinted ions, yielding
polymeric network materials with pores that are comple-
mentary in shape, size and ligand orientation to those of the
template ions (Fig. 16A).158 The memory effect produced by the
preparation process of IIPs endows the adsorbent materials with
specific recognition sites, high binding capacity and selectivity
towards the target uranyl ions. Numerous efforts have been made
for the preparation of uranyl ion-imprinted polymers while evalu-
ating influencing factors, such as the type of chelating ligand,
cross-linker, and initiator. Chelating ligands play a pivotal role in
the synthesis of IIPs by providing functional groups to bind with
uranyl ions to form pre-polymerization complexes.159 The affinity
of the ligand for uranyl ions directly affects the affinity of IIPs,
which determines the selectivity of the recognition site.160

In earlier studies, several typical chelating ligands such as
succinic acid (SA), 5,7-dichloroquinoline-8-ol (DCQ), 4-vinyl-
pyridine (4-VP), salicylaldoxime (SALO), and 2,4-dioxopentan-
3-yl methacrylate (Fig. 16B) were screened for UES.161–163 In all
cases, these IIPs showed improved uranium extraction capacity
compared with the corresponding non-imprinted polymers.
Good selectivity to uranium was observed, achieving 499%
extraction of uranium over a wide range of cations with
different valence states, including Ni2+, Co2+, Mn2+, Zn2+,
Cu2+, Fe3+ and Th4+. Unfortunately, the bonding force of these
functional monomers towards uranium was not strong enough,
and the resultant IIPs only showed moderate uptake for uranium.
In the polymerization process, a cross-linker is utilized to fix the
monomers around the templates, which also play an important
role in delivering mechanical stability and controlling the particle
size, porosity and uniformity of IIPs. Divinylbenzene (DVB),
2-hydroxyethyl methacrylate (HEMA) and ethylene glycol
dimethacrylate (EGDMA) were three commonly used cross-linkers
for the preparation of uranyl ion-imprinted polymers.162,164

Interestingly, a novel method for preparing IIP adsorbents
without introducing a crosslinking reagent was proposed.165

Firstly, AO-functionalized UHMWPE fibers were loaded with
template uranyl ions, and then radiation-induced crosslinking
was performed instead of using a crosslinking reagent. The
AO-Imp fibers were obtained after the elution of uranyl ions
(Fig. 16C). Because of the high binding capacity of AO ligands
to uranium and the special complementary structure brought
by IIT, the AO-Imp fibers exhibited lower adsorption for other
metal ions, such as V, Fe, and Co, compared with uranium.
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Nevertheless, a limited adsorption capacity (1.0 mg g�1) of the
AO-Imp fibers for uranium was observed during the test in the
simulated seawater.

Additionally, the selection of an appropriate polymerization
procedure is vital to produce IIPs with desirable properties.
Bulk polymerization has been widely applied in the imprinting
process. However, the resultant IIPs always suffer from the
nonuniform distribution of particle size, swelling and shrink-
age effects, and skeleton distortion.157 Much attention has been
shifted to improving polymerization techniques to overcome
these problems. For instance, Zhang and colleagues prepared a
surface ion-imprinted PP nonwoven fabric (SII-PNF) by copoly-
merizing 4-vinylbenzyl chloride (4-VBC) and 1-vinylimidazole
(VI) in the presence of template ions ([UO2(CO3)3]4�), and then
eluting the template ions with EDTA solution (Fig. 16D).166

After contact with a uranium aqueous solution, the recognition
cavities complementary to the template ions formed in the
polymer matrix provided a maximum adsorption capacity of
133.3 mg g�1 within 15 h at pH 8.0. Besides, the SII-PNF
indicated higher selectivity towards uranium with a high Kd

value of 201 over vanadium (Kd = 98.8) and other competing
ions such as Zn2+, Cu2+, Co2+, Ni2+, and Fe3+ (Kd o 10).

As mentioned above, owing to their large surface areas, well-
defined porosities, modular structure and reticular variety,
porous organic frameworks are favourable platforms to
incorporate functionalities for developing adsorbents.167 The
adsorbents employing porous frameworks as the scaffolds
and chemically grafting uranyl complexing moieties inside

the pores have revealed good performance in terms of adsorp-
tion capacity and adsorption rate.95,168 However, they lack
selectivity in the presence of interfering ions in seawater.
In this regard, the introduction of molecular imprinting
technology (MIT) into porous skeletons to afford molecularly
imprinted polymers with tailor-made binding sites provides an
intriguing route to overcome the limitation (Fig. 17A).169,170

The first study on the integration of MIT into PAF structures
(MIPAF) via state-of-the-art coupling chemistry was reported by
Zhu and co-workers,171 where a uranyl-coordinating complex
was doped into a PAF framework to give a MIPAF. Specifically,
a UO2

2+-imprinted complex consisting of SALO, MA, and 4-VP
through free assembly was first prepared, and a series of PAF
networks were subsequently constructed using the prepared
complex together with 1,3,5-tris(4-bromophenyl)benzene and
p-DVB via the Heck coupling reaction. After removing template
UO2

2+ ions, the resulting structures (MIPAF-11c) provided sui-
table anchors able to achieve a desired local bonding geometry
that was specific to UO2

2+ (Fig. 17Ba–c). Combined with the
large accessible surface area (182 m2 g�1), MIPAF-11c afforded a
uranium uptake of 37.28 mg g�1 in a standard UO2

2+ solution
containing 20 ppm UO2

2+, which was nearly 4-fold higher
than the capacity of traditional MIPs prepared in the control
experiment. A uranium capacity of 35.44 mg g�1 was also
captured from the 7.05 ppm UO2

2+ spiked simulated seawater.
Remarkably, the MIPAF-11c material achieved an unprece-
dented selectivity coefficient (Kd) over 746 (UO2

2+/Fe3+) in
a mixed aqueous solution with a variety of interfering ions

Fig. 16 (A) Schematic illustration of the typical preparation process for UO2
2+-templated IIP. Reproduced with permission.162 Copyright 2013, Springer

Nature. (B) Common chelating ligands, cross-linkers, and initiators used in IIP synthesis for UES. (C) Schematic illustration of the preparation of AO-Imp
fibers based on radiation-induced crosslinking. Reproduced with permission.165 Copyright 2019, Royal Society of Chemistry. (D) Schematic illustration of
the fabrication of the SII-PNF adsorbent. Reproduced with permission.166 Copyright 2017, American Chemical Society.
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(Li+, Na+, K+, Ca2+, Mg2+, Co2+, Mn2+, Zn2+, Cu2+, Cd2+, Ni2+, Al3+,
Fe3+, and CrO4

2+) (Fig. 17Bd), and a high Kd of 171 (UO2
2+/V3+)

in a simulated seawater (salinity of 30) with various inorganic
interferents (Na+, K+, Ag+, Ca2+, Mg2+, Sr2+, Sc2+, Cd2+, V3+, Cl�,
SO4

2�, MoO4
2� and WO4

2�) (Fig. 17Be).
Building on this work, for improving the adsorption capacity

while maintaining high selectivity, an imprinted complex
(uranyl-specific bis-SALO entity) with a predetermined con-
figuration of oxime fragments was designed by the same
group,172,173 which was then tethered onto the PAF skeleton
through hydrogen bonding (Fig. 17Ca). In terms of spatial
structure, the configuration of the as-prepared imprinted
complex is consistent with the fragment of PAF-1, and after
releasing template uranyl species, the imprinted sites preserved
their structural integrity via p–p interactions and direction
for uranium rebinding (Fig. 17Cb). The tailor-made binding
configuration where two SALO molecules bound with one
uranyl species and a high SSA of 412 m2 g�1 endowed the

resultant MISS-PAF-1 adsorbent with a maximum uranium
adsorption uptake of 79.80 mg g�1 and an unprecedented
selectivity coefficient of over 821 for (UO2

2+/Co2+) in an aqueous
solution containing 7 ppm uranium and various interfering
metal ions. The selectivity performance was much higher than
those of the aforementioned IIPs (Fig. 17Cc). When contacted
with 7.05 ppm UO2

2+ spiked simulated seawater, MISS-PAF-1
exhibited an uptake of 73.26 mg g�1 with a selectivity coeffi-
cient of 113 (UO2

2+/V3+) (Fig. 17Cd). Finally, an adsorption
capacity of 5.79 mg g�1 for uranium was acquired after incuba-
tion for 56 days under shaking in the non-spiked real seawater
from the Bohai Sea, China.

More recently, a particularly interesting study from the
Wang team reported the integration of MIT into MOF structures
to investigate their performances for UES.174 In this work, uranyl-
imprinted MOF materials (MUUim) were designed through the
in situ synthesis strategy where uranyl ions were introduced into a
structure containing carboxyl and hydroxyl functionalities derived

Fig. 17 (A) Illustration of a traditional approach using simple coordination ligands and a template strategy using a coordination complex for capturing
uranium. Reproduced with permission.172 Copyright 2019, American Chemical Society. (B) (a) Building units used for the construction of MIPAFs;
schematic illustration of the preparation route for MIPAF-11a (b) and MIPAF 11b–11d (c) via the Heck-coupling reaction; adsorption capacities of UO2

2+

against different interfering ions in a mixed aqueous solution (d) and in the simulated seawater (salinity of 30) (e). Reproduced with permission.171

Copyright 2018, Wiley-VCH. (C) (a) Schematic illustration of the preparation route for MISS-PAF-1; and (b) possible patterns of a coordination complex
fixed onto the MISS-PAF-1 skeleton (top) and comparison of coordination bond lengths for uranium and vanadium complexes (bottom); (c) comparison
of uranium saturation uptake and ion selectivity between MISS-PAF-1 and other reported materials; and (d) adsorption selectivity of UO2

2+ against various
interfering ions for MISS-PAF-1 in simulated seawater. Reproduced with permission.172 Copyright 2019, American Chemical Society.
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from the classic UiO-66 type MOF during the synthesis process.
The uranyl ions in MUUim and MUUad were found to coordinate
with the carboxyl group by forming four coordination bonds, and
the formation of hydrogen bonds between the axial oxygen of
the uranyl and the phenolic hydroxyl group was demonstrated,
endowing the adsorbents with potential binding capacity. After the
imprinted ions were eluted, the MOF material (MUUre) showed a
high uranium extraction capacity of 7.35 mg g�1 after contacting
with natural seawater for 16 days, which was 18.38 times higher
than that of vanadium, revealing its good selectivity. Attributed
to the pre-addition of uranyl, the most suitable local nanocage
structure for targeting uranyl ion binding was acquired, which
endowed the adsorbents with significant uranyl binding affinity.
Meanwhile, the tunability of porous framework materials offers
opportunities for future optimization. It is envisioned that the
attractive IIT/MIT synthetic strategies could be utilized in diverse
porous materials that have tunable structures and varying pore
shapes, generating specific binding sites to complement template
uranyl ions and thus allowing for improvement in adsorption
capacity and selectivity.

3.2.2. Biological protein engineering. The rapid develop-
ment of synthetic biology offers innovative approaches to
engineering new biological systems or re-designing existing
natural biological systems.38,175 Chemists have drawn inspira-
tion from studies in synthetic biology in recent years to develop
functional biomaterials with specific recognition of target
molecules. In the area of UES, an intriguing way is to exploit
genetically-engineered protein molecules that display high
affinity and selectivity to uranyl ions.176 Actually, the idea of
exploring biological systems for UES can be traced back to a
communication published in 1973,177 in which Heide and
Wagener first proposed the concept of using unicellular green
algae for UES. Unfortunately, these microorganisms displayed
poor performance, and the idea was shelved due to the lack of
genetic engineering approaches at the time to reveal the under-
lying mechanism while optimizing the biological systems.
Thanks to advances in protein engineering, renewed interests
have emerged over the past decade in the engineering of
biological systems including peptides and proteins with intri-
guing properties for selective recognition of uranium from
seawater.141,142,178–184

For this concept, Zhou et al. developed a computational
program named URANTEIN to screen proteins with potential
binding affinity for UO2

2+ in the Protein Data Bank (PDB).178

After the initial screening, more than 5000 hits were identified.
Then the hits were further selected according to their potential
stability, steric clashes in the predicted coordination site,
and accessibility of the binding site. Ten promising candidate
proteins were screened, of which nine proteins were well
expressed and four proteins exhibited binding to uranyl.
Finally, a super uranyl binding protein (labeled SUP) was
designed by inducing several mutations in Methanobacterium
thermoautotrophicum, offering high selectivity to uranyl with
a Kd of 7.4 fM and an excess of 10 000-fold selectivity over other
metal ions (e.g., Na+, Mg2+, K+, Ca2+, Sr2+, Rb+, Ba2+, VO2+, Pb2+,
Ni2+, Zn2+).

A subsequent study was performed to study the uranyl-SUP
system via a combination of DFT, MD, and free-energy
simulations.180 It was reported that the binding affinity and
selectivity of SUP to uranium were determined by three factors,
including the interaction of the amino acid residues in the first
shell, the integrity of the second-sphere hydrogen bond net-
work, and the number of water molecules in the first coordina-
tion sphere. The advantage of this novel mechanism for UO2

2+

binding led to the design of a further optimized SUP, specifi-
cally the GLU64ASP mutant, which was discovered to show a
stronger binding capacity and selectivity towards UO2

2+ than
SUP.180 However, fundamental challenges remain regarding
the viable deployment of these engineered proteins.

In this sense, a strategy to integrate SUP proteins with high
selectivity into high-order molecular architectures offers a
plausible solution to this challenge.184 Benefiting from the
concept of covalent protein assembly tools such as genetically
encoded click chemistry (GECC) and genetically encoded
SpyTag–SpyCatcher chemistry,182,185,186 Sun and co-workers
demonstrated the feasibility of covalently stitching SUPs into
hydrogel materials181,187 and protein nanofilms188 capable of
selective metal ion sequestration. Specifically, SUP proteins
were integrated into macroscopic hydrogel materials through
the ‘‘click chemistry’’ of thiol-maleimide, and droplets of SUP
hydrogels were subsequently processed and cured into mono-
disperse SUP microbeads with a uniform radius of 165 mm via
microfluidic technologies.181 The final monodisperse SUP
hydrogel microbeads displayed active binding to uranium,
affording a higher enrichment index for uranium over other
metal ions (Na+, Mg2+, K+, Ca2+, and Sr2+). However, these SUP
hydrogel microbeads showed moderate adsorption for uranium
(0.0092 mg g�1) upon contact with the spiked seawater con-
taining 13.7 nmol L�1 uranium.

In a later work, Yang et al. designed a genetically encoded
protein polymer through the embedding of the SUP and
the monomeric streptavidin into the polymer based on the
SpyTag–SpyCatcher chemistry.182 By optimizing the number of
Spy motifs in each monomer and the molar ratio between
SpyTag (a 13-residue peptide) and SpyCatcher (a 116-residue
domain), a Spy-SUP network with a 3D structure and a relatively
low cross-linking degree was obtained, which was more per-
missive to the passage of uranyl ions. The polymer network
demonstrated enhanced uranium adsorption by 10% through
the immobilization of the SUP, which was ascribed to the
electrostatic interaction and hydrodynamic resistance of the
polymer in solution. Finally, another functional module (mSA)
was introduced and the Spy-SUP-mSA polymers achieved
50–60% uranium removal rates after incubation and magnetic
bead treatment in the uranium spiked water samples. Addi-
tionally, the embedding of mSA allowed uranyl retrieval without
the need for centrifugation.

Wang and colleagues recently reported a series of modified
SUP-based adsorbents for selective binding of uranium.141,183

Inspired by the high tensile strength and high elasticity of
spider silk fiber, a chimeric spidroin-based SUP (SSUP) was
constructed by fusing the SUP with spidroin, and further spun
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into protein fibers via a biomimetic spinning technology
(Fig. 18Aa–c).183 The freshly prepared wet SSUP fiber exhibited
a water-rich hydrogel-like structure and a diameter of 220 � 8 mm
with a white colour, which shrank to 21 � 8 mm after drying in
air due to the change in water content and protein conforma-
tion (Fig. 18Ad and e). Moreover, the spider silk protein
component gave the SSIP fiber high mechanical properties,
with a tensile breaking strength of up to 128.26 MPa. The water-
rich hydrogel-like structure of the wet SSUP fiber could provide
abundant hydrophilic intermolecular space for the entry of

uranium (Fig. 18Af), affording fast uranium adsorption within
30 min with a saturation capacity of 15.91 mg g�1 in 16 ppm
uranium-containing simulated seawater. When tested in a flow-
column system with natural seawater, a fast saturation time of
3.5 days with a uranium uptake of 12.33 mg g�1 was observed,
which was more than 6 times that of vanadium, indicating its
high selectivity to uranium.

Inspired by the similarity of the 3D structure of SUP to that
of spidroin (Fig. 18Ba), the same group replaced the spidroin
in SSUP with SUP and constructed a novel dual-SUP (DSUP)

Fig. 18 Strategies for developing a spidroin-based protein fiber for selective binding of uranium: (A) (a) the domain composition of the SSUP fiber;
(b and c) the synthesis of the SSUP fiber via biomimetic spinning technology; (d) morphology of the wet SSUP fiber; (e) SEM images of the dried SSUP fiber
and the fracture surface of the dry fiber; and (f) the water-rich hydrogel-like structure of the wet SSUP fiber and its shrinkage after drying in air.
Reproduced with permission.183 Copyright 2019, Wiley-VCH. (B) (a) Comparison of the 3D structures of spidroin and SUP; (b) the domain composition
and uranium binding mechanism of the DSUP fiber; (c) the spinning process of the DSUP fiber; (d) photo of the loofah-shape of the DSUP fiber;
(e) adsorption kinetics data for uranium and other competing ions in natural seawater; and (f) comparison of the uranium uptake capacities of different
adsorbents in natural seawater. Reproduced with permission.141 Copyright 2020, Wiley-VCH.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 3
0 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

0/
20

23
 1

0:
18

:3
2 

PM
. 

View Article Online

https://doi.org/10.1039/d2cs00595f


122 |  Chem. Soc. Rev., 2023, 52, 97–162 This journal is © The Royal Society of Chemistry 2023

chimeric protein containing two copies of SUP, which was
subsequently spun into a protein fiber (Fig. 18Bb and c).141

The freshly prepared wet DSUP fiber exhibited a white colour
with a diameter of 300 � 11 mm, which shrank to 22 � 2 mm
after drying in air. Through the cross-interaction of protein
nanofibers, DSUP hydrogel fibers presented a loofah-like struc-
ture (Fig. 18Bd), which exposed numerous functional uranium
chelating sites, and the abundant connecting points between
the nanofiber shared the tension, endowing the DSUP with
outstanding mechanical properties. Remarkably, a significant
improvement in the maximum adsorption capacity of the DSUP
(25.73 mg g�1, obtained at pH 5.0) for uranium was observed,
compared with that of SSUP (11.92 mg g�1, obtained at pH 6.0),
which was ascribed to the increasing uranium binding sites by
the replacement of spidroin. Fast uranium adsorption within
30 min but with a higher saturation capacity of 26.40 mg g�1 in
16 ppm uranium-containing simulated seawater was captured
for the DSUP. Moreover, when the DSUP was placed into
columns filled with natural seawater, it achieved an ultra-
short saturation time of 3 days and an unprecedented uranium
uptake capacity of 17.45 mg g�1 (Fig. 18Be and f). To date, this
value has remained the highest uranium adsorption capacity
reported in natural seawater. Meanwhile, the DSUP also shows
excellent selectivity to uranium in the presence of other inter-
fering metal ions (e.g., V, Cu, Fe and Zn) in natural seawater
(Fig. 18Be).

In their follow-up work, owing to the specific recognition of
uranyl, the DNAzyme was utilized as an aptamer polymerized
into a DNA hydrogel (DNA-UEH) through rolling circle ampli-
fication (RCA) technology, for selective recognition of uranyl
ions in seawater.142 Measurements were made in uranium
spiked simulated seawater with a uranium concentration of
8 ppm at pH 5.0, with an equilibrium adsorption capacity of
13.71 mg g�1 obtained after interacting for 24 min. Besides,
impressive selectivity was observed for uranyl over other com-
peting ions present in seawater, even when added in more than
100 times excess. Deployment of the hydrogel DNA-UEH in
natural seawater resulted in a high adsorption capacity of
6.06 mg g�1 in 6 days, which was 17.95 times higher than that
of vanadium. Finally, mechanistic studies demonstrated that
the oxygen atoms from the phosphate and carbonyl groups
of the DNA molecule coordinate with uranium atoms to form
a five-coordination DNA nano-pocket structure, which was
responsible for its high affinity and high selectivity to uranyl.

To sum up, considerable efforts have been put into investi-
gating the potential of biological substances for developing
effective adsorbents with specific recognition of uranyl ions.
The diversified functional groups, such as carboxyl, amino,
phosphate and hydroxyl, in proteins, DNA and some other
biological macromolecules participate in uranyl binding in a
synergistic mode, which affords a unique ability for uranium
recognition. Nevertheless, for a realistic application in UES,
there remain significant challenges for the feasible deployment
of these biomacromolecule-containing adsorbents. Besides,
obstacles also lie in their high cost caused by the complicated
preparation procedures and the depletion in the biological

systems of oceans. Thus, more research is needed to demon-
strate the feasibility of this class of biology-based adsorbents.

3.2.3. Artificial uranyl nanotraps. Developing synthetic
adsorbents with high selectivity to uranyl ions for UES has
been the pursuit of chemists for years. Initially, substantial
efforts were made to improve the selectivity of AO-function-
alized adsorbents based on the solution coordination chemistry
of uranium, highlighting the methodologies to address the
strong competition from vanadium ions in seawater. The
dominant factors that determine the selectivity of metal ions
were investigated through both theoretical and experimental
techniques.52,189–192 It is discovered that vanadium has unu-
sually strong binding capacity with cyclic imide-dioxime, which
is responsible for the higher adsorption of vanadium than most
other cations existing in seawater.190 With that in mind, crystal-
lographic research has suggested that modifying the R-groups
of AO moieties could influence the coordination modes of
uranium and vanadium, offering a potential rote to discrimi-
nate the two and other possible cations in seawater.191

Meanwhile, an intriguing bio-inspired route that emerged
recently for developing selective uranium adsorbents is based
on biological protein engineering as detailed in Section 3.2.2.
Since the identified uranyl binding biomacromolecules rely on
the collaborative chelating effect of diverse functional groups,
researchers have realized that, instead of relying on single
strong binding from a randomly oriented site, the rational
design and appropriate spatial arrangement of binding sites
that allow collaborative chelation could be a promising strategy
for improving the affinity to uranium.193–195 Specifically, the
preorganization of the binding sites enables the formation of
artificial uranyl nanotraps to achieve the specific recognition of
uranium (Fig. 19A).196

Intrigued by this concept, Ma and colleagues experimentally
demonstrated the management of the spatial distribution
of binding sites in adsorbents and realized their synergistic
binding towards uranium.193 Several adsorbents were designed,
aiming at establishing a correlation between the adsorption
performances and the spatial distribution of chelating groups in
adsorbents. In this contribution, phosphorylurea ligands were
chosen as chelating groups and POPs as the support, which
allowed manipulating the compositions and local environments
with high fidelity. Accordingly, various amine moieties including
aniline, 2,20-biphenyldiamine, and [1,10:40,100-terphenyl]-20-amine
were first installed on the polymerizable vinyl group, followed by
the polymerization of these monomers to obtain amino polymers,
which were subsequently converted into phosphorylurea-derived
polymers (denoted POP1-PO3H2, POP2-PO3H2 and POP3-PO3H2,
respectively) (Fig. 19B) through treatment with diethoxyphos-
phinyl isocyanate and hydrolysis reactions. The coordination
between the phosphorylurea functionalities and uranium species
was first confirmed through spectroscopic techniques. Then, the
adsorption performances for uranium of the as-prepared adsor-
bents were evaluated. It was observed that the adsorbent with
chelating groups populated adjacently in a spatially locked
manner (POP2-PO3H2, Kd B2.5 � 108 mL g�1) displayed up to
two orders of magnitude improvement in selectivity towards
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uranium compared to a random and isolated manner (Kd B1.8 �
107 and B1.5 � 106 mL g�1 for POP1-PO3H2 and POP3-PO3H2,
respectively). This discrepancy in binding affinity to uranium
confirmed the role of ligand distribution in the adsorbents.
Furthermore, the rational arrangement of ligands can exert a
synergistic binding effect, and thus enhance binding affinity.
Upon contact with synthetic seawater, the POP2-PO3H2 adsorbent
displayed superior extraction efficiency, affording an uptake
capacity of 304 mg g�1, while POP1-PO3H2 and POP3-PO3H2

showed lower uptake capacities of 216 mg g�1 and 105 mg g�1.
After 56 d in natural seawater, a uranium recovery capacity of
5.01 mg g�1 was achieved for POP2-PO3H2.

Building on this work, the same group further improved the
strategy of collaborative binding through experimental and
theoretical analyses. A series of smart adsorbents with uranyl-
specific ‘‘hooks’’ were designed and fabricated by precisely
manipulating the functional moieties in the adsorbents at the
molecular level to achieve high affinity and selectivity for
uranium.194 POPs were selected again as adsorbent materials,
while AO ligands were chosen as chelating sites. A series of
diamidoxime ligands with various R groups as specific ‘‘hooks’’
for uranyl recognition were decorated on the nanospace of
POPs to afford uranium nanotraps, namely POP1-AO, POP2-
AO, and POP3-AO, respectively (Fig. 19C). Upon exposure to
uranium solutions, the resulting POPs displayed dissimilar
coordination abilities towards uranium. Steeper adsorption
for POP1-AO was observed at low uranium concentration and a

higher Kd value was acquired for POP1-AO (Kd = 1.1� 106 mL g�1),
compared to those of POP2-AO (Kd = 3.2 � 105 mL g�1) and POP3-
AO (Kd = 1.4 � 105 mL g�1), indicating the stronger binding
affinity of POP1-AO towards uranium. Competitive adsorption
experiments were subsequently carried out by exposing the POPs
to mixed solutions spiked with uranium and vanadium. The
decreasing uranium concentration was detected and 65%, 51%,
and 22% uptake capacities were demonstrated by POP1-AO,
POP2-AO, and POP3-AO, respectively (Fig. 19Da). The Kd value of
POP1-AO for U was determined to be more than three times
greater than that for V, while POP2-AO exhibited comparable Kd

values for U and V, and POP3-AO showed a higher binding affinity
towards V than that for U (Fig. 19Db), confirming the effectiveness
of controlling the R group to enhance the collaborative binding to
uranium. The recycle performances were also tested where the
performance of POP1-AO could be maintained for ten consecu-
tive cycles, while obviously decreased uptake performance was
observed for POP2-AO and POP3-AO (Fig. 19Dc). Additionally, the
adsorption capacity in natural seawater was evaluated and the
results indicated that the optimized uranium nanotrap could
extract more than one-third of the uranium in seawater. The
qU of POP1-AO could reach 8.4 mg g�1 after 56 d, affording an
enrichment index of 3836. These results suggested that the
collaborative chelation of ligands might be a promising design
principle for creating highly-selective uranium adsorbents.197

An interesting follow-up study by the Wang group involved
MOF adsorbents decorated with carboxyl and amino groups,

Fig. 19 (A) Schematic illustration of the design of a high-affinity and selective uranium nanotrap inspired by the protein biological system. (a) Uranyl-
binding pocket details of the SUP protein. (b) The designed structure of a uranyl-binding moiety inspired from (a). (c) Overview of the crystal structure of
the uranyl complex in (b). (d) The construction of a selective uranium nanotrap that allows the enrichment of uranium over other metals. Reproduced
with permission.196 Copyright 2019, Elsevier. (B) Schematic illustration of the structures of various phosphorylurea functionalized polymers including
POP1-PO3H2, POP2-PO3H2 and POP3-PO3H2. Reproduced with permission.193 Copyright 2021, Wiley-VCH. (C) Schematic view of diamidoxime ligands
with various R groups as specific ‘‘hooks’’ decorated on porous frameworks for uranyl recognition, and the corresponding structures of diamidoxime-
functionalized POPs. (D) The competitive adsorption and recyclability performances of these diamidoxime-functionalized POPs: (a) the remaining
uranium adsorption capacity of various POPs in the presence of equal concentrations of vanadium; (b) the Kd values for uranium and vanadium for
various POPs; and (c) the recyclability of various POP adsorbents for ten consecutive cycles (orange indicates POP1-AO; olive corresponds to POP2-AO;
and black represents POP3-AO). (C and D) reproduced with permission.194 Copyright 2021, American Chemical Society.
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which was inspired by the high binding affinity of carboxyl and
amino groups in the SUP protein for uranium sequestration.195

To demonstrate the role of the spatial arrangement of func-
tional ligands for selective binding to uranyl ions, the classical
UiO-66 MOF material served as a supporter and carboxyl and
amino groups were introduced into the UiO-66 skeleton at
different positions to construct nano-pockets of different spa-
tial structures in MOFs (Fig. 20A). These six different combina-
tions all formed cubic octahedron shaped particles with a
similar morphology and crystal structure to UiO-66, with the
particle size ranging from 368 nm to 429 nm (Fig. 20B).
Especially, UiO-66-3C4N acquired the highest SSA of 1222 m2 g�1

among the MOFs, which achieved the highest adsorption capacity
of 393.97 mg g�1 at pH 8.0 in 8 ppm uranyl-containing aqueous
solution (Fig. 20Ca). When immersed in 8 ppm U-spiked simu-
lated seawater with a pH of 8.0, UiO-66-3C4N still displayed
the highest qU of 190.27 mg g�1 (Fig. 20Cb). Also, a high qU of
380.30 mg g�1 with an uptake rate of 23.77% within a satura-
tion time of 8 h in 16 ppm U-spiked simulated seawater was
detected for UiO-66-3C4N (Fig. 20Cc). The adsorption capacity
was further promoted by increasing the initial uranium concen-
tration, where a maximum adsorption of 642.92 mg g�1

was obtained in a 128 ppm uranyl nitrate aqueous solution
(Fig. 20Cd). High selectivity to uranyl ions even against
104 excess interfering ions with a uranyl-binding Kd of 1.67 pM
at pH 8.9 was achieved (Fig. 20Ce and f). Moreover, the created
UiO-66-3C4N nano-pocket demonstrated high selectivity towards
uranium in natural seawater in the presence of competing ions
including V, Co, Cr, Cd, As, Ag, Ba, Hg, Ti, and Pb. A saturation

capacity of 6.85 mg g�1 was acquired after 28 d, which was around
17 times higher than that of vanadium (Fig. 20Cg). In this work,
the MOF adsorbents decorated with carboxyl and amino groups
with appropriate arrangements provided specific nano-pockets,
enhancing the effectiveness and selectivity of the coordination to
uranyl ions.

Fundamentally, improving the selectivity of uranium adsor-
bents relies on the engineering of uranyl–ligand interactions to
reach a more thermodynamically stable (energetically favoured)
state. Based on the latest insights into the coordination chem-
istry of uranium, promising approaches have been proposed
to address the traditional concern for the competition of
vanadium ions. More importantly, a nascent concept to tune
the preorganization of the binding sites has uncovered a new
paradigm in the design of uranium adsorbents with high
selectivity. By regulating the spatial arrangement of ligands
and their coordinative binding to uranium, a series of custo-
mized uranyl nanotraps mimicking the binding motifs found
in biomacromolecules have been designed, exhibiting precise
recognition of uranyl ions. This principle for material design is
important but still in its infancy. More in-depth studies are
needed to reveal the subtle structures of the uranyl–ligand
complexes in biological substances to optimize the preorga-
nization principle for developing more advanced uranium
adsorbents.

3.3. Strategies for improving biofouling resistance

Marine biofouling is a serious issue associated with the deploy-
ment of adsorbents in the ocean, arising from the undesirable

Fig. 20 (A) Schematic illustration of the nano-pocket in the MOF for uranyl capture. (B) The ligand compositions and morphologies of UiO-66 and the
derived MOFs. (C) The adsorption performances of UiO-66-3C4N MOF: (a) optimal pH for uranyl adsorption in water; (b) comparison of the uranium
adsorption capacities of UiO-66-3C4N and the other MOFs in 8 ppm U-spiked simulated seawater at pH 8.0; (c) adsorption kinetics and the
corresponding fitting data in U-spiked simulated seawater at pH 8.0; (d) adsorption isotherms and the corresponding fitting data in water at pH 6.0;
(e) adsorption selectivity to uranium against the other competing metal ions; (f) competition assay versus total carbonate for uranyl at pH 8.9; and
(g) adsorption capacities of uranium and other competing metal ions in natural seawater. Reproduced with permission.195 Copyright 2020, Wiley-VCH.
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accumulation of marine microorganisms, plants and animals
on submerged surfaces.198 The growth of biofouling in marine
environments is usually divided into four stages, as illustrated
in Fig. 21.199,200 The process begins with the rapid formation of
a conditioning film within a few seconds of immersion in
seawater due to the initial adsorption of organic molecules
(e.g., proteins, glycoproteins and polysaccharides). The second
stage involves the creation of a biofilm matrix by the settlement
and colonization of pioneer bacteria. Then, microfouling
occurs since the biofilm provides nutrients for diatoms and
macroalgal spores. The final stage includes the increased
capture of larvae of marine microorganisms (e.g., macroalgae,
barnacles and invertebrates) on the fouled surface.201

Due to prolonged immersion in the ocean, adsorbents are
inevitably subjected to biofouling. This unwanted colonization
produces detrimental effects on the adsorbents for UES, with
deterioration of adsorbent surfaces, increased roughness,
and limited accessibility to the functional ligands, ultimately
resulting in a significant reduction in uranium uptake.198 Early
experiments have confirmed that marine biofouling could
cause a loss of uranium adsorption of up to 30%.202 Another
adverse impact is that fouling may lead to a decrease in the
reusability of the adsorbents. Owing to the biocorrosion, harsh
treatment is required to remove fouling, or damage may be
caused by added weight and drag.202 These facts highlight the
need for developing adsorbents with strong antibiofouling
properties to stabilize uranium extraction in real ocean envir-
onments. In the last couple of years, the biofouling associated
with adsorbents is of increasing concern, and a variety of adsor-
bents with antifouling performance have been constructed
to combat biofouling. Two strategies called the ‘‘attacking’’
approach and the ‘‘defending’’ approach are popularly used to
impart biofouling resistance to uranium adsorbents.203 In this
section, we elaborate these strategies utilized in the develop-
ment of biofouling-proof adsorbents for UES, which have never
been systematically summarized elsewhere.

3.3.1. ‘‘Attacking’’ strategies. Incorporation of antimicro-
bial components that can actively kill the bacteria stained on
the surface of the material, or inhibit the growth, reproduction
and survival of bacteria into adsorbents is a common strategy
for biofouling control, which is often referred to as an ‘‘attack-
ing’’ strategy. In this regard, various antibacterial materials
such as inorganic metal nanoparticles,204–209 antibacterial
antibiotics,210 antimicrobial polymers,127,128,140,211–222 natural
biological entities,183,223–226 antimicrobial enzymes227 and

photo-responsive antibacterial materials228–235 have been intro-
duced into uranium adsorbents to endow them with inherent
antibacterial properties.

Inorganic nano-particles are well-known antibacterial
materials with broad-spectrum antibacterial and persistent
characteristics. Among them, silver (Ag) nanoparticles, as a
common silver-based antibacterial agent, are widely used
in the preparation of marine adsorbents for UES.204–209

Researchers from India first reported the biofouling resistance
of a poly(ethylene glycol methacrylate phosphate) (PEGMP)
based uranium adsorbent anchored with Ag nanoparticles.204

The Ag nanoparticles exerted bacterial repulsion and bacterici-
dal properties to biofouling control. When the as-prepared
Ag@PEGMP was incubated with pre-grown Escherichia coli
(E. coli) cells, no growth of the bacteria was observed. Several
subsequent reports by the Wang research team combined
the Ag nanoparticles with the abundant oxygen-containing
functional groups of graphene oxide (GO) to prepare composite
adsorbents for minimizing the biofouling effect.206,207,209

Typically, a Ag ion doped ZIF-67 adsorbent (labeled GZA) with
GO as a substrate was designed and synthesized.206 The com-
bined effects of GO and Ag ions on algal inhibition and
uranium adsorption were assessed, using P. tricornutum ACCC
01625 as model diatoms. The bifunctional adsorbent exhibited
an obvious inhibitory behaviour for P. tricornutum with a more
than 80% alga death rate after 7 days. The authors attributed
the effect to the co-assistance of the functional groups on the
GO and the positive charges with Ag ions. The adsorption
behaviour of GZA was also investigated where a maximum qU

of 602.41 mg g�1 was obtained in a uranium-spiked solution
at pH 7.0. However, the GZA adsorbents exhibited a minimal
uptake of 4.974 mg g�1 for uranium when contacted with
natural seawater collected from the Huanghai Sea, China.

A majority of the inorganic nanoparticles with bactericidal
activity are physically loaded onto the matrix for preparing
antibiofouling adsorbents. The architectures are facing serious
challenges in the ocean because the strong tidal flows could
exfoliate the inorganic nanoparticles. Given this limitation, a
strategy for constructing antibiofouling adsorbents via covalent
cross-linking reactions between antibacterial components and
substrate materials was purposefully developed.210–212,222 As a
demonstration, Wang and co-workers prepared an antifouling
adsorbent by introducing the aminoglycoside antibiotic neo-
mycin into a UiO-66 MOF matrix (labeled Anti-UiO-66).210

The tight covalent cross-linking between the amino groups in
neomycin and the carboxyl groups from the MOF matrix endowed
the adsorbent with antimicrobial persistence and high reusability
(Fig. 22A). Benefitting from the broad-spectrum antibacterial
activity of neomycin, Anti-UiO-66 displayed more than 80.0%
inhibition rate when co-cultivated with ten bacterial strains from
different species at a concentration of 5 mg mL�1 in Luria broth
(LB) (Fig. 22B), whereas the bare UiO-66 showed no significant
influence on the growth of the bacteria (Fig. 22C). The inhibition
rate of 87.0% to the growth of marine bacteria by Anti-UiO-66
was also noted, while no significant inhibition activity was
observed for UiO-66, indicating the high antibacterial activity of

Fig. 21 The typical growing process of marine biofouling. Reproduced
with permission.199 Copyright 2019, Royal Society of Chemistry.
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Anti-UiO-66 (Fig. 22D). When a test was done for recovering
uranium from real seawater after 30 d, a qU of 4.62 �
0.09 mg g�1 was achieved for Anti-UiO-66, which was 24.4%
higher than that of bare UiO-66 (3.71 � 0.07 mg g�1). However,
the introduction of antibacterial compounds also led to
increased uptake of other competing metal ions, making it lose
the selectivity to uranium. Moreover, neomycin was also intro-
duced into two other carboxyl group-containing adsorbents
including PIDO fibers and AO-functionalized UHMWPE
fibers (labeled AO fibers) to investigate the adaptability of the
strategy. After a simple one-step cross-linking reaction, both the
PIDO nanofibers and AO fibers displayed inhibitory activity
to the marine bacteria, with an inhibition rate of 80.9% and
86.6%, respectively (Fig. 22E). This strategy provides ideas for
constructing antibiofouling uranium adsorbents by using anti-
microbial compounds containing amino groups.

Antimicrobial polymers are a class of candidates for devel-
oping antibiofouling adsorbents.236 They have either an inher-
ent capacity to exhibit antimicrobial activity such as chitosan
(CS), polyguanidines, and compounds with quaternary nitrogen
groups, or they can act as backbones to fix other bactericides to
display their activity.236 Due to the abundant functional groups
in each polymer chain, antimicrobial polymers exhibit enhanced
and broader-spectrum antimicrobial activity in contrast to single-
molecule antibacterial agents or antibiotics.237 Additionally,
their robust structures endow antimicrobial polymer-containing
adsorbents with stability for long-term use.238

Chitosan (CS), as one of the most representative natural
antimicrobial polymers, can effectively kill a variety of fungi
and proteins through electrostatic action.239 Besides its intrin-
sic disinfection ability, the wide availability, nontoxicity, low
cost, and strong biocompatibility of CS have attracted extensive
attention. More importantly, the abundant NH2 and OH groups
of CS endow them with more cross-linking sites and promote
the chelation to uranium. Therefore, much effort has been
made towards developing CS-containing antibacterial adsor-
bents for UES.128,211–213,221 For example, a series of robust and
antibiofouling PAO aerogels (labeled Anti-PAO) were synthe-
sized by a simple cross-linking reaction of the polymers
(Fig. 23A). The resultant Anti-PAO aerogels exhibited high
elasticity and flexibility, with marked recoverability even after
repeated compressions for 100 cycles under large strains
(Fig. 23B). The SEM images recorded the porous structure with
massive macropores of the Anti-PAO aerogels (Fig. 23C), which
was attributed to the randomly covalent cross-linking and
partial overlapping by hydrogen bonding between CS and
PAO nanosheets. When contacted with an 8 ppm uranium-
spiked solution, the maximum adsorption capacity of the Anti-
PAO aerogels reached 1013 mg g�1. The antibacterial activity
was determined by incubating PAO and Anti-PAO with bacteria-
containing nutrient agar plates for 12 h. Significant inhibition
zones were produced around the Anti-PAO aerogels, whereas no
inhibition zones were observed for the pure PAO aerogels
(Fig. 23D). In the presence of 102 CFU mL�1 marine bacteria-
spiked seawater with 8 ppm uranium, Anti-PAO displayed a qU

of 694 mg g�1 (Fig. 23E), two times higher than that of the Anti-
UiO-66 adsorbent (285 mg g�1) reported by the same team.210

Finally, the Anti-PAO aerogels achieved an uptake of 9.26 �
0.59 mg g�1 when exposed in a continuous flow-through system
with 1 ton of natural seawater after 30 d (Fig. 23F). In addition
to CS, other natural antimicrobial agents such as cellulose
paper140 and bamboo charcoal214 have also been exploited to
prepare antibacterial adsorbents for UES. Benefiting from their
broad-spectrum antibacterial activity and good hydrophilicity,
these natural composite systems were observed to exhibit
satisfactory performances.

As an important type of antimicrobial agent, guanidine
has also been employed in adsorbent materials for UES
because of its high water-solubility and excellent bactericidal
efficiency.127,159,215–219 Guanidine is generally considered to be
one of the strongest organic bases (pKa = 13.6),240 and can
inhibit bacterial growth via adhesion to the negatively charged
bacterial cell walls and subsequent destruction of Ca2+ salt
bridges required for bacterial plaque adhesion or bacterial cell
death.203,236 The Hua group was the first to report the anti-
biofouling properties of a guanidine and AO co-functionalized
PP nonwoven fabric, in which GMA was first grafted onto the PP
nonwoven fabric via RIGP, followed by the reaction with
dicyandiamide (DC) to introduce guanidine groups. After ami-
doximation, the functionalized adsorbent (PP-g-AO) was
obtained.215 The bactericidal function of guanidine for Gram-
negative E. coli was observed since there were much fewer
bacteria on the fabric surface after modification. Unfortunately,

Fig. 22 (A) Schematic illustration for the construction and function of the
Anti-UiO-66 adsorbent for UES. (B) Antibacterial spectrum of Anti-UiO-66.
Antibacterial activity towards indicator bacteria (C) and marine bacteria (D)
of UiO-66 and Anti-UiO-66. (E) Uranium adsorption capacities of UiO-66
and Anti-UiO-66 in uranium spiked seawater containing different con-
centrations of V. alginolyticus. Reproduced with permission.210 Copyright
2019, Wiley-VCH.
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the functionalized fabric showed a moderate uptake of
0.1 mg g�1 after 10 d of exposure to real seawater.

In a later report, a typical antimicrobial polymer, poly-
hexamethylene guanidine hydrochloride (PHGC), with plenty
of amine groups, was first grafted into commercial PAN fibers,
and followed by amidoximation and conditioning with KOH
to obtain guanidine-containing adsorbents (labeled PAO-G-A)
(Fig. 24A).216 A saturation qU of 514.0 mg g�1 was acquired in 20
ppm uranium solution at pH 8, and a qU of 261.1 mg g�1 was
obtained in 8 ppm uranium-spiked natural seawater. The tests
in bacterial solution cultivated from seawater showed remark-
able antimicrobial activity of PAO-G-A against marine bacteria
with an inhibition rate of 99.46% at a high concentration of
108 CFU mL�1, whereas the bare PAN fibers showed no anti-
microbial activity on the bacteria (Fig. 24B). More strikingly, the
antimicrobial properties of the adsorbents were evaluated in
open seawater for the first time. Kilogram-grade PAO-G-A was
deployed in the South China Sea as shown in Fig. 24D. After
40 d of exposure, a qU of 1.144 mg g�1 was obtained and no
marine microorganism attachment was observed (Fig. 24C),
demonstrating excellent antibiofouling properties. The selec-
tivity of PAO-G-A was also investigated. Although PAO-G-A
showed superior adsorption for U over most coexisting ions
including Li, Na, L, Cr, Mn, Co, Ni, Cu, Zn, and Cd, higher
uptakes by PAO-G-A were observed for Ca (20.970 mg g�1), Mg
(9.617 mg g�1), Fe (2.267 mg g�1) and V (1.216 mg g�1).

To supplement this effort, two other guanidine polymers, i.e.,
polyhexamethylene biguanidine (PHMB) and polyaminopropyl

biguanide (PAPB), were grafted into commercial acrylic fibers to
produce antibiofouling adsorbents by the same team.218 Through
a similar synthetic method to PAO-G-A, PAO-PHMB-A and
PAO-PAPB-A were obtained. When exposed to bacterial solution
cultivated from seawater, PAO-PHMB-A exhibited better anti-
bacterial activity than PAO-G-A and PAO-PAPB-A, with a 100%
inhibition rate at a high concentration of 108 CFU mL�1. When
immersed in 8 ppm uranium-containing simulated seawater, PAO-
PHMB-A exhibited the highest adsorption capacity (227.33 mg g�1)
among the three adsorbents. Therefore, PAO-PHMB-A was chosen
for further marine tests in the South China Sea for uranium
recovery. After 30 d of exposure, no evidence of organisms on the
surface of PAO-PHMB-A was found, confirming its excellent anti-
bacterial activity. A qU of 3.19 mg g�1 was achieved, which was
higher than that of PAO-G-A.216 More importantly, while the uptake
of Ca and Mg was still higher than that of U owing to their high
concentrations in seawater, lower adsorption was observed for Na
(2.84 mg g�1), V (2.23 mg g�1) and Fe (1.91 mg g�1), indicating the
improved selectivity of PAO-PHMB-A.

Biological entities (e.g., plants, fungi, algae, and bacteria)
that have both uranium uptake capacity and antimicrobial
activity appear to be another category of potential candidates
for UES.223,224,226,241 Yuan et al. discovered that a Bacillus
velezensis strain, namely UUS-1, showed highly-efficient and
ultrafast uranium immobilization capability, based on the
screening of seventeen kinds of strains.241 The adsorption of
uranium was determined in 10 ppm uranium-spiked LB broth.
An uptake capacity of 48.25 � 5.61 mg U g�1 dry bacterial

Fig. 23 (A) Schematic illustration of the preparation process of Anti-PAO aerogels. (B) Repeated compression tests demonstrating the high elasticity and
flexibility of the Anti-PAO aerogels. (C) SEM images of the Anti-PAO aerogels. (D) Antibacterial activities of the Anti-PAO aerogels towards different
marine bacteria. (E) Uranium adsorption capacities of the Anti-PAO aerogels in the simulated seawater and in the non-filtered seawater containing
different concentrations of marine bacteria. (F) Uranium adsorption capacity in natural seawater from the South China Sea. Reproduced with
permission.211 Copyright 2020, Elsevier.
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cells was acquired after 24 h, which increased up to 352 �
15.31 mg U g�1 dry bacterial cells when the uranium concen-
tration increased to 100 ppm. Notably, UUS-1 reached the high
immobilization capacity of 9.46 � 0.39 mg g�1 in real seawater
within 2 d. Moreover, with the broad-spectrum antimicrobial
activity by producing fermentation liquid, UUS-1 exerted innate
resistance to the biofouling of several marine microbiomes,
including the Gram positive bacterium B. amyloliquefaciens, the
Gram negative bacterium Vibrio alginolyticus, and the fungus
Fusarium sp., with a growth inhibition rate of 99.01%.

Inspired by the excellent performance of bacterial strain
UUS-1 in uranium capture and in biofouling control, a recent
report by the same group demonstrated the potential of poly-
peptides with antimicrobial properties for UES.223 A biosafe
omiganan peptide (OP, ILRWPWWPWRRK-NH2) was selected
from the database of antimicrobial peptides, and subsequently
covalently introduced into a polymeric peptide hydrogel
(labeled PPH-OP) using glutaraldehyde as a cross-linking agent
(Fig. 25A). The PPH-OP hydrogel exhibited a brown colour
(Fig. 25B), and the resultant dry hydrogel showed a porous
structure with a SSA of 17.97 m2 g�1 (Fig. 25C). For uranium
adsorption in simulated seawater at pH 6, an equilibrium was

reached in 70 min (Fig. 25D), and adsorption capacities of
76.35 mg g�1, 129.16 mg g�1 and 139.47 mg g�1 were obtained
at uranium concentrations of 4 ppm, 8 ppm and 16 ppm,
respectively. The equilibrium adsorption isotherms of PPH-
OP were found to fit well with the Freundlich adsorption model
(Fig. 25E). In the presence of various common competitive ions
(e.g., Na, K, Mg, Ca, V, Co, Fe, Ni and Cu), impressive selectivity
to uranium over other competing ions was presented with a high
enrichment index of 89.17, while other metal ions were rarely
adsorbed (Fig. 25F), even with a 1000-fold excess. The binding
affinity of PPH-OP to uranium against the carbonate group was also
assessed, and a low dissociation constant (Kd) of 3.5 nM for
uranium was obtained in a carbonate-existing environment
(Fig. 25G), suggesting the high affinity of PPH-OP to uranium.
Because of the inherent antibacterial properties of the omiganan
peptide, PPH-OP exhibited an inhibition rate higher than 89.9%
against the tested microbial strains (Fig. 25H and I). When exposed
to non-filtered natural seawater containing marine micro-
organisms, a qU of 7.12 mg g�1 was obtained by PPH-OP over
21 d. In comparison, a slightly-increased qU of 7.63 mg g�1 was
achieved in filtered natural seawater, demonstrating that the
influence of marine microorganisms was nearly negligible.

Fig. 24 (A) Schematic diagram of the preparation process and uranium adsorption of the PAO-G-A adsorbent. (B) Antimicrobial activity of PAN and
PAO-G-A against marine bacteria. (C) Photographs and SEM images of the PAO-G-A adsorbent before and after uranium uptake in natural seawater.
(D) Photos of adsorbent deployment (inset) and buoy in marine tests. Reproduced with permission.216 Copyright 2020, Elsevier.
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Recently, photoactivated sterilization, as an effective anti-
bacterial strategy, has garnered colossal interest in the field of
UES. It utilizes light irradiation at appropriate wavelengths,
ranging from ultraviolet (UV) to near-infrared (NIR), to activate
photo-responsive materials that absorb light energy to kill
bacteria within a short time by producing radical oxygen
species (ROS) and/or hyperthermic conditions.242 ROS mainly
involves hydrogen peroxide (H2O2), superoxide anions (�O2

�),
singlet oxygen (1O2), and hydroxyl radicals (�OH), which can
destroy the bacterial defence system by adhering to the mem-
branes and cell walls of the bacteria, or directly or indirectly
disrupting cellular respiration and other physiological activities
by penetrating the bacterial membranes and entering cells,
thereby killing the bacteria efficiently.243

Various available photo-responsive antibacterial materials
including photocatalysts, photothermal materials and photo-
sensitizers have been exploited to recover uranium from seawater
while minimizing the biofouling effect. Firstly, traditional semi-
conductor materials, such as TiO2 and ZnO, were used as anti-
bacterial components to construct antibiofouling adsorbents for
UES owing to their optical response characteristics and anti-
bacterial activity.228–231 For instance, a TiO2 functionalized com-
posite was developed by in situ coprecipitation of nano-TiO2

particles onto AO-functionalized wool fibers prepared through
RIGP.228 The resultant Wool-AO@TiO2 adsorbent exhibited good
antibacterial activity against the model bacteria E. coli and
Staphylococcus aureus (S. aureus), with maximum inhibition
rates of 90.0% and 95.2%, respectively, at TiO2 dosages of
1.5–2.0 wt%. Meanwhile, the introduction of nano-TiO2

increased the adsorption of uranium, and the maximum adsorp-
tion capacity of Wool-AO@TiO2 was calculated to be 112 mg g�1,
which was higher than that of Wool-AO (49.6 mg g�1) in artificial
seawater containing 50 ppm uranium. Likewise, the introduction
of ZnO nanoparticles can impart the wool fibers with good
antimicrobial properties, effectively inhibiting the growth of
E. coli and S. aureus with both 99.9%, sulfate reducing bacteria
(SRB) with 95.0%, and fungus Candida albicans (C. albicans) with
92.6%.230 In the presence of water vapour, nano-TiO2/ZnO can be
activated when irradiated with UV light, resulting in the produc-
tion of highly reactive ROS that damage the organic compounds/
cells, further causing the death of microorganisms.244

In a recent study, Co single atoms with a ROS-producing
ability were anchored in the PAO matrix to fabricate antibio-
fouling adsorbents for UES.245 The adsorbent PAO-Co was
synthesized by pre-loading cobalt ions (Co2+) into PAO by
interacting with N and O atoms in PAO, and then Co2+ was
transformed into Co single atoms via ball-milling (Fig. 26A).
The antimicrobial activity of PAO-Co was first assessed under
natural light irradiation. A significant inhibition to the growth
of the tested marine bacteria and algae with the inhibition rate
ranging from 77.0% to 93.4% was observed for PAO-Co,
whereas PAO showed limited inhibition to the growth of these
microbial species (Fig. 26B and C). The electron spin resonance
(ESR) spectrum recorded the production of ROS with light
irradiation, and more ROS was produced by PAO-Co than by
PAO (Fig. 26D), which was ascribed to the presence of Co atoms
in PAO-Co. With the light irradiation, the Co atom in PAO-Co
served as an electron acceptor and in turn promoted the

Fig. 25 (A) Schematic diagram for the fabrication of PPH-OP. (B) Morphology of the wet PPH-OP hydrogel after cross-linking. (C) SEM image of a dry
PPH-OP hydrogel; the scale bar represents 1 mm. Extraction performances of the PPH-OP hydrogel for uranium. (D) Adsorption kinetics and the
corresponding fitting data. (E) Adsorption isotherms and the corresponding fitting data. (F) Adsorption selectivity to uranium in 100 times concentrated
seawater. (G) Binding affinity for uranium against total carbonate. (H) Antibiofouling activity against the marine strains. (I) Inhibitory activity of the peptide
and PPH-OP against microbial strains. Reproduced with permission.223 Copyright 2021, Springer Nature.
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transfer of electrons in PAO. The electron received by the Co
single atom was further transferred to O2 to produce ROS
(including �O2

� and 1O2). Simultaneously, H2O and OH� were
oxidized by the residual electron holes to form �OH (Fig. 26E).
The ROS generated by PAO-Co destroyed the cells of the test
bacteria (e.g., E. coli), as illustrated by Fig. 26F, and eventually
resulted in the death of microorganisms. In uranium adsorption
experiments, a qU of 366 mg g�1, 443 mg g�1 and 687 mg g�1

was achieved in 8 ppm, 16 ppm and 32 ppm uranium-spiked
simulated seawater at pH 5.0, respectively. After soaking in the
unfiltered natural seawater for 49 d under light irradiation, the
PAO-Co exhibited a high uranium uptake of 9.7 mg g�1, which
was lower than that obtained in seawater without marine bio-
logical entities by only 11%, indicating the high resistance of the
adsorbent to marine biofouling. However, as discussed above, due
to the strong tidal flows in the ocean and relatively higher binding
affinity of PAO to U relative to Co, the long-term stability and
antimicrobial activity of PAO-Co remain to be further verified.

In addition to their photocatalytic effects, the photothermal
and photoelectric effects of semiconductor materials under
light stimulation have also been exploited for constructing
adsorbents with high uranium extraction capacity and antibio-
fouling properties.232–234 A black phosphorus (BP) nanosheet-
loaded PAO adsorbent (labeled BP-PAO) was recently reported.232

With the ability to produce biotoxic ROS induced by the photo-
catalytic effect, the as-prepared BP-PAO displayed high antibio-
fouling activity by destroying the organic components of the
microbial species. On the other hand, the photothermal effect
of the BP nanosheet could lead to a temperature increase in local
areas of the BP-PAO, which enhanced the interaction between
uranium and BP-PAO. Moreover, the unique photoelectric effect
of BP enabled the adsorbent to release electrons and form a
positive electric field around the fiber, which could electro-
statically attract negative uranium species [UO2(CO3)3]4� in the
seawater environment, thereby enhancing the adsorption per-
formances towards uranium. Combined with the above photo-
induced multiple effects of the BP nanosheet (Fig. 27), the
BP-PAO exhibited high antibacterial activity to the growth of the
Gram-positive bacterium S. aureus, and the Gram-negative
bacteria E. coli and Vibrio vulnificus. Especially, a growth
inhibition ratio of up to 96.67% was observed for the marine
bacterial community, indicating the broad antibiofouling activity
of BP-PAO. Strikingly, when uranium recovery performance was
determined in bacteria-containing natural seawater under simu-
lated sunlight illumination, the photo-responsive BP-PAO fibers
demonstrated a high uranium uptake of 11.76� 0.43 mg g�1 over
56 d, which was 1.5 times that of the PAO fibers. Overall,
harnessing the photocatalytic and photoelectronic activities of
materials is promising to mitigate biofouling while promoting
adsorption performances in UES.233,234

The last category of photo-responsive materials that has
received particular interest in UES recently is semiconducting
COFs. In this regard, the Qiu group has devoted to exploring
new strategies for photo-enhanced uranium extraction and
antibiofouling from seawater.85,246–251 To improve the adsorp-
tion capacity of COFs for uranium recovery, a highly planar
conjugated sp2 carbon COF (labeled NDA-TN) was constructed
by condensing the building blocks of naphthalene-2,6-
dicarbaldehyde (NDA) and 2,20,200-(benzene-1,3,5-triyl)tria-
cetonitrile (TN) (Fig. 28Aa). Simultaneously, to highlight the
significance of fully planar conjugated naphthalene-based

Fig. 26 (A) Schematic diagram for the synthesis of the PAO-Co adsor-
bent. (B) Antimicrobial activity of PAO and PAO-Co against the tested
marine bacteria and algae. (C) Inhibitory activity of PAO and PAO-Co
against the growth of the microorganisms. (D) Detection of the ROS (O2�,
1O2 and �OH) produced by PAO-Co or PAO under light irradiation.
(E) Illustration for the production mechanism of ROS. (F) SEM images of
E. coli cells after treatment with PAO and PAO-Co adsorbents. Repro-
duced with permission.245 Copyright 2022, Wiley-VCH.

Fig. 27 (A) Schematic diagram of the preparation process of the BP-PAO
fiber. (B) Uranium adsorption/antifouling mechanism of the BP-PAO fiber.
Reproduced with permission.232 Copyright 2020, Wiley-VCH.
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COFs, another sp2-carbon COF (labeled BDA-TN) with an inter-
rupted p-conjugation structure was also synthesized by reacting
4,40-biphenyldicarboxaldehyde (BDA) with TN monomers
(Fig. 28Ab). Subsequently, NDA-TN and BDA-TN were reacted
with N(CH2CH3)3 and NH2OH�HCl to gain NDA-TN-AO and
BDA-TN-AO, respectively. Benefiting from the stable CQC
bonds, both NDA-TN-AO and BDA-TN-AO exhibited superior
stability under harsh conditions, compared to imine-based
COFs. Moreover, the fully extended p-conjugation structure of
NDA-TN-AO endowed it with unique physicochemical and
semiconductor characteristics that contribute to uranium
extraction.

Specifically, the photoelectric effect could efficiently cause
the release of electrons from the NDA-TN-AO skeletons and
form a positive surface electric field, which displayed strong
electrostatic attraction to the negatively charged species of
[UO2(CO3)3]4�. Of particular interest, the photocatalytic activity
of NDA-TN-AO not only enables the NDA-TN-AO to exhibit a
high antibiofouling performance by producing ROS including
�O2

� and 1O2 under light irradiation, but also endows it with
the capacity to induce the reduction of adsorbed UVI to inso-
luble UIV species, thereby enhancing the uranium extraction
capacity. Consequently, with the help of these appealing photo-
induced effects, the qU of NDA-TN-AO increased by 21.2% (from
486.4 mg g�1 to 589.1 mg g�1) after irradiation with simulated
sunlight, while the BDA-TN-AO only showed a 12.3% increase
in uranium adsorption in a 10 ppm U-spiked simulated sea-
water at pH 5.0 (Fig. 28Ba). The photo-induced reduction of
uranium from UVI to UIV was verified by the existence of U 4f7/2

and U 4f5/2 peaks in the XPS spectrum (Fig. 28Bb), which
allowed efficient regeneration of binding sites for further

binding of additional UVI. Obvious antibacterial activities of
NDA-TN-AO against Gram-positive B. subtilis, B. cereus, and
S. aureus and Gram-negative E. coli, V. alginolyticus and
P. aeruginosa were also observed (Fig. 28Bc and d), indicating
its wide-spectrum anti-biofouling activity. SEM characterization
of the V. alginolyticus suggested that the biological entities were
completely damaged and their internal contents were released
after light irradiation, whereas there was no significant change
in the dark (Fig. 28Be). When contacted with uranium-spiked
filtered and non-filtered natural seawater, it was found that the
marine bacteria exerted a serious effect on uranium adsorption
by NDA-TN-AO in the dark; by contrast, little effect of the
bacteria on uranium adsorption was noted under light irradia-
tion, demonstrating the role of the photocatalytic and photo-
electric activities of NDA-TN-AO (Fig. 28Bf). Finally, the
adsorption tests of NDA-TN-AO and BDA-TN-AO were carried
out in natural seawater, yielding uranium adsorption capacities
of 4.56 mg g�1 and 4.33 mg g�1 in the dark after 27 d. Upon
exposure to the light irradiation, NDA-TN-AO reached an
adsorption capacity of 6.07 mg g�1, which was 1.33 times that
in the dark, further disclosing the effectiveness of the photo-
induced effects in enhancing uranium adsorption and anti-
bacterial properties (Fig. 28Bg). Along the same line, more
novel AO-functionalized COFs (BD-TN-AO),247 AF Anti-COF248

and Tp-DBD249 were constructed by the same team for photo-
enhanced uranium recovery. Additionally, COF-based sponges246

and hydrogels250,251 were also designed as a platform for improv-
ing the uranium adsorption efficiency and antibiofouling activity.
The strategy of utilizing the photo-responsible performances
of these appealing photocatalysts and photothermal materials
provides an intriguing route to develop uranium extraction

Fig. 28 (A) Synthetic routes of semiconducting COFs: (a) fully planar p-conjugated NDA-TN-AO and (b) interrupted p-conjugated BDA-TN-AO.
(B) Uranium extraction/antifouling performances of the as-prepared COFs under under light and dark conditions: (a) adsorption kinetics of NDA-TN-AO
and BDA-TN-AO; (b) U 4f XPS spectra of NDA-TN-AO after uranium uptake; (c and d) antibacterial activity of NDA-TN-AO and BDA-TN-AO towards the
tested bacteria; (e) SEM images of V. alginolyticus bacterial cells treated with NDA-TN-AO; (f) uranium extraction capacities of NDA-TN-AO in uranium
spiked filtered and non-filtered natural seawater; and (g) proposed mechanism of NDA-TN-AO for the photo-enhanced uranium extraction. Reproduced
with permission.85 Copyright 2020, Wiley-VCH.
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adsorbents with outstanding adsorption and antibiofouling
properties.252

3.3.2. ‘‘Defending’’ strategies. The ‘‘defending’’ strategy is
to prevent the attachment or adhesion of marine organisms on
the adsorbent’s surface.253–259 Adsorbents with anti-adhesion
properties are usually prepared by incorporating super-
hydrophilic functional groups, which reduce the interactions
between the adsorbents and microorganisms, and then prevent
their adhesion onto the surfaces. Compared with the potential
risk of secondary pollution caused by dead bacteria produced
by active sterilization methods, passive defence methods repre-
sent a class of more environmentally friendly strategies.

Taking that into account, Bai and colleagues reported an
adsorbent with anti-adhesion properties for UES.253 A robust
montmorillonite-polydopamine/polyacrylamide (MMT-PDA/PAM)
nanocomposite hydrogel was prepared via a two-step process in
which PDA was first intercalated into MMT nanosheets, and then
a solution composed of monomers AM, initiator APS and cross-
linking agent BIS was subjected to free radical polymerization to
obtain the final hydrogel adsorbent (Fig. 29A). The best perform-
ing adsorbent had a 10 wt% content of MMT and 0.6 wt% of DA
content, and was denoted as MMT10-PDA0.6/PAM. By comparison,
the MMT10-PDA0.6 and MMT10/PAM were also prepared without
the addition of the AM and DA, respectively. The adsorption
capacity of these adsorbents was examined as a function of pH
over the range of 3.0–8.5 in deionized water. The uranium uptake
increased from pH 3.0 to 6.5, with the maximum capacity
achieved at pH 6.5, then dropped slightly with a further increase
in pH. A saturation capacity of 229.08 mg g�1 of the MMT10-
PDA0.6/PAM hydrogel was obtained, which was higher than those
of MMT10-PDA0.6 and MMT10/PAM. At pH 8.0 and 8.5, the
adsorption of MMT10-PDA0.6/PAM decreased to 200.45 and
195.53 mg g�1 (Fig. 29Ba), respectively, due to the formation of
[UO2(CO3)2]2� and [UO2(CO3)3]4�. Adsorption isotherms were
obtained at pH 6.5 at 25 1C, 35 1C and 45 1C, which yielded
saturation capacities of 540.54 mg g�1, 502.21 mg g�1 and
617.28 mg g�1 for MMT10-PDA0.6/PAM when fitted with the

Langmuir model (Fig. 29Bb). Good selectivity to uranium was
observed in the presence of a variety of competing ions, affording
a high Kd of nearly 1.7 � 104 for uranium (Fig. 29Bc). When
deployed in a lab-scale flow-through the column in contact with
simulated seawater, the adsorption capacity of the MMT10-PDA0.6/
PAM hydrogel was determined to be 44 mg g�1 after 63 d
(Fig. 29Bd). A slight decrease in adsorption efficiency was
observed for the adsorbent over six recycles, with uranium eluted
with (NH4)2CO3 solution, suggesting its good reusability
(Fig. 29Be). The antibiofouling activity of MMT10-PDA0.6/PAM
was subsequently investigated. When cultured with Nitzschia in
alga-containing simulated seawater, the algae adhered to the
surfaces of MMT10-PDA0.6/PAM and MMT10-PDA0.6 were much
fewer than those of MMT10/PAM, which proved its improved anti-
algal adhesion properties. The introduction of PDA and MMT into
the hydrogel endowed the adsorbent with high hydrophilicity, and
the hydrated film formed by water molecules on the surface
weakened the interaction between Nitzschia and the hydrogel,
thereby enhancing the anti-adhesion performance. Moreover, the
MMT10-PDA0.6/PAM hydrogel exhibited a higher adsorption
amount (1.986 mg g�1) for uranium with an equilibrium time
of 4 d in alga-containing simulated seawater, while it took 5 d and
6 d for MMT10-PDA0.6 and MMT10/PAM to reach equilibrium,
and the adsorption capacities were 1.524 and 1.077 mg g�1,
respectively (Fig. 29Bf).

It is well known that polyethylene glycol (PEG) and zwitter-
ionic polymers are commonly used as antibiofouling coatings
to resist non-specific proteins as well as to minimize bacterial
or mammalian cell adhesion.260,261 A physical barrier formed
by hydrogen bonding or electrostatically induced hydration
makes them exhibit remarkable protein impedance and bacterial
anti-adhesion.262 Accordingly, the potential application of these
candidates for antibiofouling in the field of UES has been explored.
Phosphorylcholine (PC), one of the representative zwitterionic poly-
mers, was employed as a building block for constructing a poly-
meric adsorbent.258 A PVC–PC adsorbent with superhydrophilicity
was prepared by grafting 2-methacryloyloxyethyl phosphorylcholine

Fig. 29 (A) Schematic diagram of the preparation process of the MMT-PDA/PAM hydrogel. (B) Uranium extraction performances of the as-prepared
MMT10-PDA0.6/PAM hydrogel: (a) effects of pH values on the uranium adsorption capacities; (b) adsorption isotherms at 298.15 K, 308.15 K and 318.15 K;
(c) adsorption selectivity towards uranium against other competing ions; (d) adsorption kinetics in 400 L of circulated simulated seawater; (e) uranium
adsorption capacities and removal efficiency during six adsorption–desorption cycles; and (f) uranium adsorption capacities in alga-containing simulated
seawater. Reproduced with permission.253 Copyright 2020, Elsevier.
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(MPC) onto the polyvinyl chloride–chlorinated polyvinyl chloride
(PVC–CPVC) fiber via ATRP. The bacterial test was carried out in a
1 � 104 CFU mL�1 vibrio solution, where the quantity of vibrio
observed on the surface of PVC–PC was 9 times lower than that
observed on the PVC–CPVC surface, indicating the excellent anti-
adhesion properties of PC. A uranium adsorption study of the
PVC–PC fiber demonstrated that the adsorption increased with
increasing pH, with the maximum adsorption obtained at pH 7.0,
then decreased with a further increase of pH, affording adsorption
capacities of 338.7 mg g�1 and 240.0 mg g�1 at pH 7.0 and 8.0 in
20 ppm uranium-spiked solution, respectively. The high affinity
between PVC–PC and uranium also led to excellent selectivity for
uranium over multiple competing metal ions.

Recently, regulating the surface charge of materials has emerged
as a new strategy for the preparation of anti-adhesion adsorbents,
since the surface charge exerts a significant effect on attracting
or repelling the charged uranyl carbonate species and marine
microbes.255–257 In this respect, the Bai group introduced
polyethyleneimine (PEI) as a positively charged poly(cationic)
electrolyte and sodium alginate (SA) as a negatively charged
electrolyte into the MOF ZIF-67 support.255 A series of MOF/SAP
composite hydrogels with different charge systems were pre-
pared by regulating the ratio of PEI and SA. According to the
zeta potential test, the balanced charged hydrogel can be
obtained when the doping amount of PEI was 0.45 wt% (labeled
ZIF-67/SAP0.45). After being soaked in diatom-containing ura-
nium solution, large areas of Nitzschia diatoms were observed
on the most positively charged ZIF-67/SAP0.85 and the most
negatively charged ZIF-67/SA composite hydrogels, while no live
Nitzschia was observed on the balanced charged ZIF-67/SAP0.45

surface, suggesting that the electrically neutral composite
hydrogels can effectively resist the settlement and adhesion
of diatoms. Owing to the synergistic effect of the anti-adhesion
properties and the hierarchically porous architectures that
could accelerate the diffusion of uranium to the binding sites,
ZIF-67/SAP0.45 reached a high uranium extraction capacity of
6.99 � 0.26 mg g�1 with a 35 d test in natural seawater collected
from the Bohai Sea, China. Besides, competitive adsorption
analysis of U(VI) from spiked seawater with other 10 major
metal ions (including Pb, Mn, V, Fe, Co, Cu, Ni, Zn, Ba and Sr)
revealed desirable selectivity to U(VI), with a Kd of 77.81 �
1.67 mg L�1. Notably, the balanced charged strategy can also
be applied for modifying other types of MOF materials (e.g., ZIF-
8, HKUST-1 and MIL-100) to prepare adsorbents with a good
adsorption ability and antibiofouling properties.

Along the same line, Yuan and colleagues constructed a
charged balanced hydrogel membrane (labeled PAO-CB) by
cross-linking charge-negative PAO with charge-positive tetra-
ethylenepentamine (TEPA) (Fig. 30A).256 The surface potential
of the material was adjusted by varying the addition amount of
TEPA. When the addition amount of TEPA was 20%, the
material exhibited a nearly neutrally charged state (Fig. 30B).
The best adsorption performance was achieved by the charged
balanced adsorbent PAO-CB both in a fouling environment and
in a non-fouling environment (Fig. 30C). When soaked in
natural seawater within 56 d, a high uranium extraction

capacity of 8.59 mg g�1 was recorded by the charged balanced
adsorbent PAO-CB, which was enhanced by 45% compared
with the bare PAO adsorbent. The SEM observation of the
adsorbents immersed in natural seawater for one week sug-
gested that serious fouling occurred on both the surfaces of the
charge-negative PAO membrane and the charge-positive PAO
membrane containing 40% TEPA, while only a few contami-
nants were observed on the surface of the charged balanced
PAO-CB membrane, which was attributed to the decrease of the
charge attraction between the charged contaminants and the
adsorbent (Fig. 30D). The stable covalent linking between PAO
and TEPA also endowed the PAO-CB with good reusability.
These studies disclosed that the construction of charge
balanced adsorbents provided an effective strategy to control
marine biofouling in UES.

Altogether, the ubiquitous microorganisms in the oceans
bring serious biofouling to materials applied in marine engi-
neering, which has been a tremendous challenge for UES.
Various ‘‘attacking’’ and ‘‘defending’’ strategies mentioned
above have been proposed to cope with the challenge. As for
the former active bactericidal strategy, one concern is that
killed bacteria can act as nutrients for bacterial growth, while
the latter passive antifouling strategy may lack the ability to
resist the dead bacterial cells that are already deposited on the
surface.203 Therefore, adsorbents relying on a single antifouling
mechanism cannot always meet the needs of different occa-
sions. To alleviate the problem, the combined use of passive
antifouling and active bactericidal strategies is expected to
achieve greater effectiveness. Meanwhile, versatile antibacterial
components can be incorporated into the adsorbents to
generate multifunctional surfaces.

On the other hand, since the dominant biofouling species
affecting uranium recovery from the oceans are unclear,
antibacterial agents with broad-spectrum antibacterial charac-
teristics are usually selected. The Gram-negative E. coli and
Gram-positive S. aureus are often used as model bacteria for
antibacterial research. However, the dominant target biofoul-
ing species are variable corresponding to the surface chemistry
and structural features of the different uranium adsorbents.
Identifying dominant bacterial species affecting uranium recov-
ery is conducive to designing antifouling adsorbents for target-
ing specific biofouling bacteria. Last but not least, current
antimicrobial evaluation experiments are basically carried out
on a laboratory scale. However, in fact, biofouling is derived
from the oceans, and the complex marine biological system
brings more uncertainties and challenges. Therefore, future
research on antimicrobial assessment should be performed in
the open marine environment to verify the practical application
performance of the adsorbents.

3.4. Strategies for improving durability

The stability of an adsorbent under realistic marine conditions
is an essential issue that needed to be taken into consideration
in the practical deployment of adsorbents.14 The adsorbents
without structural stability might undergo degradation or
the loss of functional components over prolonged seawater
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exposure, which will compromise their extraction ability
towards uranium and raise the cost of UES. On the other hand,
it may also bring about environmental concerns owing to the
leaching of the components of adsorbents. To date, the
potential of numerous inorganic adsorbents, polymers and nano-
structured materials for UES has been extensively reported, while
few results concerning their structural stability have been obtained
in realistic marine tests.58,65,69,71,114,216,218,231 It is well documented
that, for inorganic materials, their poor durability and their
instability under basic conditions limit their large-scale application
in ocean environments. Besides, although the various appealing
characteristics have made many nanostructured materials (typi-
cally, porous framework materials, e.g., MOFs) interesting and
potential in UES application, their chemical stability remains a
tough challenge since a few of dative bonds in these materials
could survive in the seawater environment with high-ionic-strength.
To address this problem, strategies have been proposed to engineer
the organic struts of the frameworks. However, the synthesis of
these materials on an industrial scale is a huge challenge. From the
perspective of durability, it is more practical to use polymer
adsorbents for uranium recovery from seawater because of their
stable covalently-bonded structures. Specifically, polymeric hosts
with high mechanical strength are preferred.

Another issue related to material durability that must be
considered is the structural stability of adsorbents in the
elution process.263 Since the ultimate goal of UES is to obtain
high-concentration uranium products, uranium must be effec-
tively eluted from the adsorbents.264 Meanwhile, the adsorbent
should be regenerated for cycle use in marine tests, so as to
minimize the cost of UES. This requires the development of
relatively mild but efficient elution procedures. Conventionally,
uranium adsorbed onto AO-based fibers was eluted through
strong acid leaching (e.g., HCl, H2SO4 and HNO3).265,266 The
advantage of the acid elution approach is that the uranium
recovery rate is high, but it causes significant damage to the

fibers, leading to the decrease of adsorption performances in
cycle use.70 On the other hand, though AO ligands exhibit high
stability in seawater environments, they are susceptible to
decomposition through hydrolysis during the acid elution
process, which is responsible for the degraded extraction
performances of recycled AO-based adsorbents.267,268

After acid elution, an alkaline (typically KOH) reconditioning
process at elevated temperature (usually 80 1C) is always
required for the regeneration of the adsorbent. It has been
proved that alkali treatment in the adsorption–elution cycles
can reduce chemical damage and deterioration of the adsorp-
tion performance caused by acid elution.68,269–271 Nevertheless,
alkali treatment also causes physical damage to the adsorbents,
so that the tensile and mechanical strengths of the fibers
decrease with conditioning time, which compromises the
durability of the adsorbents for cycle use in seawater.120,272

To overcome the drawbacks of acid elution, an alternative
elution system using a mixture of sodium carbonate and
hydrogen peroxide (Na2CO3–H2O2) as the eluent was proposed
by Pan and co-workers for recovering uranium from AO-based
adsorbents.273 The elution system of Na2CO3–H2O2 can effec-
tively remove the adsorbed-uranium from the adsorbents by the
formation of a stable uranyl-peroxo-carbonato [(UO2)(O2)(CO3)2]4�

complex. This approach was presumably milder than acid elution,
but the presence of minor amounts of H2O2 may still lead to a
certain reduction in uranium adsorption capacity. Moreover,
the feasibility of leaching uranium from AO-based adsorbents
by employing potassium bicarbonate solution (KHCO3) was
also explored by the same group.274,275 The elution experiment
revealed that uranium adsorbed onto amidoxime-based fibers
in simulated seawater can be efficiently eluted using 3 mol L�1

KHCO3 as the eluent via the formation of the stable uranyl tris-
carbonato complex [(UO2)(CO3)3]. The use of 3 mol L�1 KHCO3

solution is quite mild to the adsorbent since its pH (8.0–8.3) is
close to the real seawater. More importantly, no more KOH

Fig. 30 (A) Schematic diagram of the preparation process of the charge balanced PAO-CB adsorbent and the proposed anti-adhesive mechanism for
marine biofouling. (B) Zeta potentials of PAO membranes containing different contents of TEPA. (C) The effects of fouling including protein and DNA on
uranium adsorption amounts using PAO membranes containing different contents of TEPA. (D) SEM images showing the morphology of bacteria
adhered onto PAO membranes containing different contents (0, 20 and 40%) of TEPA after uranium extraction from natural seawater. Reproduced with
permission.256 Copyright 2021, Elsevier.
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reconditioning step was needed for the reuse of the adsorbent,
and no loss of uranium uptake capacity was observed after
6 cycles of repeated use. The high efficiency of this elution
strategy was attributed to the formation of the stable uranyl
tris-carbonato complex in the pH range of 7–9. This non-acidic
elution process that creates less damage to adsorbents could
increase the reusability of the adsorbents, thus providing a
cost-saving path for UES.

It is generally accepted that economically viable recovery of
uranium from seawater requires the development of a techno-
logy that allows the cyclic deployment of adsorbents followed
by elution/regeneration without significant deterioration and
loss of adsorption capacity. Compared with the research on the
strategies to promote the adsorption process, there are few
reports on the improvement of the desorption process. More
efforts are needed to improve the stability of ligands and the
durability of the adsorbents, as well as to avoid the destruction
of the physicochemical properties of the adsorbents during
the uranium elution process. The development of non-acidic
elution strategies offers a feasible method to alleviate the
chemical damage to the trunk materials. There is still more
room for innovation in new elution/regeneration protocols
used to maximize the reusability of the adsorbents while
maintaining their adsorption capacity.

4. Emerging approaches for potential
UES systems

In addition to the well-established adsorption approaches rely-
ing on the surface-based physicochemical adsorption nature of
various adsorbents, recently, novel strategies such as electro-
chemical and photochemical approaches have been exploited
in emerging UES systems (Fig. 31). With the aid of an extra
electric field or light energy, the adsorption–desorption equili-
bria controlled by the thermodynamics will be broken, and the
mass transfer diffusion of uranium will be promoted. Conse-
quently, these electrically-driven or light-driven systems have
demonstrated higher capacity and faster kinetics in uranium
extraction, compared with the current passive adsorption
approach. These appealing methods open up new perspectives
for uranium extraction and may lead to a more efficient yet

economically viable process. In this section, the current repre-
sentative case studies on electrochemical and photochemical
methods for uranium extraction are summarized, and the
involved mechanisms are also covered.

4.1. Electrochemical approaches

An impressive study by Cui and co-workers to manipulate an
external electric field for promoting UES was reported in
2017.276,277 A marvellous uranium extraction capacity of
1932 mg g�1 was achieved by a half-wave rectified alternating
current electrochemical (HW-ACE) method. The HW-ACE
method is interpreted in five steps (Fig. 32) with a voltage
alternating between �5 V and 0 V. In step I, all the ions are
randomly dispersed in the aqueous solution. In step II, with the
negative voltage, the ions start migrating because of the exter-
nal electric field and generate an electric double layer on the
surface of the AO electrode. In step III, the uranyl ions which
are bound by the AO groups can be reduced and deposited on
the surface of the electrode. In step IV, when the external
electric field is removed, the ions which are neither chelated
by the AO group nor electrodeposited are redispersed in the
solvent. Step V is the cycle repeat; further uranyl ions are
attached to the electrode and deposited as UO2 particles.
Furthermore, the authors tested the HW-ACE method in 4 L
filtered, unspiked seawater, and the uptake of the uranium was
1.62 mg, while the physicochemical adsorption methods
extracted 0.56 mg uranium. Cui’s work shows that deploying
classical uranium extraction adsorbents in an electrochemical
system can break the complexation balance by converting U(VI)
to U(IV) and achieve high-efficiency UES.

The subsequent year, Chi and colleagues278 performed a
similar work by using chitosan-coated graphite felt as electro-
des. The authors replaced the alternating current with a direct

Fig. 31 Overview of topics covered in this section.

Fig. 32 The illustration of the HW-ACE, where an external electric field is
applied to the amidoxime-functionalized electrode with a voltage alter-
nating between �5 V and 0 V, resulting in the electrodeposition and
growth of uranium. Reproduced with permission.276 Copyright 2017,
Springer Nature.
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current with a voltage of �3 V and uranyl ions could also be
reduced as charge-neutral species (e.g., UO2). Meanwhile, Chi’s
work demonstrated the adaptability of the electrochemical
method for UES by introducing an external electric field applied
to different uranyl chelating groups. Tang et al.279 constructed
S-terminated MoS2 nanosheets with abundant electrochemi-
cally active S-edge sites for uranium binding and reduction.
Under an applied voltage of �3 V, the MoS2 nanosheets
exhibited a uranium extraction capacity of 1823 mg g�1 in
100 ppm of uranium-spiked seawater. However, there are still
two intrinsic limitations restricting the electrochemical extrac-
tion of uranium. First, the concentrations of various coexisting
cations are several orders of magnitude higher than that of
uranyl ions in oceans, which would considerably affect the
uranium separation efficiency by electrochemical strategies.
Second, the electric double layer (EDL) thickness or Debye
length (ID) of the confined external electric field of the charged
medium is less than 1 nm, and that is negligible to work for the
enrichment of uranyl ions in the micrometer-sized adsorbent
particles. The Zhu team designed and synthesized a novel core–
shell structure PAF (PPA@MISS-PAF-1), in which the conductive
chains of polyphenylacetylene (PPA) were incorporated into the
porous channels of the PAF to serve as the pathways for ion
transportation.93 Under the asymmetrical alternating current
electrochemical (AACE) method, the charged PPA chains pro-
vided an expanded electric field to guide the migration of metal
ions. Because of the enhanced electrically driven ion transport,
PPA@MISS-PAF-1 achieved a uranium uptake capacity of
16.5 mg g�1 in 90 d from natural seawater.

Capacitive deionization (CDI) is a kind of novel technique
for water treatment, which utilizes the mechanism of electro-
sorption of charged ions in EDLs, and plays an important role
in valuable tasks such as wastewater purification and seawater
desalination.280 Applying electrosorption for UES was first
reported by Smail and Yim in 2015.281 The authors used a
carbon slurry, which was prepared by using PVDF as a matrix to
immobilize the activated carbon powder, as the electrode. With
an applied potential of 0.4 V, the uranyl could be adsorbed by
the electrode from seawater with a capacity of 3.4 mg g�1. The
authors contributed the selectivity of electrosorption to the
differences in the charge density of ions. This conclusion was
limited since only high-valence metals (Na, K, Ca, and Sr) were
discussed in the study. Further experiments are needed for a
more in-depth understanding of the electrosorption mecha-
nism for UES. In subsequent years, several studies were carried
out for removing uranium from aqueous solutions by the CDI
technique.282–286 Liao and co-workers first synthesized a highly
porous phosphate-functionalized graphene hydrogel (HGP) and
used it as an electrode material for uranium(VI) electrosorption
by CDI (Fig. 33).282 The maximum adsorption capacity of their
work reached 545.7 mg g�1 in 60 min. Zhou et al. developed a
floriform WO3/C composite pseudocapacitive electrode mate-
rial for uranium(VI) extraction from water by electrosorption.284

The WO3/C electrode exhibited a qU of 449.9 mg g�1 in
4 h running time. Tang and coworkers used a composite
membrane consisting of chitosan and biomass-resourced

porous activated carbons as the electrodes for the electrosorp-
tion of uranium from water.285 This kind of electrode can
remove uranium(VI) from water at a lower applied potential of
0.9 V compared to previous work, and the best adsorption
capacity was 207.6 mg g�1 in 350 min. Chen and Tong synthe-
sized a kind of boron phosphide nanosheet with a large specific
surface area (221.7 m2 g�1) and an average thickness of
8.422 nm.283 This material could serve as an electrode material
for uranium extraction from the aqueous solution, with a
maximum adsorption capacity of 2584 mg g�1. The authors
also demonstrated the feasibility of the CDI method by con-
ducting uranium adsorption tests in natural seawater, and a qU

of 60.83 mg g�1 was achieved in 8 h.
Electrocatalysis, combined with rational materials design,

has been demonstrated recently to be a feasible approach for
efficient uranium extraction from seawater.287,288 For example,
a functionalized iron–nitrogen–carbon catalyst that consisted
of N-doped carbon capsules supporting FeNx single-atom sites
and surface chelating amidoxime groups was developed by
Ma and co-workers.287 Specifically, ZIF-8 nanocrystals were
used as precursors to prepare ZIF-8@Fe-TA (core–shell compo-
site) by the coordination of potassium-tannic acid and the ion
exchange of Fe3+ ions. Then, ZIF-8@Fe-TA was heated at 950 1C
in an argon atmosphere to yield carbon capsules, Fe–Nx–C.
Subsequently, the surface of the Fe–Nx–C was functionalized
with the AO groups with a chelating ability to uranyl ions, and
the resultant material was labeled Fe–Nx–C–R (Fig. 34A). The
uranium extraction experiments were conducted using an
alternating voltage between �5 V and 0 V at a frequency of
400 Hz, with a graphite rod serving as the positive electrode and
Fe–Nx–C–R serving as the negative electrode. The experiment
showed that Fe–Nx–C–R removed 99% of uranium within 24 h
from a 10 ppm U-spiked seawater (Fig. 34B). To understand the
mechanism, the authors conducted the extraction experiment
in a freshly prepared 1000 ppm of U-spiked seawater. After 24 h,
the qU was determined to be 14 302 mg g�1 (Fig. 34C), and the
yellow electrodeposited precipitate could be easily collected
from the electrode (Fig. 34D). The composition of the yellow
precipitate was determined to be Na2O(UO3�H2O)x by PXRD and
XPS analyses. Further EAXFS spectra showed that the coor-
dination number of the uranium in Na2O(UO3�H2O)x was 6.

Fig. 33 The illustration of the fabrication of HGP electrodes and their
application in electrosorption of uranyl ions. Reproduced with permis-
sion.282 Copyright 2019, Elsevier.
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This novel electrocatalysis strategy for UES prevents the labor-
ious and costly uranium elution procedures faced by traditional
adsorbents, as well as their regeneration processes.

In addition to electrochemical reduction deposition, a
recent study by the Li group attempted to deposit uranium in
aqueous solutions by an electrolytic strategy.289 The authors
synthesized a functionalized reduced graphene oxide foam
(3D-FrGOF) electrode by a hydrothermal process. During the
hydrothermal reaction, the functional groups on graphene
oxide reacted with ethylenediamine (EDA), polysulfides, poly-
thiobisamines, and free polysulfide radical species, leading to a
sulfur and amine-modified graphene foam. When a negative
potential of �0.9 V vs. saturated calomel electrode (SCE) was
applied to the 3D-FrGOF electrode, the uranyl ions moved to
the working electrode, thereby forming complexes with the
functional groups on the graphene foam. Then, because of
the hydrogen evolution reaction (HER) happening on the
electrode, the local OH� concentration increased, and the
uranium was deposited because of the increase in pH. Through
the electrolytic deposition strategy with the 3D-FrGOF elec-
trode, the uranium concentration of uranium-spiked seawater
could be decreased from 3 ppm to 19.9 ppb within 14 h.

The potential of electrochemical strategies in the practical
application of UES is being continuously explored. In general,
the marriage between electrochemical approaches and UES
offers notable advantages related to both the kinetics and
thermodynamics of the chemical separation process. First,
assisted by an external electric field, the extraction efficiency
of UES is increased because of the accelerated diffusional mass
transfer of uranyl ions towards the functional ligands. Second,
through the electrochemical reduction process, the uranyl ions
bound to the functional ligands are converted to neutral
precipitation (e.g., UO2, Na2O(UO3�H2O)x). This breaks the

conventional adsorption–desorption equilibrium and makes it
shift towards the generation of more uranium products. Third,
unlike the traditional adsorption method, the uranium products
obtained by the abovementioned electrochemical approaches are in
the solid form which is convenient for recovery. This eliminates the
tedious elution process and reduces the cost.

To further demonstrate the feasibility of the electrochemical
approaches for UES, major problems that need to be solved
include the following aspects. (1) Most of the above studies
were carried out in an acidic system (pH = 4.0–5.0). The
dominant species of uranium in aqueous systems in the pH
range is UO2

2+ with a positively charged state. But the natural
seawater is weakly alkaline (pH B8.3) and the uranium exists in
the form of (UO2)(CO3)3

2� with a negatively charged state.
Whether excellent adsorption performances can be maintained
is a question that needs to be investigated. (2) Since the
electrochemical methods need an external electric field, the
deployment of such separation systems in the ocean requires
more consideration at the engineering design level (such as the
method safety, and the construction cost and operating cost).
(3) Due to the extremely low concentration of uranium in
seawater, the electrochemical devices need to be immersed in
seawater for quite a long time to obtain recoverable uranium
products. The corrosion of the electrochemical devices by the
high concentration of salts and a wide variety of microorgan-
isms in the ocean thus needs to be evaluated and addressed.

4.2. Photochemical approaches

Sunlight is a primary energy source that can be directly
obtained from nature. Exploiting solar energy to improve the
efficiency of UES has attracted extensive attention recently,
since additional energy consumption could be prevented.
In this respect, a series of photocatalytic approaches have been

Fig. 34 (A) Schematic illustration of the synthesis of Fe–Nx–C–R. (B) Uranium extraction using Fe–Nx–C–R from spiked seawater with an initial uranium
concentration (C0) of B10 ppm. (C) Uranium extraction using Fe–Nx–C–R from spiked seawater with a C0 of B1000 ppm. (D) Photographs of the
Fe–Nx–C–R electrode in spiked water (C0 = B1000 ppm) during electrocatalytic extraction at different times. Reproduced with permission.287 Copyright
2021, Wiley-VCH.
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integrated with uranium extraction systems to promote their
performances. Primarily, the reduction potentials of UO2

2+/UO2

and UO2
2+/U4+ are 0.411 V and 0.327 V compared with standard

hydrogen electrodes, respectively, while the typical semicon-
ductor photocatalyst SiO2 has a reduction potential of 2.7 V in
aqueous solutions at pH 7. This means that the photocatalytic
reduction of uranyl ions by the semiconductor is theoretically
feasible.290,291 For the first time, Li et al. tested the potential of
TiO2 as a photocatalyst for UES.292 The maximum uranium
extraction capacity of this photocatalytic strategy was over
3960 mg g�1, and the spectrum analysis confirmed that UO2

was the species of the extracted uranium. Considering the
inherently high salt concentration in saline lake brine or sea-
water, Wang et al. assessed the influence of salt ionic strength
in aqueous solutions on the performance of TiO2 for photo-
catalytic reduction of uranium.293 The results showed that the
extraction efficiency of uranium was only 50.2% in the uranium
spiked pure saline lake brine. When the brine was diluted with
the same volume of saline lake water, the extraction efficiency
could reach 91.1%. Basically, due to the extremely low concen-
tration of uranium in seawater and the complex ocean environ-
ment, it remains critical to further improve the photocatalytic
reactivity of TiO2.

For instance, to enhance the photocatalytic activity of TiO2

under visible light, Wang et al. hydrogenated TiO2 with NaBH4

to generate Ti3+ self-doped TiO2 (so-called black TiO2, BTn).294

By increasing the addition amount of NaBH4, three hydrogena-
tion degrees of TiO2 were obtained (BT1, BT2, and BT3). The
uranium adsorption experiments showed that increasing the
amount of reduced TiO2(Ti3+) could improve the uranium
extraction efficiency, and BT2 exhibited a uranium extraction
capacity 4 times higher than that of pristine TiO2. The authors

attributed the high response of black TiO2 under visible light to
the efficient formation of oxygen vacancies and surface disor-
dered layers during the reduction of Ti4+. Xu et al. synthesized a
composite material (TiO2/CPAN-AO) by a hydrothermal and
cyclization hydrogenation method (Fig. 35A).295 The surface of
the TiO2/CPAN-AO composite is hybridized with a p-conjugated
structure and Z-type heterojunction, prolonging the lifetime
of photo-generated charges. The qU of TiO2/CPAN-AO reached
2380 mg g�1 under light irradiation (Fig. 35B), while in the dark,
the qU was only 10% of that under illumination. The charge
carrier transfer process made the TiO2/CPAN-AO composite a
heterojunction with high redox capability (Fig. 35C–E), which
greatly improved the photocatalytic reduction efficiency of U(VI).

The above studies show that TiO2 may be a promising
photocatalyst for UES, and through proper modification, the
reduction and separation of uranyl ions under visible light
could be achieved. To further improve the TiO2 involved
photocatalytic system for UES, Li et al. designed and fabricated
a novel magnetic core–shell adsorbent, Fe3O4@TiO2-AO.229 The
inner core was the magnetic Fe3O4 and the shell layer was TiO2

modified with AO groups. The magnetic Fe3O4@TiO2-AO could
be conveniently separated under an external magnetic field,
and the regeneration efficiency still reached 78.5% after
10 adsorption–desorption–regeneration cycles. This photocata-
lytic system achieved a qU of 87.5 mg g�1 within 33 d in natural
seawater.

Graphitic carbon nitride (g-C3N4), as a kind of metal-free
photocatalyst, attracts widespread attention because of its mode-
rate energy gap, high stability, comparatively facile synthetic
method, and low cost.296 Compared with bulk g-C3N4, porous
g-C3N4 has a higher specific area, which can provide more
active sites for photocatalytic reactions.297 Wang and co-workers

Fig. 35 (A) Schematic representation of the formation process of TiO2/CPAN-AO microspheres. (B) The effect of time on the photocatalytic reduction
ability of TiO2/CPAN-AO at 0.01 M L�1 uranium concentration. (C–E) The mechanisms of uranium adsorption, coordination and photoexcited electron
transfer in TiO2/CPAN-AO. Reproduced with permission.295 Copyright 2021, Elsevier.
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prepared tunable mesoporous g-C3N4 (MCN) using a hard
template method and tested its photocatalytic performance for
uranium.298 Due to the high light utilization and photo-generated
carrier separation efficiency, MCN showed excellent photocatalytic
performance for the reduction of uranyl under visible light
illumination. Among the mesoporous g-C3N4 with different spe-
cific surface areas (MCN0.25, MCN0.5, MCN1.0, MCN2.0, MCN4.0),
MCN1.0 showed the best uranium separation efficiency, comple-
tely enriching the uranium in the U(VI)-spiked real seawater within
20 min.

Previous investigations showed that under weakly alkaline
conditions the carbonates in the seawater system seriously
inhibited the photocatalytic reduction of U(VI). To overcome
the limitation, Li et al. prepared carboxylated g-C3N4 catalysts
(CCN-5, CCN-24) with different amounts of carboxyl groups by
oxidizing bulk carbon nitride (BCN).299 The introduced car-
boxylic groups on the surface of carbon nitride enhanced the
adsorption ability of U(VI). DFT calculations showed that the
modified g-C3N4 had a narrower energy band gap and a lower
conduction band position, leading to higher photocatalytic
performance for U(VI) reduction. Compared with BCN, the
uranium extraction capacity of CCN-24 was increased by 30%
in a solution containing 2.0 mmol L�1 NaHCO3. Moreover, the
U(VI) reduction rate of CCN-24 was 0.0867 min�1, which was
B33 times higher than that of BCN (0.0026 min�1). To further
improve the photocatalytic activity and adsorption capacity of
the carbon nitride photocatalyst, Liu et al. synthesized a new
kind of bifunctional carbon nitride material (CN550) by a one-
step molten salt method,300 which had more adsorption sites
and higher specific surface area (75.6 m2 g�1) (Fig. 36A). The
adsorption behaviours of g-C3N4 and CN550 were first studied
under dark and light conditions. It was found that CN550
exhibited much higher adsorption and photocatalytic activity
than g-C3N4 (Fig. 36Ba–c). Subsequently, the performance of
photocatalysis-assisted adsorption of uranium using CN550
as the adsorbent was explored. Compared with the traditional
physicochemical adsorption (PA) method, a significantly
improved extraction capacity for uranium was observed under
light illumination (Fig. 36Bd). The uranium extraction capacity
of CN550 could reach 1556 mg g�1 using the sunlight-driven
photocatalysis-assisted extraction (SUPER) method with an
initial uranium concentration of 500 mg L�1, which was nearly
10 times higher than that of the physicochemical method
(149 mg g�1). When tested in uranium-spiked real seawater at
a relatively low concentration of 3 mg L�1, a removal rate of
98.7% and an extraction capacity of 17 mg g�1 could be
obtained by CN550 using the SUPER method, while the PA
method only exhibited a 17.9% removal rate and an extraction
capacity of 3 mg g�1 (Fig. 36Be). A high uranium extraction
capacity of 1057 mg g�1 by CN550 could be acquired when the
initial uranium concentration was increased to 330 mg L�1.
Moreover, the SUPER method by utilizing CN550 also showed a
higher removal rate for uranium than the PA method under
natural sunlight illumination (Fig. 36Bf). These results sug-
gested the potential of CN550 in the application of UES under
sunlight by the SUPER method.

In recent years, a variety of porous framework materials such
as MOFs,301–303 COFs,83,304 CMPs92,305 and HOFs306 have been
regarded as new types of photocatalysts for uranium extraction,
due to their high specific surface area and multiple reaction
sites. Li et al. synthesized a post-synthetically functionalized
metal–organic framework (MOF PCN-222) by combining ligand
complexation and photocatalytic reduction.302 The MOF PCN-
222 was modified with phosphono- and amino groups, which
endowed it with the capability of uranyl complexation
(Fig. 37A). Upon visible light irradiation, the uranium uptake
capacity could be significantly improved, compared with the
results obtained under dark conditions (Fig. 37B). In addition,
it was observed that U(VI) can almost be completely separated
with PCN-222 at high or low concentration over an extremely
wide pH range, and a maximum uranium uptake amount of
1289.3 mg g�1 could be achieved at an initial uranyl concen-
tration of 400 ppm and a solid–liquid ratio of 0.25 g L�1.
By introducing U(VI)-recognizing ligands that were pre-enriched
into the adsorption sites, U(VI) was simultaneously reduced effi-
ciently by the photoinduced electrons from the photoactive MOF
host under visible-light irradiation, resulting in neutral U(IV)
species that were stored in the open space (Fig. 37C). The active
sites for additional uranium binding could also be quickly
regenerated, thus affording an ultrahigh uranium-extraction
capacity.

Yu et al. presented a molecular engineering strategy to boost
the photocatalysis performance of donor–acceptor CMPs
(ECUT-SO) for uranium reduction under visible light.305 Signifi-
cantly, ECUT-SO demonstrated an ultrahigh uranium extrac-
tion capacity of 1780 mg g�1 with a nearly 100% extraction
efficiency in uranium-spiked real seawater with an initial
uranium concentration of 50 mg L�1. Building on this work,
the same group synthesized a sulfonated perylene-based CMP
(PyB-SO3H), which displayed a higher uranium extraction capa-
city of 1989 mg g�1.252 The Wang group utilized the photo-
catalytic and photoelectric effects of black phosphorus,232

anchored UiO-66-NH2/black phosphorus quantum dot (MOF/
BPQD) heterojunctions onto the carboxyl cellulose nanofiber
(CNF) aerogel, realizing the photocatalytic reduction and effi-
cient separation of uranium.233 For improving the uranium
adsorption ability as well as resistance to biofouling, the Qiu
group developed a series of COFs by combining selective ligand
binding (amidoxime groups or hydroxyl groups), chemical
reduction, and a photo-enhanced strategy.85,249,307 These COF
photocatalysts exhibited excellent uranium extraction capacity
as well as high anti-biofouling activity, due to their multifunc-
tional coupling strategies.

In general, developing photocatalytic strategies for UES has
been widely considered to be a promising way for high effi-
ciency and low cost. Continuous effects are still being made to
exploit the photocatalytic technology while optimizing the
photocatalyst design and synthesis for UES. The principles for
the development of achievable photocatalytic systems have
been elaborated in several articles.41,308 Researchers in the field
of UES could draw inspiration from state-of-the-art photocata-
lysis. Nonetheless, similar to the electrochemical approaches
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mentioned above, there remain significant obstacles to the
practical application of photocatalytic approaches. A specific
challenge that should not be ignored is the use of sacrificial
agents, such as methanol and ethanol, in photocatalytic sys-
tems. Although sacrificial agents play an important role in
facilitating the reduction of uranium on semiconductors with
lower reduction potentials, it seems impractical to use these
sacrificial agents in real seawater systems. A more environmen-
tally friendly and effective UES process would be established
if the issue of sacrificial agents is addressed. Besides, major
challenges still lie in the deployment of photocatalytic systems
and the stability of photocatalysts under realistic marine
conditions.

5. Marine field tests and
cost–efficiency analysis

Natural seawater is a complex biogeochemical system with a
great amount of coexisting metal ions, high salinity, specific pH

conditions, and substantial marine biofouling. The laboratory
screening tests with artificial seawater cannot accurately reflect
the adsorption behaviours of adsorbents in the natural sea-
water. Before the evaluation of the commercialization potential
of UES, the performance of the diverse uranium adsorbents
developed in laboratories needs to be validated in marine field
tests. Information from marine field studies is valuable for
evaluating the adsorption capacity, selectivity, biofouling resis-
tance and durability of the adsorbents under real seawater
conditions. These data are required to optimize the structural
parameters of the adsorbents and their deployment conditions
to establish an effective uranium recovery system.9 To date,
marine tests for uranium extraction have been conducted in
countries including Japan, the United States, and China. In this
section, the up-to-date achievements in marine tests made by
these countries are detailed, which is envisioned to contribute
to a more in-depth understanding of UES from an engineering
point of view. Since the early UES programs and marine
infrastructures in Japan and the United States have been
covered in some reviews and reports,9,26,309,310 we highlight

Fig. 36 (A) Scheme for the formation of g-C3N4 and CN550 with PTI structure and the SEM images for both materials. (B) (a–c) The photocatalytic and
adsorption behaviours of CN550 and g-C3N4 under both dark and light conditions (0.2 g L�1 CN550 and 1 g L�1 g-C3N4 as photocatalysts with initial
200 mg L�1 uranium solution); (d) uranium extraction by using the SUPER and PA methods with an initial uranium concentration of 500 mg L�1 (0.2 g L�1

CN550, pH = 5.0); (e) uranium extraction from spiked seawater using the SUPER and PA methods with an initial uranium concentration of 3 mg L�1

(0.2 g L�1 CN550, pH = 5.0); and (f) photograph of uranium-spiked seawater solutions (around 1500 mg L�1) after a week of extraction under natural
sunlight and after a week of adsorption in the dark followed by filtration. Reproduced with permission.300 Copyright 2021, Elsevier.
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the contributions of Chinese researchers in the past five years,
especially the breakthroughs in marine tests initiated by the
China Academy of Engineering Physics (CAEP) and the Chinese
Academy of Sciences (CAS). Moreover, since UES is largely a
game of economics and scale, the presentation of the imple-
mented marine field tests will be accompanied by a brief
introduction of the cost estimation, and potential approaches
to reduce the cost will be proposed at the end of this section.

5.1. Marine tests in Japan

Driven by the scarcity of domestic uranium resources and the
sharp increase in uranium demand, Japan turned its attention
to the ocean as early as the 1960s to exploit marine uranium
reserves. Laboratory experiments were then carried out by the
National Institute of Advanced Science and Technology (Shi-
koku), the University of Tokyo, Kyoto University and other
research institutes. In 1974, the Research Committee on Rare
Resources from Seawater organized by the Ministry of Interna-
tional Trade and Industry (MITI) started the overall study on
the recovery of uranium from seawater. In the subsequent year,
the Metal Mining Agency of Japan participated in the project,
and a coordinating committee was then established.309 These
early extensive efforts focused on the screening of various
adsorbents where hydrous titanium oxide (HTO) was identified
as a promising adsorbent.19–21,311 The first experimental plant
for UES was operated by the Agency for Natural Resources and
Energy (ANRE), MITI and the Metal Mining Agency of Japan
from 1981 to 1988, with HTO as the adsorbent. However, the
reported adsorption capacity of the HTO was only 0.1 mg g�1,
which was clearly not economically feasible. Moreover, the
requirement for mechanical pumping of seawater across the
adsorbent bed and the poor mechanical resistance of the HTO
limited its practical applications, leading to the cessation of the
project.26

The focus has been turned to synthetic polymers, which
represent the category of adsorbents most capable of large-scale

deployment for UES. In particular, AO was found to be a new
promising chelating agent for uranium recovery, and in 1979
and 1980, Egawa and co-workers first reported the preparation
and application of AO-functionalized polymeric adsorbents for
UES.27–29 The development of AO-derived adsorption systems in
Japan has aroused a research upsurge for UES, leading to both
laboratory studies and marine tests from the 1980s to the early
2000s. From the viewpoint of practical handling in the adsorp-
tion process, great efforts on the laboratory scale have been
devoted to the development of adsorbents for practical applica-
tions to the seawater system over the 1980s and 1990s.26 During
this period, three types of AO-based adsorbents were developed
successively, including AO-based polymer beads,27,312 AO-based
fibers prepared by chemically reacting commercially avail-
able AN fibers with hydroxylamine,313,314 and AO-based fibers
prepared by the well-known RIGP process as depicted in
Fig. 5B.66,68 The adsorbents prepared by RIGP using PE non-
woven fabrics as trunk polymers demonstrated favorable
mechanical strength and adsorption capacity, which were
chosen for subsequent large-scale marine experiments.315

The marine field tests in Japan began in the early 1990s with
the work of Takeda and colleagues.266 A fixed bed charged with
hollow fibers containing AO groups (labeled AO-H fibers) was
fabricated via RIGP and placed on the coast of the Pacific Ocean
for UES. After 30 d of contact with the coastal seawater, a qU of
0.97 mg g�1 was obtained by the AO-H fibers. Shortly after, a
field test for UES was conducted by Goto and co-workers in
Imari Bay in the northern part of the Kyushu Island of Japan.316

A mooring system was established where AO fibers were packed
in an adsorption cage (unit), which was suspended with ropes
from a buoy moored in the seawater and was allowed to swing
with the wave motion (Fig. 38A). After the mooring of 37 d,
the stability of AO-based fiber was confirmed, and a qU of
1.30 mg g�1 was achieved (Table 1).

The performances of porous AO chelating resins for UES
were also evaluated through towing and mooring systems in
Imari Bay.317 For both sets of trials, the adsorption beds of the
as-prepared AO resins were suspended in the ocean from a
buoy. After 930 h exposure, the highest qU of 1.32 mg g�1 was
acquired. Besides, several hydrophilic AO-based fibers prepared
by RIGP of AN with hydrophilic comonomers of MA or HEMA
from PE trunk fibers were tested offshore at Mutsu Sekine-
Hama in Aomori Prefecture, using a mooring system.65 After
being submerged at 15 m below the surface for 20 days, the
fibers with an AO : MA weight ratio of 60 : 40 exhibited the best
performance, affording a maximum qU of 0.90 mg g�1.

Significantly, the largest marine field test led by the Japan
Atomic Energy Agency (JAEA) was carried out and a two-year-
long effort from 1999 to 2001 was devoted to uranium recovery
from the Pacific Ocean. In this project, two different uranium
collection systems using adsorbents stacks315,319,320 and
braided adsorbents318,321 were designed and prepared, respec-
tively. The detailed design parameters of the two systems were
provided by Tamada and co-workers.26 As for the stack collec-
tion system (Fig. 38B), the adsorption stacks were prepared
from PE nonwoven fabrics grafted with AO ligands, which were

Fig. 37 (A) Schematic representation of SALI. (B) Uranium extraction with
PCN-222, P-PCN-222 and PN-PCN-222 using the photocatalytic
reduction method compared to the adsorption method in the dark with
initial uranium concentrations of B400 ppm and the solid to liquid ratio of
0.5 g L�1. (C) Schematic illustration of selective enrichment and photo-
catalytic reduction of U(VI) based on PN-PCN-222. Reproduced with
permission.302 Copyright 2019, Elsevier.
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then cut into smaller sheets and packed into cages that were
lowered from a floating frame into the Pacific Ocean. The
adsorption beds were hanged out every 20–40 d and the
adsorbed uranium on the adsorbent fabric was fractionally
eluted with 0.5 mol L�1 HCl. Over 240 d of contact with
seawater, more than 1 kg yellowcake was yielded, affording
an average adsorption ability of 0.5 mg g�1 for 30 d soaking.
However, one major problem with the stack collection system
was the high collection cost. Due to the large weight of the
marine equipment for mooring the adsorbents in seawater, the
mooring operations of the stack collection system were found
to account for more than 70% of the total cost.322

To address this issue, an innovative system using braided
adsorbents was designed in 2004, as shown in Fig. 38C. These
long kelp-like braids of AO-functionalized PE fibers could be
anchored to the seafloor without a floating frame and adsorp-
tion beds, and could be cut off from the anchor using wireless
operation when collected. Besides, the braid adsorbents that
appeared on the sea surface could be recovered with a fishing
boat. The braid system was evaluated in the sea of Okinawa area
in Japan. Impressively, a breakthrough in UES was achieved in
this work where a successful uptake of 1.5 mg g�1 for uranium
was acquired by the braided AO-based fibers after 30 d, which was
three times higher than that of adsorbent stacks. Compared with
the stack collection system, the higher adsorption capacity
acquired by the braided-type adsorbents may be attributed to
the enhanced contact between the adsorbents and seawater.
Moreover, the braid collection system was estimated to achieve

a reduction of 40% of the cost for UES compared to the stack
collection system, since the construction of the floating frame and
the adsorption beds could be avoided.

An extended economic analysis of the braid collection
system was performed by Tamada and colleagues in 2006,323

with the consideration of the three basic steps in the uranium
production process, including adsorbent production, uranium
extraction, and elution and purification. A design for a large-
scale UES system was proposed, with an annual output of
1200 tU, adsorption ability of 2 mg g�1 for 60 d soaking and
6 times repeated usage. As a result, the collection cost was
estimated to be 90 000 yen per kg-U (about $1000 per kg-U, in
2011 dollars). Additionally, the critical cost driver was identi-
fied as adsorbent production in this analysis, which accounted
for 69% of the total cost. Later, Schneider and Sachde conducted
an updated cost estimation for UES through the braid collection
system developed by JAEA,324 incorporating the uncertainties in
chemical, commodity and capital equipment costs. Using the
same reference conditions as JAEA for adsorption capacity and
recycles (a 60 d loading of 2 mg g�1 and 6 recycles of use of
adsorbent) as a base case, a production cost of $1230 per kg-U
with a 95% confidence interval of ($1040 per kg-U, $1440 per kg-U)
was estimated in this study. The difference in cost was mostly
attributed to their consideration of an experimentally observed 5%
degradation of adsorbent capacity per use cycle. Further sensitivity
studies highlighted that the major cost drivers in the braid collec-
tion system were the adsorbent capacity and the number of recycles
of the adsorbents.

Fig. 38 Schematic images of (A) the mooring system (Reproduced with permission.65 Copyright 2000, American Chemical Society); (B) the stack
collection system; and (C) the braid collection system. (B and C) reproduced with permission.320 Copyright 2016, EDP Sciences.

Table 1 Summary of marine tests for UES performed in Japan

Time Place Adsorbent Adsorption system Collected U amount Time Ref.

1991 The coast of the Pacific Ocean AO-based fiber Continuous-flow system 0.97 mg g�1 30 d 266
1991 Imari Bay, Japan AO-based fiber Mooring system 1.30 mg g�1 37 d 316
1993 Imari Bay, Japan AO-based resin Towing–mooring system 1.32 mg g�1 930 h 317
2000 6 km offshore at Mutsu Sekine-Hama

in Aomori Prefecture, Japan
AO-based fiber Mooring system 0.90 mg g�1 20 d 65

1999–2001 7 km offshore from Mustu-Sekine
in Aomori prefecture, Japan

AO-based fabric Stack collection system 1083 g 240 d 315

2004 Okinawa, Japan AO-based fiber Braid collection system 1.50 mg g�1 30 d 318
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5.2. Marine tests in the United States

Although the United States had carried out preliminary research
on UES in the 1960s, few experimental efforts have been made
before 1980. After the 2005–2007 uranium price bubble, the
researchers in the United States were motivated by the need for
economically viable uranium sources beyond terrestrial ores.
Renewed enthusiasm was thus aroused to speed up the develop-
ment of UES. The ‘‘Fuel Resources Project’’ was launched with the
objective of developing advanced adsorbents with an adsorption
capacity at least double that of the best adsorbent pioneered by
JAEA (1.5 mg g�1).325 A multidisciplinary team was assembled
with scientists from the United States national laboratories
including Oak Ridge National Laboratory (ORNL), Lawrence
Berkeley National Laboratory (LBNL), Pacific Northwest National
Laboratory (PNNL), universities, and research institutes to address
this challenging problem in 2011.326 Multifaceted efforts have
been made since then, with major contributions achieved such as
the development of ‘‘HiCap’’ and ‘‘U-Grabber’’ polymer adsor-
bents which received the ‘R&D 100’ award in 2012 and 2016,120

respectively, the optimized ‘‘AI’’ and ‘‘AF’’ series adsorbents
prepared by RIGP,110,111 and the application of the ATRP
approach for synthesis of novel adsorbents.75,76 Herein, we
provide an overview of the establishment of marine test activ-
ities for performance assessment done in the United States over
the period 2012–2016.155,202,310,327 The marine test program
was started at the Marine Science Laboratory (MSL) of PNNL in
2012, to determine the adsorption behaviours of the adsorbents
produced by program participants towards uranium and other

elements (e.g., V, Fe, Cu, Zn, Ni and Cd) under natural seawater
conditions. Specifically, three formulations of the ORNL AO-
based polymeric adsorbents, 38H, AF1 and AI8, which exhibited
high capacity in batch screening experiments with simulated
seawater,310 were initially employed in field tests with natural
seawater. These adsorbents were produced in a fibrous form
(40–100 mg samples) or further prepared in large mass as a
braided material (5–10 g samples). Instead of deploying the
adsorbents directly in the ocean, two kinds of indoor exposure
systems, a flow-through column system and a recirculating
flume exposure system (Fig. 39), were designed and utilized
for performance assessment. Ambient seawater from Sequim
Bay, WA, was used for seawater exposure studies; it was
delivered to a ‘‘wet laboratory’’ through a seawater delivery
system developed in the MSL. Briefly, for the flow-through
column system, the conditioned fibrous adsorbents were dis-
persed and packed in adsorption columns, and held in place
using a combination of glass wool and/or glass beads (3–5 mm).
For the flume exposure system, the conditioned braided adsorbent
materials were mounted in the flume for seawater exposure. In
both seawater exposure systems, the filtered natural seawater was
pumped from a large-volume reservoir tank and constantly fed into
the columns or flume under controlled temperature and flow-rate
conditions, and then recycled back to the tanks. Additional details
about the design parameters and concepts for both systems were
given by Gill and colleagues.155

The time series measurements of uranium adsorption capa-
city with 38H, AF1 and AI8 adsorbents were first performed

Fig. 39 (A) Layout and components of the seawater delivery and multi-port manifold system used for exposing uranium adsorbent materials in flow-
through columns to filtered ambient seawater under controlled temperature and flow conditions; (B) side view depiction of the recirculating flume
system used for exposing braided adsorbent material to filtered or unfiltered natural seawater under controlled temperature and flow-rate (linear
velocity) conditions; (C) two, 24 port manifold systems (back to back) with flow-through columns attached; and (D) translucent flumes for unfiltered
seawater exposure studies with braided adsorbent materials. Reproduced with permission.155 Copyright 2016, American Chemical Society.
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using the flow-through column exposure system with filtered
Sequim Bay seawater, and the results are summarized in
Table 2.155,328,329 After 56 d of seawater exposure at 20 1C, all
three formulations of adsorbents demonstrated adsorption
capacities higher than 3 mg g�1, of which the AF1 formulation
exhibited the best performance with a 56 d adsorption capacity
of 3.9 mg g�1 and a predicted saturated adsorption capacity of
5.4 mg g�1.310 Notably, the uranium adsorption amounts of the
three adsorbents after 56 d exposure to seawater were all
3–4 times higher than the maximum capacity (1.1 mg g�1)
achieved by the adsorbents of JAEA under similar conditions.327

Based on the uranium uptake measurements, a cost analysis
was also conducted by updating the adsorption capacity in the
mooring system proposed by JAEA323 with that of the ORNL
adsorbents obtained in this work (3.09 mg g�1 of 60 d uptake).
Approximately, the ORNL adsorbent enabled the recovery of
uranium from the seawater at a cost of $760 per kg-U using
the adsorption system proposed by JAEA, while a cost of
$610 per kg-U might be achieved in a modified system using
smaller boats working from offshore elution and stronger
polymer anchor ropes.327

Other formulations of adsorbents produced by either RIGP
or ATRP approaches were also explored. Significantly, the
ATRP-adsorbent (referred to as SB12-8) grafted with AN and
HEA using PVC-co-CPVC fibers as the backbone achieved the
highest qU of 6.56 mg g�1 after 56 d of exposure to natural
seawater, nearly a doubling in adsorption capacity over that of

the 38H adsorbent. Subsequently, scale-up tests using a recir-
culating flume were carried out with braided adsorbents under
controlled temperature and flow-rate conditions. Multiple
cycles of exposure were first conducted with AF1 braided
adsorbents, with the final adsorption capacity determined to
be 4.03 mg g�1 after 56 d, which was comparable with the data
obtained in the flow-through column test. The coincidence of
the test results obtained in the two exposure systems validated
the performance of the adsorbents. The production of the
adsorbents was highly reproducible, and the test procedures
were reliable. It is worth mentioning that there has been a
continuous improvement in the adsorption capacity of AO-
based polymeric adsorbents from 3.30 mg g�1 to 6.56 mg g�1

in 56 d in the marine tests conducted at PNNL.
Building on this work, the Woods Hole Oceanographic

Institution (WHOI) and the University of Miami’s Broad Key
Island (BKI) Research Facility also served as coastal marine
sites for additional marine tests using an identical exposure
set-up as used at PNNL, to assess the effects of different
oceanographic conditions and water quality conditions (e.g.,
temperature, salinity, the concentration of dissolved organic
carbon (DOC), and competing ions) on uranium recovery from
seawater. The time series measurements of the ONRL AF1
adsorbents were investigated at the WHOI using both flow-
through column and flume exposure systems. The obtained
adsorption capacity in the WHOI experiments was 15% and
55% higher than that observed in the PNNL experiments for

Table 2 Summary of marine tests for UES performed in the United States over 2012–2016

Adsorbents Saturation capacity (mg g�1) 56 day adsorption capacity (mg g�1) Half-saturation time (days)

PNNL, flow-through column testinga

38H 4.29 � 0.24 3.30 � 0.18 16.9 � 2.8
AI8 5.17 � 0.18 3.54 � 0.12 25.8 � 2.1
AF1 5.56 � 0.15 3.91 � 0.11 24.0 � 1.5
AF1FR2 7.05 � 0.21 5.00 � 0.15 22.9 � 1.7
AN/MA/42kGY-a1 8.43 � 0.72 5.13 � 0.44 36.0 � 6.1
MAN1-AO/DMSO 6.70 � 0.22 5.04 � 0.16 18.5 � 1.6
MAN8-AO/DMSO 7.75 � 0.37 5.09 � 0.24 29.2 � 3.0
LCW-2 6.04 � 1.04 3.78 � 0.65 33.5 � 12.0
LCW-MSL-10 6.34 � 0.19 5.28 � 0.16 11.2 � 1.3
SB12-8 8.90 � 0.45 6.56 � 0.33 20.0 � 2.7
SB11-295 11.1 � 2.40 6.18 � 1.34 44.6 � 16.4
PNNL, recirculating flume testinga

AI8 6.86 � 0.68 4.13 � 0.41 37.0 � 7.0
AF1 5.93 � 0.17 4.03 � 0.12 26.5 � 1.6
AF1-13-AO/DMSO 6.51 � 0.69 4.27 � 0.15 29.3 � 7.0
AF8 7.04 � 1.42 3.62 � 0.73 52.9 � 19.0
WHOI, flow-through column testinga

AF1 5.97 � 0.27 4.43 � 0.20 19.4 � 2.4
WHOI, recirculating flume testinga

AF1 9.84 � 0.48 5.96 � 0.29 36.4 � 3.7
BKI, recirculating flume testingb

AF1 — 6.35 � 0.10 25 � 1
AI8 — 5.96 � 0.24 21 � 2
AF8 — 4.43 � 0.81 51 � 2
AF1-AO-DMSO — 6.77 � 0.56 21 � 2

a The data were determined from one-site ligand saturation modelling of time series data and were normalized to a salinity of 35 to allow for a
direct comparison of uranium concentrations at a common salinity. Unless otherwise specified, the experiment was conducted at 20 1C, and the
flowrate (linear velocity) of the seawater through the column or flume was between 2 and 2.5 cm s�1. All data were taken from the report by Gill
et al.328 b The data were determined from one-site ligand saturation modelling of time series data obtained at ambient temperature (26–31 1C) and
ambient salinity (35.7 to 37.4). All data were taken from the report by Todd et al.329
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column and flume tests, respectively. The regional differences
in U adsorption capacity were attributed to the variations in
competing ions and/or water quality parameters such as DOC
concentrations.155

In addition, several formulations of AO-based polymeric
adsorbents (AF1, AI8, AF8, and AF1-AO-DMSO) were selected
and identical exposure systems were employed for investiga-
tions at BKI. The marine tests at BKI provided opportunities to
assess the performances of these adsorbents under warmer
ambient and higher saline conditions than those existing at
Sequim Bay off the Washington coast. Following contact with
seawater for a period of 56 d at ambient temperature (26–31 1C)
and salinity (35.7 to 37.4), the AF1, AI8 and AF1-AO-DMSO
adsorbents all exhibited similar uranium adsorption capacities
(6.0 mg g�1 to 6.6 mg g�1) in flume system tests, while the AF8
adsorbent showed a lower uptake of 4.4 mg g�1. Obviously, all
adsorbents tested at BKI exhibited higher capacities than those
obtained at PNNL, which was mainly ascribed to the higher
temperatures. These results acquired from different coastal

marine environments highlighted the critical role of tempera-
ture, the competing ions and other water quality conditions
such as DOC in the process of UES.330

To save energy and costs associated with the deployment,
mooring and recovery of adsorbents, a mechanically driven
seawater extraction system called the symbiotic system was
designed by Picard and co-workers in 2014.331 As illustrated
in Fig. 40A, the initial proposed concept of the symbiotic
system consists of a continuous belt of adsorbents 4000 m in
length, and a platform at the base of the wind tower supports
the belt of adsorbent that loops in and out of the water. This
belt cycles through the seawater beneath the turbine and
through an elution plant located on a platform above the sea
surface, thereby allowing for an autonomous elution procedure
that can be precisely timed depending on the type of adsorbent
used. The proposed system was sized to collect 1.2 tons of
uranium per year, which was enough for supplying 5 MW
nuclear power. An independent cost-analysis of such a symbio-
tic system was performed by Byers et al., and the results were

Fig. 40 (A) Three-dimensional view of a continuous uranium recovery system with an adsorbent belt looped around the turbine mast. Reproduced with
permission.331 Copyright 2014, American Nuclear Society. Design details of SMORE: illustrations of side (B) and top (C) views of the SMORE system. (D)
The design of the outer protective sphere used for encapsulating the polymer adsorbent. (E) 3D model of the 1/10th physical scale model for ocean
testing of the SMORE design, where one version is the stationary system and the other is the dynamic system. (F) Photo of both prototypes mounted onto
the wooden float and moored to the end of the MMA dock during testing. (G) A 1 : 10 physical scale adsorbent ball-chain net as used in SMORE. White
adsorbent enclosure shells were alternated with orange placeholder shells used for mechanical testing. (B–G) reproduced with permission.340 Copyright
2019, American Chemical Society.
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compared to a reference kelp-like deployment strategy. It was
found that the symbiotic system could reduce the production
cost by at least 11% from $450–890 per kg-U (in 2015 dollars)
for the reference kelp-like scheme to $400–850 per kg-U,332 and
up to 30% with further design optimization.333 The cost
reduction was achieved by eliminating the offshore deployment
and mooring cost through the symbiotic system, while it also
increased the energy output of the wind farm. However, a
limitation of the symbiotic system is that it typically requires
the adsorbents to be braided into a belt held in tension, which
may face difficulties in a marine environment.334

Taking that into account, a two-part system called the
Symbiotic Machine for Ocean uRanium Extraction (SMORE)
(Fig. 40B and C) was proposed by Haji and colleagues,335–340 to
decouple the mechanical and chemical requirements of adsor-
bents for uranium harvesting from seawater. The SMORE
concept involved the structure of an offshore floating wind
turbine that was utilized to provide the mooring and structural
support for an autonomous, offshore uranium-harvesting
platform. Especially, the adsorbents were enclosed in a hard
permeable outer shell with sufficient mechanical strength and
durability for use in offshore environments and chemical
resilience against elution treatments (Fig. 40D).336 In this
design, the holes of the shell enclosures allowed the adsorbents
to remain exposed to adequate seawater, but at the same time,
the adsorbents were also mechanically protected with the
spherical enclosures, thus meeting the durability requirements
for UES. The shell enclosures were incrementally spaced along
high-strength mooring ropes, resembling conventional ball-
chain belts. These ball-chains were then strung together to
create a net using cross-members which add rigidity and reduce
the likelihood of tangling of individual lengths. Accordingly,
this design was developed into two versions of prototypes at a
1 : 10 physical scale, one in which the adsorbent ball-chain net
was continuously moving through the water and the other was
only subjected to the ocean currents at the test site, known as a
dynamic and stationary system, respectively (Fig. 40E and F).337

For both of the prototypes, four lengths of shells were com-
bined to make a single net.

These prototypes were successfully tested in the Massachu-
setts Maritime Academy (MMA) in Buzzards Bay, MA, in a nine-
week ocean trial, with the ORNL AI8 adsorbent fibers as the
reference adsorbent.340 Besides, two shell enclosures using
slotted holes and circular holes were tested in this ocean trial
(Fig. 40G). At the end of a 56 d ocean test, a very little difference
in uranium uptake by AI8 adsorbent fibers between the differ-
ent enclosure or system types was observed, indicating that the
system movement and shell designs did not increase the
adsorption amount for uranium. The maximum qU of approxi-
mately 1.25 mg g�1 by the AI8 adsorbent was achieved using the
stationary system and the shell enclosure with slotted holes.
This value was much lower than the capacities obtained for AI8
adsorbents in previous ocean tests (Table 2), which were partly
attributed to the lower average ambient seawater temperature
at MMA (5.8 to 17 1C), compared to other marine testing
locations (26 to 31 1C). Temperature has been proven to exert

a significant impact on uranium uptake, and there is a positive
correlation between seawater temperature and uranium
adsorption.341

In addition, the results also demonstrated that the move-
ment of the shells through the water could reduce biofouling
if above a certain threshold speed, which provided new ideas
for integrating design elements such as bristle brushes and UV
lamps to mitigate biofouling in such a uranium harvester.
Additionally, the cost analysis of a continuous version of
SMORE was carried out, where the uranium production cost
using a SMORE deployment strategy was estimated to range
from $313 to 593 per kg-U.342 Compared to the results of the
original kelp-field design by JAEA ($430–870 per kg-U), in the
best-case scenario using a SMORE system (the cost was esti-
mated to be $313 per kg-U) could achieve a uranium cost
reduction by 27%.333 The lower recovery cost was partially
attributed to the higher number of optimized uses for the
SMORE system. Besides, the dramatic decrease (over 43%
reduction compared to the kelp-like scheme) in mooring and
deployment costs of the SMORE deployment strategy also
contributed to reducing the overall uranium production cost.
In a nutshell, the symbiotic design of coupling a seawater
uranium harvester with an existing offshore wind turbine
allows for denser energy recovery per unit ecosystem, as well
as lowering the overall uranium production cost.333 Although
the full-scale uranium harvesting system of the symbiotic
design is only conceptually proposed and has not been verified
in practice, it provides ideas for the future development of
sustainable UES systems with less capital and operating costs.

5.3. Marine tests in China

According to declassified documents, China launched studies
on UES as early as the 1960s. In early 1965, a research group
was established by East China Normal University to officially
carry out studies on UES. In 1967, scientists from several
institutes and universities in Shanghai (including East China
University of Science and Technology, Institute of Applied
Physics, CAS, and Shanghai University) joined the group,
and ‘‘Team 671’’ was then established,343 aiming to explore
approaches for the large-scale filed test of UES. In 1970,
significant progress was made in China where 30 g of yellow-
cake was successfully recovered from seawater by ‘‘Team
671’’.344 It might be the first time that such a considerable
amount of uranium was recovered from seawater. From then
on, more scientific institutions for research in oceanic sciences
or environmental protection in China have joined the project,
and several test facilities were set up at different locations.
Active programs on UES were conducted in the late 1970s to
early 1980s, focusing on testing the performances of adsorbents
(e.g., hydrous titanium oxide, basic zine carbonate, aluminium
hydroxide and organic resins) and understanding their adsorp-
tion kinetics and mechanisms.309,345 However, in the late
1980s, due to the breakthroughs in land-based uranium mining
technology, the urgent demand for uranium was alleviated,
resulting in the suspension of research studies on UES
in China.
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A renewed interest in UES has been sparked by the surge in
uranium price starting in 2005 and peaking in mid-2007. Under
such circumstances, the plan for developing UES was restarted
in China in 2011. Since then, interest in UES has been
continuously increased by supporting fundamental research
on the design and creation of adsorbents, developing advanced
characterization techniques, and establishing computational
models. Significantly, engineering tests for UES have been
initiated. Several offshore systems have been successfully con-
structed in China for marine field tests. Considerable advance-
ments have been made, especially in recent years, by locating
adaptable materials and building infrastructures for scale-up
marine tests. In 2019, an innovation alliance for UES initiated
by the China National Nuclear Corporation (CNNC) has been
founded, bringing together more than 20 universities and
institutes to promote the development of UES. In what follows,
we provide the first comprehensive review of the progress
made by the institutions in China in the implementation of
marine tests.

In 2011, CAEP pioneered marine field tests in China to verify
uranium extraction from real seawater. The AO-functionalized
non-woven fabric materials of 10 kg were prepared by a pre-
irradiation amplification method, packed into a special mesh
stainless steel container, and deployed in the South China Sea
using a floating mooring system for the first marine test. After
20 d, however, only a qU of about 0.1 mg g�1 was obtained.345

The second field experiment was then conducted in 2013, using
AO-functionalized fibers with a skin–core structure with a
high DOG of 300 wt% as the adsorbents. Loaded into a net
and deployed in natural seawater over 30 d, the adsorbents
exhibited a slight increase in the uranium adsorption capacity
(0.3 mg g�1), which was still far from meeting the needs of
practical applications.345 In 2019, an offshore platform with an
area of 100 m2 was established in the South China Sea by CAEP
and the third marine test was carried out at this platform

(Fig. 41). Two guanidine-modified AO-fibers, namely, PAO-G-A
and PAO-PAPB-A, that exhibited a satisfactory adsorption ability
and high antimicrobial activity against marine bacteria in
laboratory tests were selected and prepared in the kilogram-
grade for the test.216,218 The adsorbent materials were fixed into
Nylon mesh pockets, and deployed into the seawater at a depth
of approximately 10 m. After 40 d, a qU of 1.14 mg g�1 was
acquired by PAO-G-A, whereas an adsorption capacity of
3.19 mg g�1 was obtained by PAO-PAPB-A within 30 d, showing
an increase of 178% compared to the PAO-G-A adsorbent. More
importantly, no obvious degradation of the adsorbents and no
marine microorganism attachment were observed, demonstrat-
ing their mechanical strength and antibiofouling properties.

In order to perform large-scale uranium extraction tests in
real seawater, the Shanghai Advanced Research Institute (SARI)
of CAS successfully developed a nanofiber-based membrane
with high adsorption capacity, a fast uranium adsorption rate,
and good selectivity based on electrospinning technology.
In the past 10 years, batch preparation from laboratory mem-
branes to industrial membrane modules has been completed.
In 2018, a small-scale marine test for uranium extraction in the
East China Sea was carried out with kilogram-scale mem-
branes, affording a recovery of nearly 20 g of yellowcake after
30 d in seawater.343 In the next year, an adsorption platform
and a matched elution platform for UES were established in the
South China Sea by SARI, as shown in Fig. 41. The adsorption
performances of the nanofiber-based membrane at the plat-
form are currently being tested.

Since the low concentration of uranium in seawater is a
huge obstacle for UES, the concept of uranium extraction from
brine which has a significantly higher uranium concentration
was born. A ready supply of more concentrated saline solution
would potentially allow for greater uranium recovery using the
currently available adsorbents.346–348 Accordingly, the Beijing
Research Institute of Chemical Engineering and Metallurgy

Fig. 41 Images of offshore platforms developed in China for marine engineering of UES.
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(BRICEM) has developed several uranium extraction polymers
with high antimicrobial activity. In 2019, a field test was carried
out in Dagze Co Salt Lake, Tibet, for uranium recovery. More
than 300 g of yellowcake was recovered, with an average
adsorption ability of 7.1 mg g�1. In addition, the performances
of the polymers for uranium recovery from seawater were also
evaluated. Recently, polymers were anchored and deployed in
the South China Sea near Changjiang, Hainan (Fig. 41). Over a
three-month marine test, a qU of 4.1 mg g�1 was obtained.343

The Shanghai Institute of Applied Physics (SINAP) of CAS
also conducted marine experiments to test the performances of
the AO-based fibers they developed in real seawater. In 2015,
the performances of AO-UHMWPE fibers that were prepared by
pre-irradiation-induced graft copolymerization of AN and AA on
UHMWPE fibers, followed by amidoximation,69,71,72 were initi-
ally explored. UHMWPE was selected as a substrate polymer to
overcome the poor mechanical properties demonstrated by
conventional matrix polymers after irradiation. The test site
was located at the East China Sea, which was about 100 m from
the Chinese coast.71 The fibers were freely placed in a sea
stream B3 m below the sea surface by a combination of
floating buoys and an anchor. After 60 d, a moderate uptake
of 0.25 mg g�1 was observed, whereas a higher adsorption
amount of 0.48 mg g�1 was obtained when the fibers were sent
to the MSL, PNNL in Sequim, WA, for the test. The lower
adsorption in the East China Sea was ascribed to the coexis-
tence of competitive ions and marine biofouling.

In a follow-up study, several AO-UHMWPE fibers were
synthesized by varying preparation conditions (e.g., irradiation
dose, AN : AA ratio, grafting temperature and amidoximation
conditions), resulting in adsorbents with different AO
densities.72 These fibers were subsequently tested at three
different adsorption platforms developed in Xiamen, Daishan
and Raoping, respectively, to examine their adsorption perfor-
mances. When tested in the Xiamen and Daishan adsorption
platforms, the adsorbents were strapped and directly immersed
in seawater, about 3 m or 1 m below the water surface,
respectively. On the other hand, during the tests at the Raoping
adsorption platform, seawater was pumped into an under-
ground impounding reservoir where adsorbents were immersed.
In such a manner, the seawater in the reservoir was almost static
with a very low flow velocity of less than 0.01 m s�1. As indicated
in Table 3, the uranium adsorption capacities obtained from
the marine adsorption test varied with the adsorbent, adsorp-
tion platform and adsorption time, affording 0.04–1.41 mg g�1

of the seven fiber samples (AO-UHMWPE-1-7). These results
suggested that in addition to the characteristics of the adsor-
bents, marine hydrological conditions, such as temperature,
ion concentrations, water quality and biofouling, are all impor-
tant for uranium extraction in real marine experiments.
Regarding uranium uptake performance in this test, the AO-
UHMWPE-7 adsorbent acquired a maximum capacity of
1.41 mg g�1 after 15 d in the Daishan adsorption platform,
which may be attributed to the high AO density of AO-
UHMWPE-7 and the appropriate marine hydrological condi-
tions of the Daishan adsorption platform.

In addition, a flow-through flume test platform was also
developed in the coastal area of Raoping, Guangdong Province,
by SINAP and used for the marine test (Fig. 42). The natural
seawater was pumped into an underground impounded
reservoir. After filtering out the sediment with a polyester
non-woven fabric, the seawater was pumped into a flume,
where the adsorbent materials were freely dispersed for sea-
water exposure. The flow rate of the flume could be controlled
with a motor controller. A representative test was performed
using the flow-through flume test platform with the H-ABP
fibers prepared through a two-step graft polymerization (RIGP-
CIGP) in 2019.132 As shown in Fig. 42C, the H-ABP fibrous
adsorbents were immersed in the flume at the controlled flow
rate. After a duration of 90 d, the well-designed adsorbent
achieved a high adsorption capacity of 11.5 mg g�1. Meanwhile,
the H-ABP fibers also exhibited advantages in mechanical
strength, selectivity, and especially service life (of at least ten
adsorption–desorption cycles). In a follow-up study, the marine
adsorption test of AO-OpNpNc fibers was performed with the
same experimental setup.133 Encouragingly, an exceptional qU

of 15.42 mg g�1 was obtained, while the contamination of
marine microorganisms was noted on the adsorbents’ surfaces
after 90 d. These results represented a significant breakthrough
in the field of UES in China.

Scientists from Hainan University have devoted their efforts
towards the research on UES for developing novel adsorbent
materials that can extract uranium from seawater with good
performances. In recent years, multiple novel nanomaterial
adsorbents have been synthesized and evaluated for uranium
recovery in laboratory studies. Meanwhile, a flow-through
column system with parallel multi-channels was designed and
used for natural seawater exposure studies by Hainan Univer-
sity (Fig. 43).124–126 Similar to the design of the flow-through
column system developed in PNNL, the natural seawater was
collected and stored in a 5-T volume water tank, and was
filtered through a microfiltration membrane (0.22 mm) system
before being used for adsorption. The filtered natural seawater
was stored in a 1-T tank and constantly fed into the columns at
controlled speed, which were packed with the conditioned
adsorbents. The filtered natural seawater was circulated in 12
parallel adsorption columns for each phase of test, and was
regularly refreshed with new filtered natural seawater. The field
column experiments of various kinds of adsorbents (e.g., fibers,
membranes and hydrogels) developed by Hainan University
were performed at the State Key Laboratory of Marine Resource
Utilization in the South China Sea, Hainan, and the results are
compiled in Table 3. The detailed design strategies and pre-
paration methods of these adsorbents are covered in Sections 3
and 4. It was demonstrated that the adsorption performances
could be improved by controlling the structural features of
the adsorbent materials, as discussed in Section 3.1.3. It is
worthy of note that most of the tested adsorbents such as PIDO
NFs,125 SMON–PAO,124 PAO/Alg NFs,126 Zn2+-PAO hydrogel
membranes,138 PAO PNMs143 and AUPM221 achieved higher
adsorption capacities (8.42–9.59 mg g�1) than those of adsor-
bents developed by ORNL of the U.S. (3.30 to 6.56 mg g�1).
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Besides, the cost estimation was also performed by the authors
with the developed PAO PNMs143 and AUPM221 adsorbent materials
that had membrane structures, based on the assumption that the
materials were directly immersed into the ocean for UES.

As described above, substantial efforts have been devoted
by different countries for conducting marine experiments at

selected locations. The information obtained from these studies is
extremely valuable in evaluating the practical performances
of adsorbents and verifying the technical feasibility of UES.
The well-developed AO-functionalized polymeric adsorbents
have demonstrated their potential in marine tests due to the
high binding affinity to uranium and the chemical stability in

Fig. 42 Recovery of uranium from natural seawater. (A) Seawater reservoir. (B) Adsorption flume. (C) H-ABP fibrous adsorbent immersed in the flume at
the beginning of adsorption. Reproduced with permission.132 Copyright 2019, Royal Society of Chemistry.

Table 3 Summary of marine tests for UES performed in China

Time Place Adsorbents Collected U amount Time (d) Ref.

CAEP, soaking in oceans directly
2011 South China Sea AO-based non-woven fabrics 0.10 mg g�1 20 345
2013 South China Sea AO-based fibers 0.10 mg g�1 20 345
2019 South China Sea Guanidine-modified AO-fibers

(PAO-G-A)
1.144 mg g�1 40 216

2019 South China Sea Guanidine-modified AO-fibers
(PAO-PAPB-A)

3.19 mg g�1 30 218

SARI, soaking in oceans directly
2018 East China Sea Nanofiber-based membranes 20 g 30 343
BRICEM, soaking in oceans directly
2019 Dagze Co Salt Lake, Tibet Polymers 300 g — 343
2021 Changjiang, Hainan Polymers 4.10 mg g�1 90 343
SINAP, soaking in oceans directly
2015 Xiamen AO-UHMWPE 0.25 mg g�1 60 71

MSL, PNNL AO-UHMWPE 0.48 mg g�1 42
2015 Xiamen AO-UHMWPE-1 0.25 mg g�1 68 72

Xiamen AO-UHMWPE-2 0.04 mg g�1 68
Xiamen AO-UHMWPE-3 0.50 mg g�1 110
Xiamen AO-UHMWPE-4 0.77 mg g�1 110
Xiamen AO-UHMWPE-5 0.33 mg g�1 73
Daishan AO-UHMWPE-6 0.05 mg g�1 15
Daishan AO-UHMWPE-7 1.41 mg g�1 15
Raoping AO-UHMWPE-5 0.44 mg g�1 101
Raoping AO-UHMWPE-7 0.18 mg g�1 72

SINAP, flow-through flume system
2019 Raoping Zn@AO-UHMWPE 0.29 mg g�1 30 231
2019 Raoping H-ABP fibers 11.50 mg g�1 90 132
2020 Raoping AO-OpNpNc fibers 15.42 mg g�1 90 133
Hainan University, flow-through column system
with parallel multi-channels
2018 Boundary Island of the South China Sea Poly(imide dioxime) nanofibers

(PIDO NFs)
8.70 mg g�1 56 125

2019 Boundary Island in the South China Sea SMON–PAO 9.59 mg g�1 56 124
2019 Coastal water near the Boundary Island

of the South China Sea
MS@PIDO/Alg sponge 1.87 mg g�1 56 134

2019 Not given PAO hydrogel membrane 4.87 mg g�1 28 137
2020 Boundary Island in the South China Sea PAO/Alg NFs 8.42 mg g�1 56 126
2020 Qiongzhou strait nearby the Haikou city

of Hainan province
Zn2+-PAO hydrogel membrane 9.23 mg g�1 28 138

2020 The Chunyuan Sea nearby the Ganze Island
in Wanning city of Hainan province

CP–PAO composite hydrogel 6.21 mg g�1 42 140

2020 South China Sea close to Hainan province PAO PNMs 9.35 mg g�1 35 143
2021 South China Sea close to Hainan province AUPM 8.78 mg g�1 25 221
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ocean environments. Continuous progress has been made to
improve the uranium adsorption capacity for AO-based poly-
meric adsorbents during marine tests. However, there is still a
huge gap between the data obtained in marine tests and those
in laboratories, suggesting the matrix complexity of the real
seawater. Since uranium adsorption is highly dependent on the
environmental conditions of the ocean, the fundamental
understanding of the effect of environmental parameters
(e.g., temperature and flow rate of seawater) on the extraction
process is of vital importance for the scalability of UES. On the
other hand, regarding the deployment of adsorbents, several
systems such as floating platforms or stacks, flow-through or
recirculating flume exposure systems, tethered braids and
SMORE systems have been established. Meanwhile, various
contact manners between adsorbents and seawater including
mooring, soaking, pumping and towing have been evaluated
with different adsorption bed configurations. From a practical
point of view, further systematic studies on scaling up these
technologies and evaluating their performances under realistic
operation conditions are required.

In addition, the cost is another major obstacle facing
the existing technology for UES. As mentioned above, several
studies have conducted the cost–efficiency analysis based
on the established systems or conceptual protocols for
UES.144,323,324,327,332,342,349 Representative passive, current-
driven systems and mechanically driven symbiotic systems
were evaluated, highlighting three major components in the
cost of uranium recovery from the oceans (i.e., adsorbent
production, mooring and deployment, and elution and regen-
eration). It is generally concluded from these examinations that
adsorbent production is the major cost in the process of UES.

Therefore, minimizing the cost of adsorbent production is
regarded as a key objective for UES. Efforts have been also
devoted to improving the adsorption capacity and number of
recycles of the adsorbents, which are identified as two pathways
that could reduce the cost.327 Clearly, dramatically improving
the adsorption capacity, which would perhaps allow a single
use of the adsorbents, could significantly reduce the cost of
UES.84,133 On the other hand, the adsorbents that can be
effectively reused for multiple cycles without loss of adsorption
capacity can also significantly reduce the overall cost of ura-
nium production, but this simultaneously leads to increased
mooring and collection cost, which is also a major cost driver
for UES.

Currently, none of the established systems for UES can
compete economically with terrestrial mining, and the esti-
mated cost of uranium is still higher than the price of uranium
from conventional sources. For improving a UES system to be
economically viable, a priority in future work lies in continu-
ously promoting the adsorption capacity of adsorbents. With
the reduction in the cost of raw materials and the development
of synthetic techniques, the production cost of adsorbents is
expected to be gradually decreased. In the meantime, the
mooring and deployment costs will become the greater con-
tributor to the final cost. Linking the UES system to a local
power source appears to be effective in reducing the cost by
eliminating the offshore deployment and mooring cost.144,331

Equally important, efforts should also be put into reducing the
degradation arising due to elution, which will lower the overall
production cost.152 Since adsorbent regeneration is regarded as
a necessity for economic viability, an effective, non-destructive
elution/regeneration process to enable the maximum reuse of

Fig. 43 (A) Design of a continuous flow-through test system with a parallel configuration. The flow rate for each channel can be controlled from
0 to 10 L min�1 individually using a motor controller. (B) The components of an adsorption study in natural seawater via a continuous flow-through test
system. Reproduced with permission.125 Copyright 2018, Wiley-VCH.
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adsorbents is required. Overall, extensive R&D is still needed
before economically viable UES can be achieved.

6. Current challenges and future
perspectives

As hereinbefore described, the sustainable development of
nuclear energy is crucial for the global low-carbon energy
transition. Due to the dwindling availability of terrestrial
uranium reserves, UES has been considered to be a potential
approach for unconventional uranium harvesting to secure the
expansion of nuclear energy. Starting from the ‘‘Project Oyster’’,
UES has attracted extensive academic and industrial attention
over the past decades, evoking steady research and develop-
ment efforts in multiple countries. In particular, the past
five years have witnessed great progress in the field of UES.
Salient improvements have been achieved in adsorption per-
formances (i.e., adsorption capacity, selectivity, biofouling
resistance, durability) by using various novel strategies for the
function-oriented development of adsorbents. More mecha-
nistic insights into uranyl–ligand interactions have been
obtained, inspiring innovative design and preorganization of
the ligands to promote the binding ability and selectivity to
uranium. The improvement of polymerization methods for the
preparation of polymeric materials endows adsorbents with a
maximum number of binding sites. Meanwhile, based on a
better understanding of the structure–property relationship of
polymers from the molecular, mesoscopic and macroscopic
levels, by tuning the physicochemical properties (e.g., ligand
density, spatial conformation, surface area, pore size) of adsor-
bents, constantly increased adsorption capacities have been
achieved. In addition, a deeper understanding of the effects of
marine biofouling on uranium extraction has been obtained,
and a variety of biofouling-proof adsorbents have been devel-
oped, which have demonstrated high inhibitory activity to
marine bacteria. Especially, a noteworthy trend is the introduc-
tion of electrochemical and photochemical approaches to UES
systems, which displayed faster kinetics and enhanced ura-
nium extraction compared to conventional physicochemical
adsorption. These appealing methods are believed to hold
promise for developing new UES systems. Meanwhile, progress
has also been realized in the engineering aspects of UES,
evidenced by the implementation of scale-up marine tests,
the building of offshore adsorption platforms, and the success-
ful acquisition of yellowcake from the ocean. Overall, these
multi-faceted efforts have propelled UES towards the industria-
lization goal of marine uranium recovery.

Although great progress has been made in the field of
UES, there are still significant challenges and obstacles that
hinder the commercialization of UES. To develop techni-
cally and economically viable UES systems, additional break-
throughs are required. Herein, we will discuss the current
challenges and describe future research directions for UES in
terms of fundamental, technical and engineering aspects,
respectively.

(1) Fundamental aspects of uranium coordination chemistry
and adsorption science

Uranium harvesting from seawater is essentially chemical
separation associated with the adsorption–desorption equili-
brium of uranyl ions on the interfaces between adsorbents and
seawater. In principle, achieving efficient chemical separation
depends on the simultaneous tuning of the thermodynamic
and kinetic factors. First, the uranyl–ligand interaction plays
a pivotal role which determines the thermodynamic basis of
the uranium adsorption–desorption equilibrium. Developing
adsorbents with a sufficient binding ability and selectivity to
uranium in seawater fundamentally relies on the engineering
of uranyl–ligand interactions at the molecular level. With that
in mind, understanding the basic principles for uranium
coordination will accelerate the design and screening of func-
tional ligands. Recently, while AO moieties have been demon-
strated to be a category of most effective ligands for UES, the
underlying coordination chemistry between AO ligands and
uranyl in the seawater, as well as the nature of the complexes,
has not been completely understood. More mechanistic
insights into the uranyl–AO binding interactions in ocean
environments are required, which could serve as guidance for
the design of alternative or next-generation ligands with an
enhanced binding ability.

Learning from biological systems with a high affinity to
uranium offers an intriguing way to screen favourable ligands.
By identifying the specific sites of biomacromolecules, such as
peptides, proteins and DNA, responsible for uranium enrich-
ment, biological ligands with a superb binding ability to uranyl
ions have been located. These state-of-the-art ligands efficiently
coordinate with uranium by reaching a more thermodynami-
cally stable state. Novel adsorbents functionalized with these
biological ligands exhibit exceptional selectivity to uranyl ions
in the seawater. However, there remain severe challenges for
the practical use of these biocomponent-containing adsorbents
in the complex ecological environment of the oceans. In the
meantime, the research in this field inspired the idea to
develop artificial uranyl nanotraps by tuning the preorganiza-
tion and/or synergistic effect of the binding sites. These nascent
concepts are encouraging, but more research concerning the
geometry of uranyl coordination complexes is needed before
the principles for regulating the spatial arrangements of the
ligands while eliminating the steric hindrance could be estab-
lished. Technically, more advanced spectroscopic analysis and
the methods of computational chemistry would be supportive
to this end.

Aside from the thermodynamic factors controlling the
uranyl–ligand interactions, the kinetic aspects of the uranium
adsorption equilibrium involving the mass transfer efficiency
are of equal importance. A critical issue that must be high-
lighted is the effectiveness of the ligands or, in other words,
their accessibility to the uranyl ions, which is significantly
influenced by the chain conformation of polymeric adsorbents.
Currently, established approaches to regulate the polymer chain
conformation mainly rely on the introduction of hydrophilic

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 3
0 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

0/
20

23
 1

0:
18

:3
2 

PM
. 

View Article Online

https://doi.org/10.1039/d2cs00595f


152 |  Chem. Soc. Rev., 2023, 52, 97–162 This journal is © The Royal Society of Chemistry 2023

copolymer chains through random or block copolymerization.
However, most of these polymer architectures still cannot afford
favourable conformations in high-salinity seawater due to the
polyelectrolyte effect, resulting in an insufficient utilization of the
ligands, and thus an inadequate adsorption capacity much lower
than the theoretical value. More interactions to regulate the chain
conformation of polymers, such as the electrostatic interaction,
should be exploited to maximize the ligand availability by redu-
cing the internal diffusion barriers of the uranyl ions. On the
other hand, the relationship between the structure, chain con-
formation and adsorption behaviour of polymer adsorbents
remains an area that is largely unexplored. In this regard, the
vigorous development of computer technology, combined with
constantly improved computational chemistry theories and simu-
lation models, offers an avenue for the multi-scale investigation of
the underlying scientific issues associated with uranium adsorp-
tion in aqueous solutions. Meanwhile, pivotal information about
the structural and conformational properties of polymeric adsor-
bents could be experimentally obtained by using the neutron
reflectometry (NR) method. These fundamental research studies
would establish a more comprehensive understanding of
the structure–property relationship, inspiring the design of high-
performance polymeric adsorbents for UES.

(2) Technical aspects for developing effective adsorbents and
active UES systems

Based on the fundamental insights into uranyl–ligand inter-
actions, chemists have employed miscellaneous synthetic
methods to introduce the identified ligands (e.g., AO) to specific
substrates for developing uranium adsorbents. A majority of
previous research tended to emphasize a great number or a
high density of carefully-designed ligands introduced into
adsorbents. However, as described above, most of the reported
adsorbents were limited by the poor utilization of the func-
tional ligands. Thus, a primary technical challenge lies in how
to preserve the effectiveness and accessibility of the functional
ligands by using more controllable synthetic methods for
preparing uranium adsorbents. Taking the well-developed poly-
meric adsorbents bearing AO ligands as an example, since the
AO ligands are tethered to the polymer backbones, the role of
local chemistry and steric factors need to be examined. On this
basis, rational design and synthesis of polymeric adsorbents is
required to create a favourable coordination environment to
promote the effective formation of uranyl–ligand complex
species. Additionally, for the bio-inspired binding motifs involving
the preorganization and/or synergistic effect of ligands, more
advanced synthesis is needed to tune the distribution and arrange-
ment of the ligands for achieving collaborative binding. On the
other hand, the accessibility of the ligands can be improved by
regulating the polymer chain conformation to eliminate the mass
transport barriers. But how to precisely control the chain structure
and topology of polymers remains a technical challenge when
synthesizing specific polymeric adsorbents. More efforts are needed
to develop controlled polymerization techniques to achieve the
precise synthesis of polymers with conformational benefits to
address the kinetic obstacles for uranium adsorption.

The structural robustness of adsorbents is also a crucial
point to consider. It has been demonstrated that increasing the
number of recycles of adsorbents will significantly lower the
overall cost of uranium production. However, the current fact is
that the adsorption capacity of adsorbents degrades rapidly
during cycle use. To enhance the durability of uranium adsor-
bents, the following issues should be considered. The first is
the improvement of structural stability of adsorbents in the
preparation process. Studies have shown that during the synth-
esis process of adsorbents, various steps including radiation
graft polymerization, hydroxylamine treatment, and hot alkali
treatment will cause certain damage to the mechanical strength
of the adsorbents. In this way, hosts with high mechanical
strength are preferred, and effective but mild synthesis
methods are needed to reduce damage to the materials.
Besides, the structural stability in seawater environments is
also essential for any adsorbents since an unstable adsorbent
suffers from structural degradation over prolonged seawater
exposure. From this perspective, polymer adsorbents have more
potential for practical application than most of the emerging
porous framework adsorbents in realistic marine tests due to
their excellent structural stability. The second issue is the
durability of adsorbents in the elution process. The loss and
deterioration of adsorbents in the elution process (especially
using a strong acid leaching method) is a significant challenge
that limits the reusability of the adsorbents. Improving the
elution/regeneration process by using a non-acidic solution
seems to be an effective method to avoid the deterioration of
the adsorbent performance, and more eluents need to be
examined in this respect. Besides, it should be noted that, for
the various popular porous materials explored for uranium
adsorption in recent years, an appropriate form for deployment
in the seawater is the prerequisite for considering them as
promising candidates for UES. So, there remains significant
room to develop versatile synthetic and processing techniques
for shaping these potential materials as deployable adsorbents.

Improving biofouling-resistant properties is another techni-
cal issue for developing adaptable adsorbents for UES. As
described previously, the uranium adsorbents deployed in the
ocean are inevitably subjected to biofouling. The attachment of
marine microorganisms inhibits the contact between uranyl
ions and the adsorbent surfaces, resulting in a significant
reduction in uranium recovery. Additionally, biofouling
also affects the reusability of the adsorbent due to the harsh
treatments required to remove the foulants. In recent years,
achievable strategies have been proposed to develop adsorbents
with anti-biofouling properties, such as incorporating antibac-
terial components that can actively kill bacteria or introducing
anti-adhesion coatings to prevent the attachment of marine
organisms on the adsorbent surfaces. Several biofouling-proof
adsorbents have been successfully developed, demonstrating
effective biofouling resistance for specific bacteria. However,
current antimicrobial evaluation experiments are basically
carried out in laboratory tests. The complexity of biological
species in real seawater and the fluidity of seawater bring more
uncertainties and challenges to the practical antifouling

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 3
0 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

0/
20

23
 1

0:
18

:3
2 

PM
. 

View Article Online

https://doi.org/10.1039/d2cs00595f


This journal is © The Royal Society of Chemistry 2023 Chem. Soc. Rev., 2023, 52, 97–162 |  153

performance of these adsorbents in the ocean. Future research
on antimicrobial assessments should be carried out in the marine
environment to verify the realistic performance of adsorbents.

(3) Engineering aspects for expanding marine field tests

The ultimate goal of UES is to realize scale-up marine engineer-
ing for stable and economically viable harvesting of uranium.
Up to now, although several marine field tests have been
implemented and multiple offshore platforms have been estab-
lished, there are still many bottlenecks associated with marine
engineering. Substantial efforts still are required to address the
challenges. The first challenge comes from the complex ocean
environment. Prior to marine engineering, an overall under-
standing of oceanographic conditions is of great importance,
because there remain huge gaps between the data obtained in
marine field tests and those obtained in simulated seawater.
These gaps suggest that the performance of adsorbents devel-
oped in laboratories needs to be validated under real seawater
conditions. Therefore, the solvation structures of dominant
uranium species and the uranyl–ligand interactions need to
be examined in natural seawater environments with specific pH
values and high salinity. Meanwhile, the influence of the
temperature and velocity of seawater should be evaluated to
determine the optimal locations and conditions for marine
field tests. Specifically, as discussed above, marine biofouling is
a serious and inevitable issue related to the deployment of
adsorbents in real seawater. The attachment of marine organ-
isms to the adsorbent surfaces severely limits the uptake of
uranium and the reusability of the adsorbents. In this sense, it
is quite necessary to identify the dominant marine organisms
affecting uranium harvesting. Antibiofouling adsorbents
targeting specific biological species can thus be developed.
Conversely, the deployment of UES adsorbents, especially for
those with bactericidal activity, and facilities in seawater also
affects local marine ecosystems. The research on these impacts
would be necessary if scale-up marine field tests for UES are
implemented.

Another major challenge is to develop an effective and
economically competitive system for the deployment of adsor-
bents. In this regard, both actively pumped systems and
passive, current-driven systems have been evaluated. The
latter outperform due to their simplicity and lower cost. For
instance, the braid collection system developed by Japan, with
the braided adsorbents anchored to the seafloor, has been
acknowledged as a promising deployment mode, enabling
efficient contact between uranyl ions and adsorbents with the
aid of wave or current forces. From an economic perspective,
the passive extraction processes that avoid the energy consump-
tion required for seawater pumping have advantages. However,
the extremely low concentration of uranium in seawater leads
to slow adsorption kinetics in the passive extraction processes,
influencing the uranium extraction efficiency. In the meantime,
the prolonged exposure of the adsorbents in seawater results in
more serious biofouling, which could compromise the capacity
and reusability of the adsorbents. These aspects are not eval-
uated in the previously reported cost–efficiency analysis.

The emerging electrochemical and photochemical appro-
aches for uranium extraction seem to provide solutions to this
problem. Compared to the passive extraction processes, the
application of an extra electrical field or light energy to the
adsorption system improves the adsorption rate and capacity,
thereby achieving a more efficient uranium extraction. As no
pilot operations of these strategies have been performed, and
any power requirements are based on lab-scale assessments,
the scale-up deployment of these scenarios and the corres-
ponding cost assessments require further efforts. On the other
hand, it is generally believed that linking the UES to coastal
nuclear power stations, desalination plants, or offshore energy
technologies such as wind and tidal power could substantially
promote the extraction process and reduce the cost. As claimed
by the CNNC, a project to integrate the UES components with
the warm water discharge system of a coastal nuclear power
station has been launched. While the existing techniques for
UES are mostly in the R&D stage, substantial efforts are still
needed to demonstrate the feasibility and economic efficiency
of the integrative systems.

Of particular note, standard protocols for validating the
adsorption capacity or extraction efficiency of different UES
systems, either in laboratory studies or in marine field tests,
should be proposed. Many data sets reported in the current
literature were obtained under experimental conditions of very
little relevance to realistic marine environments in terms of
uranium concentration, pH value, competing ions and micro-
organisms. A head-to-head comparison of potential candidates
cannot be made when screening the most promising uranium
adsorbents. Besides, general facilities or platforms, either
coastal or offshore, to demonstrate the deployments of
UES systems should be established, and open opportunities
should be offered to researchers in universities or institutes to
access these resources. Additionally, an area that has not been
explored yet is the evaluation of the impact of coastal or
offshore UES systems, in terms of both infrastructures and
adsorbent components, on marine ecological systems. The
results would be valuable for the governments to make policies
for scale-up marine tests of UES, thereby preventing negative
impacts on the marine ecological systems. Before the commer-
cialization of UES, the corresponding regulations or even laws
should be established to protect the marine environment and
maintain the ecological balance.

Ultimately, the commercialization of UES depends on its
economic viability. While several cost estimations have been
made for some of the currently reported adsorbents and
extraction systems, most of them are based on assumptions
regarding adsorption capacity, recycle numbers and equipment
requirements. However, an accurate economic assessment
system should rest on the practical marine field tests of UES,
with real and repeatable measured data as a reference, so as
to comprehensively assess the contribution of each factor
(i.e., adsorbent production, mooring and deployment, elution
and regeneration, etc.) in the final uranium production cost.
To this end, a reliable economic assessment system for the
marine engineering of UES should be established.
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In sum, future research on UES should focus on addressing
the above challenges involving fundamental, technical and
engineering issues. It is highly believed by the authors that a
more comprehensive understanding of the coordination
chemistry of uranium is of fundamental significance. This
would inspire the exploration of new effective binding motifs
by regulating the uranyl–ligand interactions at the molecular
level. Meanwhile, the thermodynamic and kinetic factors
influencing the uranium adsorption equilibrium should
be simultaneously tuned to achieve an efficient uranium
extraction. Particular attention should be given to the kinetic
aspects involving the accessibility of the binding sites and the
mass transfer efficiency of uranyl ions. Technically, advanced
synthesis and polymerization methods are required for the
controlled preparation of uranium adsorbents, allowing the
tuning of the arrangement of binding sites while promoting
their accessibility. Innovative ideas are encouraged to explore
bio-inspired U-specific ligands for improving the selec-
tivity of adsorbents, as well as emerging electrochemical and
photochemical approaches for increasing the uranium extrac-
tion efficiency. Besides, from an engineering perspective,
additional efforts should be made to develop infrastruc-
tures for marine field tests while optimizing individual or
integrated UES systems. On this basis, a comprehensive cost–
efficiency analysis of UES could be made, and eventually,
a realistic roadmap for the commercialization of UES could
be established.

Conclusively, UES is one of the remarkable activities for
human beings to exploit strategic resources from the ocean.
We provided here a comprehensive review of the state-of-the-art
in the UES field and the efforts that are needed to make it
technically and economically viable. Such an interdisciplinary
field requires close cooperation between scientists and indus-
trial engineers in different disciplines. Despite the critical
challenges, encouraging achievements have been made in the
past five years. New opportunities have been opened up for
the development of more competitive UES technologies for
commercial applications in the future. More significantly,
elaborating the fundamental, technical and engineering issues
of UES would provide concrete guidance for more general
research on metal resource extraction from dilute media, such
as lithium extraction from oceans or salt lakes.
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