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Uranium extraction from seawater (UES) is recognized as one of the seven pivotal chemical separations
with the potential to revolutionize global paradigms. The forthcoming decade is anticipated to witness a
surge in UES, driven by escalating energy demands. The oceanic reservoirs, possessing uranium quantities
approximately 1000-fold higher than terrestrial mines, present a more sustainable and environmentally
benign alternative. Empirical evidence from historical research indicates that adsorption emerges as the
most efficacious process for uranium recovery from seawater, considering operational feasibility, cost-
effectiveness, and selectivity. Over the years, scientific exploration has led to the development of a
plethora of adsorbents with superior adsorption capacity. It would be efficient to design materials with a
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deep understanding of the adsorption from the perspective of kinetics and thermodynamics. Here, we
summarize recent advancements in UES technology and the contemporary challenges encountered in
this domain. Furthermore, we present our perspectives on the future trajectory of UES and finally offer
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Detailed research on uranium extraction from seawater from
the point of view of kinetics and thermodynamics was sum-
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marized. Detailed phenomena of uranium extraction have
been discussed along with past and present research trends.
The role of a few significant adsorbents including porous,
polymeric, biological, and inorganic were summarized in this
review. Some factors that affect the process of adsorption in
UES are detailed and summarized. For instance, pH, co-exist-
ing metal ions, biofouling, and temperature may have signifi-
cant effects on the adsorption process of uranium. Sea trials
from Japan, the USA, and China with different periods along
with the adsorption capacities of adsorbents were also
summarized.

1 Introduction

With the burgeoning global population humanity is grappling
with many challenges, including environmental degradation
and energy crises. The 21st century poses a significant conun-
drum, with traditional fossil fuels such as coal and oil pro-
jected to be depleted within the next century.'™ In response to
the global scarcity of non-renewable energy resources, nations
are pioneering innovative technologies for a sustainable
energy supply.”® While the utilization of renewable energy
sources as alternatives to fossil fuels has gained traction, con-
siderable constraints persist in their reliability, cost-effective-
ness, and environmental impact.®® Nuclear fission is emer-
ging as a secure and dependable technology for energy gene-
ration, boasting a minimal carbon footprint.'®'' Owing to its
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efficiency and reduced greenhouse gas emissions, nuclear
energy is increasingly being adopted to cater to the global
demand and the escalating needs of the growing
population.”™* The recovery of uranium, a primary nuclear
element, is paramount for the procurement of uranium
resources and the mitigation of pollution. With the mounting
demand for wuranium, the focus on its recovery has
intensified.*”

Terrestrial uranium is the primary global source of uranium
fuel, but the global mineable reserves are quite limited.">"°
Seawater is a significant and abundant source for extraction of
uranium in a stable complex called Ca,[UO,(CO5);]."” This pro-
posed resource could potentially address the current energy
crisis and ensure future uranium supplies, potentially fulfill-
ing global demand for 10000 years through cost-effective
recovery techniques. Ocean mining offers a significant advan-
tage over land mining, with reduced environmental impli-
cations including less toxic waste, pollution, and uranium pro-
cessing. The U(vi) uranyl ion can be effectively removed from
aqua-based solutions through various techniques such as
membrane separation, chemical precipitation solvent extrac-
tion, and adsorption.’®>> Among these, adsorption emerges
as a widely adopted method for uranium recovery from sea-
water, offering fast kinetics, simplicity, cost-effectiveness,
minimal secondary pollution, ease of operation, and reusable
adsorbents.'”?*2* However, uranium extraction from seawater
necessitates efficient chemical separation through uranyl ion
equilibrium, balancing conventional techniques such as pre-
concentration, crystallization, and co-precipitation due to low
concentrations and complex factors. Knowledge of uranium
coordination principles assists in devising effective ligands
and determining the thermodynamics of adsorption and de-
sorption equilibrium, thereby expediting the process of ligand
creation and testing.
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Direct adsorption technologies are extensively researched
for uranium extraction by their functional groups, but conven-
tional methods have significant drawbacks. Uranyl binding
restricts uranium uptake and removal, leading to technical
difficulties, and the loss of adsorption would take place due to
passivation or corrosion caused by marine bacteria and algae
in seawater. The interaction between uranium ions and
adsorption materials can be reflected through FTIR,
suggesting the designing of functional groups on polymeric
fiber could be a possible approach to enhance the adsorption
capacity. To effectively extract uranium from seawater, a variety
of practical adsorbents have been developed.>® It has been
proved that amidoxime (AO) groups can effectively extract
uranium, but interfering ions in seawater limit their capacity
and escalate economic costs for practical applications. Marine
materials, despite their limitations, offer eco-friendly, cost-
effective, and ocean-resistant alternatives to natural materials.
Carbon-based compounds are also commonly used for U
extraction from aqueous solutions owing to their exceptional
performance in chemical stability, ease of modification, and
large surface areas.”’>° Another important issue that needs to
be considered is the extraction element ratio of U/V, which is
significantly influenced by the type of adsorption materials
used.”*”” Further enhancements in materials’ adsorption
capacity, selectivity, durability, kinetics, and thermodynamics
need to be considered for uranium recovery from natural
seawater.

Hollow materials can contribute to thermal aggregation in
the process of uranium extraction from seawater by being used
as a component in adsorbent designs. By offering more
surface area for uranium adsorption, hollow shapes can
improve the overall effectiveness of adsorbent materials.
Furthermore, the hollow spaces may operate as pathways for
enhanced mass movement, making the extraction process
more effective. By regulating temperature changes during the
extraction process, the controlled thermal characteristics of
these materials may also help to optimize the conditions for
uranium adsorption from seawater.

However, despite advancements in uranium extraction, only
a few economical materials have been developed to rival tra-
ditional mining methods, with current cost estimates being
$600 per kg per U. Fig. 1 indicates the total cost summary of
uranium extraction with different adsorbents at different
times. Emerging UES systems are incorporating new adsorp-
tion strategies, such as electrochemical and photochemical
methods, in addition to traditional surface-based physico-
chemical adsorption methods. It is possible to promote
uranium mass transfer diffusion by disturbing thermodynamic
adsorption-desorption equilibrium with an additional electric
field. In uranium extraction, electrically or optically driven
devices offer more capacity and faster kinetics, potentially
leading to a more effective and profitable procedure. This
review will provide an understanding of the mechanisms in
terms of kinetics and thermodynamics, from the viewpoint of
molecules and chemistry, to address the development of
materials in UES and perspectives in this field.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Overview of the cost projection.?® Figure reprinted with permission from ref. 25. Copyright 2015 Elsevier.

2 Uranium in seawater: coordination
chemistry

For the development of efficacious adsorbent materials, a
molecular-level understanding of uranium’s solution coordi-
nation chemistry in seawater is crucial. Over the past decade
and a half, the coordination chemistry of uranium has gar-
nered considerable attention. The development of easily
synthesizable, stable precursors has played a significant role in
piquing this interest. These compounds have paved the way for
the exploration of uranium with a myriad of potential ligands.
Uranium, due to its size and accessibility to various oxidation
states, exhibits a unique reactivity and forms intricate coordi-
nation complexes that are unattainable with transition metals
or lanthanides. The advanced compounds that have been
underscored illustrate that the capabilities of uranium are yet
to be fully uncovered, necessitating further research to wholly
comprehend its potential. From the activation of small mole-
cules to unique magnetic properties, uranium poses a syn-
thetic and spectroscopic conundrum for the upcoming gene-
ration of coordination chemists. Research indicates that over
90% of the uranium in seawater is in the stable ionic form
[UO,(CO;)3]4*®” and its derivative, Ca,U0,(CO3);.>**" The
uranium ion [UO,]*" presents a linear, centrosymmetric struc-
ture with 180 pm-long UO bonds. The uranyl ion is stabilized
by its chemically inert double bonds, with minor
perturbations.**

According to the Hard-Soft-Acid-Base theory, uranium, an
actinide, is a potent electron acceptor and can be regarded as
a specific type of hard acid. Electron-donating groups augment
the capacity of the ligand and uranyl complex, while stability is
affected by steric hindrance and weak interactions in the

This journal is © The Royal Society of Chemistry 2024

coordination environment. Additional hydrogen bonds could
attenuate the connections between the coordination atom and
uranium near the equatorial plane while elongating the UO
bond length.** Potential uranyl ligands can be synthesized and
screened with the aid of density functional theory (DFT) simu-
lations in tandem with uranium’s solution chemistry. This sig-
nificantly fosters the development of numerous efficient adsor-
bents, especially for popular organic framework materials with
inherent functionalities and structural diversity. Vanadium(v),
a potent competitor ion in seawater, also possesses ligand-
binding properties that warrant exploration. Research in this
domain has yielded a comprehensive understanding of coordi-
nation behavior in marine environments, which holds impli-
cations for the development of novel, more effective, and
highly selective adsorbents for uranium recovery. Uranium
(UO,>"), which has a linear UO, is a stable molecular species.
Its two oxo ligands may be resistant to functionalization and
inert to exchange. A growing corpus of research indicates the
precise description and understanding of this structure is still
necessary.>*

3 The mechanism to enhance UES

The primary stage of chemical separation in the procedure for
uranium extraction from seawater involves the equilibrium of
uranium ion adsorption-desorption at the interfaces between
adsorbents and seawater. Achieving optimal chemical separ-
ation necessitates the concurrent optimization of both thermo-
dynamic and kinetic parameters. The development and screen-
ing of functional ligands can be bolstered by a fundamental
understanding of uranium coordination. Studies on adsorp-
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tion kinetics assist in determining the ideal parameters for
batch-size removal operations by examining the rate-control-
ling step and adsorption mechanism via diverse kinetic
models. Among the plethora of kinetic models that exist, the
second-order model is considered as the most pertinent and
beneficial one. These models encompass Weber and Morris
sorption kinetic models, pseudo-first-order models, and
pseudo-second-order models.>***™*® Most studies on the
thermodynamics of uranium adsorption indicate that the
process is endothermic and spontaneous.*"** The nature and
feasibility of the adsorption process are evaluated by calculat-
ing the Gibbs free energy, standard enthalpy, and entropy
change. Enthalpy values can be utilized to position sorbents
and select the best placement locations by assessing the temp-
erature dependency of uranium extraction in seawater.
Different adsorbents exhibit a range of thermodynamic pro-
perties, and amidoxime-based adsorbents are identified as the
most suitable ones. Structural and thermodynamic investi-
gations can deepen our understanding of uranium coordi-
nation chemistry with amidoximes. There is limited research
on U(vi) complexation with amidoxime ligands. The thermo-
dynamic behavior results were used to predict the temperature
dependence, efficiency, selectivity, and potency of amidoxime
ligands for uranium sorption, assessing their potency.
Thermodynamic parameters are greatly dependent on the
kinetic characteristics of the uranium extraction equilibrium,
with ligand accessibility significantly influenced by the confor-
mation of the polymeric adsorbent chain. Currently, effective
methods for controlling polymer chain conformation primarily
involve random or block copolymerization, which adds hydro-
philic copolymer chains. The adsorption capacity of polymers
is significantly lower than theoretically calculated, necessitat-
ing the use of electrostatic interactions to increase ligand avail-
ability. The rapid advancement of computer technology and
continuously improving computational chemistry theories and
simulation models enable multi-scale research on the connec-
tion between polymer adsorbents and uranium extraction. The
influence of seawater uranium extraction can be understood
from the view of thermodynamics, suggesting that designing
adsorbents with high surface areas could enhance adsorption
efficiency. The results of the uranium adsorption revealed that
the density and specific surface area of the AO groups have a
great impact on adsorption capability. The chemistry of the
complexes produced in seawater by AO ligands and uranyl is
still an open question. A deeper mechanistic understanding of
the binding interactions in AO-Uranyl in seawater is needed to
create novel, more potent ligands. Uranium adsorption using
AO adsorbents is strongly endothermic. Amidoxime-based
adsorbents show improved uranium sequestration perform-
ance in warm seawater settings due to temperature sensitivity
differences between U(vi)}- and V(v)}-amidoxime ligand inter-
actions.*® The introduction of numerous functional ligands to
improve uranium binding has had a significant impact on the
evolution of uranium adsorbents. A variety of adsorbent
materials, especially those with polymer matrixes, have been
developed for UES. Typically, acrylonitrile (AN) monomers are
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grafted onto polyolefin supports with strong backbones like
polyethylene and polypropylene to create AO-based polymers.**
The degree of grafting (DOG) in the radiation-induced graft
polymerization (RIGP) process is directly influenced by
irradiation parameters and grafting reaction conditions.
Adding collaborative features to AO-based adsorbents is
another exciting way to increase their ability to bind uranyl
ions.*> The development of bifunctional AO-based fibre
involved adding EDTA ligands to commercially available PAN
fibre and treating the remaining nitrile species with
hydroxylamine.*®*” To solve the huge gap between the theore-
tical DOG and actual use ratio, scientists are being urged to
look into the accessibility and kinetic challenges of ligands.

The examination of local chemistry and steric factors in
well-engineered polymeric adsorbents with AO ligands is of
paramount importance due to their attachment to polymer
backbones. The regulation of polymer chain conformation can
enhance ligand accessibility, yet the synthesis of polymeric
adsorbents encounters technological obstacles in modulating
chain structure and topology. Further efforts are necessary to
develop controlled polymerization techniques that will facili-
tate the precise fabrication of polymers with structural benefits
to surmount kinetic impediments for uranium adsorption. In
this case, more work has been done to control the polymeriz-
ation, thus the structural advantages have been presented to
overcome the aforementioned kinetic barriers.

Besides polymer adsorbents, hydrogel-based adsorbents are
also being developed, but further research is needed to assess
their mechanical strength and salt resistance for field tests.
The application of membrane technology in UES is still in its
nascent phase, with instances of functionalized membranes
being relatively scarce and biofouling posing a significant chal-
lenge. Nevertheless, the integration of membrane modules
with energy-intensive systems is a necessity. Consequently, a
comprehensive techno-economic evaluation is imperative for
the membrane-assisted UES system. Prior research has fre-
quently underscored the significance of a high density or con-
centration of meticulously designed ligands in adsorbents.
The suboptimal utilization of functional ligands has emerged
as a considerable constraint for the majority of the discussed
adsorbents. One of the pivotal technological hurdles is the fab-
rication of uranium adsorbents via more feasible synthetic
methodologies while preserving the efficacy and accessibility
of the functional ligands.

The adsorptive prowess of adsorbents tends to diminish
rapidly upon cyclic utilization. In real-world marine trials,
polymer adsorbents demonstrate superior structural stability
and practical application potential, outstripping most novel
porous framework adsorbents. The second concern pertains to
the adsorbent’s resilience during the elution process. The re-
usability of the adsorbent is impeded by the loss and degra-
dation encountered during the elution process, particularly
when employing a potent acid-leaching technique. The
elution/regeneration process can be optimized, and the per-
formance decline of the adsorbent can be mitigated by resort-
ing to a non-acidic solution. The evolution of flexible synthetic

This journal is © The Royal Society of Chemistry 2024
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and processing strategies remains a significant area of interest
for molding prospective materials into deployable adsorbents.

The study of novel adsorbent properties requires the estab-
lishment of the best-fitting adsorption equilibrium correlation,
which is crucial for forecasting adsorption parameters.
Mechanistic research is indispensable for a comprehensive
exploration of adsorption. Various isotherms, such as
Langmuir, Freundlich, Redlich Peterson, Dubinin-
Radushkevich, Flory Huggins, Halsey, Sips, and Temkin, are
employed, each elucidating distinct aspects of the adsorption
process.”’® Freundlich and Langmuir are the most widely
used ones.’™**> The applicability of the isotherm model
depends on independent parameters and is mathematically
simple, with various axes affecting linear analysis accuracy and
consistency. Nonlinear statistical functions are deemed more
reliable than linear analysis, with a surge in interest in non-
linear optimization modeling over the recent decades due to
their simplicity. Langmuir surpasses Freundlich in process
prediction and is predominantly harnessed for forecasting
adsorption processes, like uranium adsorption, owing to its
monolayer surface coverage assumption.

4 Materials for UES

Researchers are developing affordable and efficient adsorbents
for seawater uranium extraction. Many suitable adsorbents are
used for uranium extraction. Comprehensive details about in-
organic adsorbent, polymer adsorbent, biological proteins,
MOFs, COFs, and mesoporous adsorbent will be discussed in
the following.">>%>”

4.1 Inorganic material

Inorganic adsorbent is a series of materials which was first
adopted for UES. These materials show promising adsorption
under optimized conditions. Inorganic materials, such as
unbound powders, face some challenges which often compro-
mise the qualities of good adsorption based on lab-scale
research. Due to their low cost, high surface area, pore-shape
tailoring, and simplicity of synthesis, inorganic adsorbents
became the first extractants for uranium adsorption in the
1960s.°® At that time, most inorganic adsorbent research
focused on the hydroxides and oxides of metals like mag-
nesium, titanium, and aluminum. The best results among all
the investigated adsorbents came from hydrous titania.’®*
Inorganic adsorbents have been the focus of the current study,
particularly porous silica as a support or an organo-silica
hybrid saturated with organic chelation ligands.®®® Due to
the presence of nanostructured porosity, more information
about silica research will be provided. However, it is significant
to recognize that silica is unstable under normal circum-
stances, which may limit its widespread application in the
maritime environment.

y-Al,O3; nanosheets were hydrothermally synthesized with
supercritical CO,, and the uranium extraction ability was
further investigated. A schematic illustration of the proposed

This journal is © The Royal Society of Chemistry 2024
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mechanism for the formation of y-Al,O; nanosheets is shown
in Fig. 2A. An isothermal investigation of the material satur-
ation capacity revealed a moderate maximal adsorption of
about 10 mg g~ *. With an ion exchange mechanism and weak
performance in strongly ionic settings like seawater, the con-
flict between the proton and uranium in solution results in
relatively low performance at acidic solution.*® Studies have
shown that alkaline and alkali earth cation-containing solu-
tions are better at adsorbing uranium.®* Further studies discov-
ered the use of zerovalent iron nanocomposites that are surface-
functionalized with acrylonitrile (AN) and subsequently treated
with amidoxime.®® Magnetic adsorbent materials show promis-
ing performance in seawater uranium recovery.

A very recent study describes the sequestration of uranyl
using composite materials made of polysulfide and layered
double hydroxide (Fig. 2C). The authors then looked at using
these materials to recover uranium from seawater in the region
of Tianjin City, China. According to the paper, 78% of the
uranium was eliminated in less than 24 hours, indicating
quick kinetics and tremendous potential as an adsorbent
material. Macro structured Mg-Co layered double hydroxide
(LDH) was synthesized through the sacrificial ZIF template,
which also functioned as the Co source. The ZIF-67 template’s
facets started to sprout nanosheets after Mg(NO;), was added
to it in an aqueous/ethanolic solution. Eventually, these
nanosheets generated hollow rhombic dodecahedron struc-
tures. When exposed to a brine solution with an ecologically
acceptable 3 ppb uranium content, an adsorption of 0.006 mg
of uranium per g was obtained.*® Researchers have found that
polysulfide/LDH composites work well as uranium extraction
adsorbents as well (Fig. 2C). Adsorption effectiveness of S,-
LDH composites for uranyl ions from a variety of aqueous
solutions, including seawater, where LDH is Mg/Al layered
double hydroxide and polysulfide, was assessed. It was found
that the polysulfide/LDH materials, S,-LDH, show a highly
selective UO,>" removal in both aqueous solution and seawater
due to the UO,*"---8>~ bonding interactions. These materials
have a tremendous potential for uranium capture and outper-
form other known adsorbents thanks to their uniqueness and
low cost for uranium extraction from aqueous media, impor-
tant to nuclear power.>°

The oxygen atoms in uranyl “yl” can also serve as acceptors
for hydrogen bonds.’®®” These interactions can be seen in the
solid-state molecular structures of uranyl-containing sub-
stances.®® Hydrogen bonding interactions have been observed
in the pyrrole-based macrocycle of the uranyl Pac-Man solid-
state molecular structure despite the absence of a transition
metal. In this procedure, two hydrogen atoms from pyrroles
mix with an oxygen atom from an endo “yl” molecule. The
ligand design ensures that the hydrogen bonding interactions
are sustained in solution, according to 'H NMR spec-
troscopy.®® Computational studies show that there is either no
or extremely weak H-bonding between the “yl” oxygens of
[UO,(H,0)s]*" and bulk water. Calculations also show that a
weak hydrogen bond exists between the “yl” oxygen in
[UO,(H,0)s]*" and methanol,”® 7> but the pentavalent analog

Nanoscale, 2024, 16, 4937-4960 | 4941
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Fig. 2 (A) Diagrammatic representation of the suggested process for y-Al,Oz nano-sheet production.*® Figure reprinted with permission from ref.
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Concentrations.>® Figure reprinted with permission from ref. 50 Copyright 2015 American Chemical Society.

of [UO,(H,0);5]" is expected to form a hydrogen bond since it
exhibits a higher negative charge on its “yl” oxygens than
uranyl(vi) does.”" New ligands that benefit from the rigid geo-
metry of the uranyl fragment have been made by making use
of the capacity of uranyl to receive hydrogen bonds. The
ligands form a cavity that encloses the uranyl fragment by
having a large number of coordinating groups grouped around
a primary hydrogen bond donor. The coordinating groups in
these ligands create a cavity that encloses the uranyl fragment
by equatorial coordination and hydrogen bonding to the oxo
group. Strong complexation of the uranyl ion with three car-
boxylate-containing arms is demonstrated by the tripodal
ligand tris [3-(2-carboxy-4-octadecyl phenoxy) propyl] amine
(NPodB). A tertiary amine found in the NPodB ligand estab-
lishes a hydrogen bond with the oxygen in the “yl” molecule
after being protonated with HCI. Despite the unresolved struc-
tural nature of the complex, mass spectrometry suggests a 1:1
complex developed, and vibrational spectroscopy supports a
hydrogen bonding connection. At neutral pH, superb high
extraction coefficients can be achieved by these “stereognosis”
ligands.®®

4.2 Polymeric adsorbent

On account of their robust mechanical characteristics, ability
to be mass-produced, and suitability for passive ocean deploy-
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ment, polymeric adsorbents are potential materials for large-
scale seawater field operations. Owing to its strong coordi-
nation with uranium, the amidoxime functional group stands
out among them as the best option for creating uranium
adsorbents. The uranium in seawater may be extracted effec-
tively and precisely by this functional group.'” The large
specific surface area, flexibility, and mechanical qualities of
amidoxime-based adsorbents make them important com-
ponents in the recovery of uranium from seawater. These poly
(amidoxime) sorbents are long braids with one end attached to
the ocean floor and the other end free to float, as shown in
Fig. 3A and B. The freestanding braids contribute to enhan-
cing the adsorption of uranium (and other cations) to the poly
(amidoxime) braids by interacting with ocean currents. After a
specified amount of time, the braids are taken from the water,
and the uranium that has been adsorbed is extracted using the
appropriate eluant. Poly(amidoxime) sorbents generated up to
3.3 g kg of sorbent after 8 weeks in ocean experiments,
demonstrating successful results.”? Advanced polymer-based
adsorbents have been used for in-field deployment tests con-
ducted as a result of research programs all around the world,
verifying their concept and displaying the highest level of tech-
nological competence for suggested seawater uranium adsor-
bents. Scalability, low material costs, flexibility in graft chain
functioning, and a range of support form factors are some

This journal is © The Royal Society of Chemistry 2024
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Society.

advantages of this technology. Understanding of the graft
chain molecular structure and uranyl binding environment
through direct inspection is still a challenge. Additionally, the
effect of salinity and hydrophilicity on the graft chain are still
unexplored.”* In simulated seawater with several competing
ions, it adsorbs uranium up to 1.6 mg g~'. A braided adsor-
bent was created by Seko and colleagues, who made lengthy,
seaweed-like braids out of amidoxime-functionalized polyethyl-
ene fibre and affixed them to the ocean floor with remote-con-
trolled fasteners. The braided-type adsorbent was shown to
have a better capacity to adsorb uranium than the stacks of
nonwoven fabric because of the enhanced contact between the
adsorbent and the seawater.

The interaction of cyano-containing substances with
hydroxylamine is the main source of the amidoxime group
(Fig. 3C). It has both a basic (OH) and an acidic site (NH,).
The binding of uranium to the ligands was investigated using
theoretical simulations and excellent microstructural charac-
terization techniques. Results show uranium is a simple build-
ing block in a stable complex, bonding to the electrons in the
C-N bond and the lone pair electron in the N-0.”
Amidoxime-based adsorbents have been frequently employed

This journal is © The Royal Society of Chemistry 2024

in UES due to the carboxyl group’s capacity to improve coordi-
nation between the amidoxime group and UO,*" and encou-
rage the dissociation of [UO,(CO;);]*".>*”> The highest value
ever has been measured for uranium extraction from natural
seawater using fabric adsorbents. Most of the amidoxime-
based polymeric fibres show good adsorption capacity and
formed the uranyl complexes with amidoxime as shown in
Fig. 3D. The primary methods for enhancing adsorption
capacity involve engineering functional ligands on polymeric
backbones and modifying the structures and morphologies of
polymers. However, the majority of the polymeric adsorbents
had a very low utilization of the functional ligands, which has
resulted in subpar enrichment of uranium from seawater.”®
When exposed to seawater, only 1% or less of the AO
ligands in functionalized polymers were practically utilized.
This upsetting reality has prompted people to doubt the indus-
trial potential of adsorbent for large-scale utilization in seas,
as well as its design philosophy and processing methods.
Researchers have recently been asked to carefully examine the
aspects which limit the effectiveness of uranium collection
with polymers. The spatial conformation of polymers is a criti-
cal problem that has been brought up. The chain confor-
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mation of the polymeric adsorbent significantly influences its
accessibility, binding capacity, and target diffusion resistance,
as it can be adjusted from collapsed to stretched states.
Controlled radical polymerization (CRP) techniques are being
used to create block copolymers (BCPs) with defined topolo-
gies, offering a promising method for altering polymer chain
conformation. Through the amazing architectural adaptability
of BCPs, there is a lot of opportunity for adjusting polymer
chain conformations to enhance particular activities, which
creates new opportunities for advancement. Polymer architec-
tures in high-salinity seawater face insufficient ligand utiliz-
ation and adsorption capacity due to the polyelectrolyte effect,
resulting in lower than theoretical values. Lowering uranyl
ions’ internal diffusion barriers can increase ligand availability
by utilizing electrostatic interactions to control polymer chain
conformation. Advancements in computer technology and
computational chemistry theories are paving the way for a
comprehensive exploration of fundamental scientific ques-
tions related to uranium adsorption in aqueous solutions.
Inspiring the creation of high-performance polymeric adsor-
bents for seawater uranium extraction, these fundamental
research projects would deepen our grasp of the structure-
property relationship.®

4.3 Biological protein

New biological systems have been developed owing to the
advances in synthetic biology.?" Bioengineered protein mole-
cules exhibit strong affinity and selectivity for uranyl ions in
UES, and synthetic biology research has created functional bio-
materials that precisely recognize target molecules.®> When
Heide and Wagener first suggested studying biological systems
for UES in 1973, they suggested using unicellular green algae
as a model system.®®

Recent advances in protein engineering have revived inter-
est in designing biological systems for selective uranium
identification.®>®? It is possible to affordably attain the needed
affinity and high selectivity using biological systems that are
capable of self-regeneration. Over billions of years, nature has
developed methods to differentiate between useful and
harmful metal ions with remarkable sensitivity and selectivity.
The affinities of these elements can economically mine
uranium or other elements from seawater or clean up polluted
environments, provided a reliable scaffold is created. Proteins
can be visible on the surfaces of living organisms, enabling
biological regeneration for recovery and remediation purposes
at a reasonable cost. Understanding of the impact of uranyl
binding to proteins in potential, native, or synthetic metal-
binding sites has made major progress in recent decades.’*

The first studied naturally protein-based adsorbent for
uranium extraction from natural seawater and nuclear effluent
was a low-cost soy protein isolate (SPI) hydrogel.®® The carboxyl
or amino groups in the protein were necessary for uranium
adsorption. High binding affinities have been discovered for
six equatorial oxygen or nitrogen atoms in a coordination
arrangement. The SPI hydrogel, with its strong selectivity for
uranium, offers low raw material cost. The researchers demon-
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strated fast kinetics and equilibrium adsorption isotherms for
SUP  hydrogels  (Self-healing  Ultra-stretchable  and
Superabsorbent Polymer Hydrogel, a combination of
SodiuAlginate, Polyvinyl alcohol, and Polyacrylamide), offering
benefits like accelerated binding, simple separation, quantitat-
ive evaluation, and commercial packaging adaptability. A dia-
grammatic representation of the design of selective and high-
affinity uranium nano-traps motivated by the protein biologi-
cal system is given in Fig. 4A. The study examined the selecti-
vity of SUP for uranyl, metal ions with high affinity, and its
binding affinity to seawater-specific metal ions.

Biomacromolecules are responsible for uranium enrich-
ment, and can be used to screen potential ligands by biologi-
cal systems with high uranium affinity. By achieving a more
thermodynamically stable state, these ligands effectively coor-
dinate with uranium. New adsorbents can have exceptional
selectivity for uranyl ions in seawater due to their biological
ligands. In order to overcome difficulties in the practical appli-
cation of biocomponent-containing adsorbents in ocean eco-
systems, a study served as the inspiration for the development
of artificial uranyl nano traps. To establish the principles for
regulating ligand spatial arrangements and reducing steric
hindrance, the presented theories allow for additional research
into the geometry of uranyl coordination complexes.”®

Protein-based products face a significant challenge in main-
taining the activity of their molecules after immobilization.®”
Practical uranyl adsorbents are considered essential due to the
high sample volume in ocean uranyl extraction. The secondary
structure of proteins is frequently altered by uranyl binding,
but proteins can also undergo significant conformational
changes, interfere with protein-protein interactions, or even
disturb interactions with ligands and DNA.’®° Some proteins’
binding affinities are considerably increased by phosphoryl-
ation, which occurs when phosphate groups are connected
directly to the uranyl ion.”* Using this knowledge, model pep-
tides for highly selective and affine uranyl sensors can be logi-
cally created.'®® Despite the development of uranyl ion-specific
model peptides and proteins, new methods and developments
in computational biology are still required to investigate the
uranyl-binding sites of native proteins in biological systems."*
It is anticipated that additional synthetic peptides and pro-
teins will be created for large-scale uranyl recovery from the
ocean and for selective uranyl binding using new biomaterials
or hybrid materials. More structural data are needed for
uranyl-protein complexes, both in solid state and solution
conditions, to fully understand conformational changes
caused by uranyl.'®>'%* In metallomics and proteomics, new
approaches utilizing chromatographic and spectroscopic tech-
niques like CE-ICP-MS are required to identify uranyl binding
interactions in protein-protein, DNA-binding, and ligand
interactions.

Understanding of uranyl ions and other heavy metal ions is
necessary for biological remediation because of their extremely
detrimental effects on living systems. The growth of chemical
biology has significantly benefited metallo proteomics, which
effectively utilizes the double-edged sword of uranium.'®*'%*

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A) Diagrammatic representation of the design of selective and high-affinity uranium nano-traps, motivated by the protein biological system.
(a) SUP protein’s uranyl-binding pocket details. (b) The intended configuration of a uranyl-binding moiety was motivated by (a). (c) An overview of
the uranyl complex’s crystal structure in (b). (d) The creation of uranium nano-traps that is selective and permits uranium enrichment over other
metals. (B) A schematic representation of the architectures of POP1-POszH,, POP2-PO3zH,, and POP3-POszH,, among other phosphoryl-urea functio-
nalized polymers.'* (C) An illustration of di-amidoxime ligands with different R groups acting as particular “hooks” on porous frameworks for uranyl
recognition, along with the corresponding structures of POPs functionalized with di-amidoxime. (D) The competitive adsorption and recyclability
characteristics of various POPs functionalized with di-amidoxime: (a) the residual uranium adsorption capability of different POPs in the presence of
vanadium at identical concentrations; (b) the K4 values of vanadium and uranium for different POPs; (c) the capacity of different POP adsorbents to
be recycled during ten consecutive cycles (orange denotes POP;-AO and olive denotes POP,-AO, and black shows POP5-AO) (C and D).

Research has been conducted to determine if biological
materials can be utilized to create effective adsorbents that
specifically recognize uranyl ions. Uranyl is synergistically
bound by functional groups in proteins, allowing for uranium
detection. Biomacromolecule-containing adsorbents face sig-
nificant challenges in deployment in UES, necessitating
further research to demonstrate their viability in this biologi-
cally based adsorbent class. Biochemical techniques have
created a unique protein with potential for uranyl extraction,
offering innovative solutions beyond nanostructured adsor-
bents. Instead of using conventional polymer fiber or in-
organic materials as sorbent materials, the Lai and He groups
developed a unique method that uses genetically modified pro-
teins for UES.'®* To find protein structures with pockets that
may hold the uranyl cation, the Protein Data Bank was first
computationally examined. The residue’s binding pocket for
uranyl coordination in the equatorial plane was modified, with
the addition of amino acids. To evaluate the economic viability
of biologically based adsorbents compared with existing
polymer systems, more study is required.'®>'°® It is also impor-
tant to pay more attention to finding non-destructive uranium
recovery techniques and evaluating scale-up and deployment
options.

This journal is © The Royal Society of Chemistry 2024

4.4 Porous structure

The reported porous structures for UES can be divided into cat-
egories such as MOFs, COFs, and Mesoporous adsorbents.
4.4.1 Metal-organic framework (MOF). MOFs have gained
significant attention due to their unique structural features
and diverse applications in energy, environmental, and bio-
logical fields.'®” Since the 1980s, amidoxime-type ligands have
been used to bind uranyl in seawater, but their binding affinity
and selectivity limit their efficiency. MOFs are a series of novel
inorganic-organic hybrid materials created by connecting
organic ligands to inorganic metal ions.'® Recent interest in
MOFs, a novel class of materials with long-range ordering and
crystallographic definition, has led to easier exploration of
structure-activity interactions.'®® Under advantageous circum-
stances, porous materials have been produced using the tech-
nique of displacing organic bridging ligands from MOF tem-
plates. Additionally, solvothermal synthetic methods are fre-
quently used to create MOFs, including orthogonal functions
capable of robustly chelating metals. As well as functionali-
zation of MOFs with orthogonal uranyl-binding moieties,
researchers also have concentrated on unfunctionalized MOFs
for uranium extraction. According to recent research, orthog-
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onal functionalization makes MOF a creative platform for
uranium extraction from aqueous solutions. Fig. 5A represents
a scheme of synthesis of orthogonal functionalities. The
uptakes in this method have been extremely outstanding at
low pH. However, most MOF systems have claimed the investi-
gations were conducted under environmental conditions.
These tests must be carried out because it is known that
uranyl speciation has a direct impact on the outcomes of
adsorption. It is also important to know the material’s chemi-
cal stability due to the potential degradation in the presence of
high pH and carbonate concentrations."'® Since AO is the
most widely used group to anchor U(vi) ions, naturally, adding
particular functional groups of AO to MOFs would significantly
increase the UES ability."'"'**> Pure MOFs can have their sorp-
tion kinetics and capacity for uranyl ions accelerated by func-
tional modification. As a result, adding particular functional
groups of AO to MOFs will significantly increase their ability to
bind uranium.""'"* Studies to date have analyzed the post-
synthesis alteration of MOFs to increase the efficiency of
uranium sorption. AO-modified MOF materials have demon-
strated exceptional performance in extracting U(vi) from sea-
water due to their strong affinity for binding to UO,>".'"® The
field of structure-based analysis for MOFs for UES is still
under exploration. The prediction of binding sites for the
extraction of uranium from aqueous solutions can be done
using similar techniques. Additionally, suitable methods for
examining and verifying the anticipated binding site are pro-
vided by crystallography or XAFS. As one of the very few
materials that can be rationally tuned and modified, MOFs
could be discovered through high-throughput experiments to
find the optimized structure.

4.4.2 Covalent organic framework (COF). A recently created
category of pure organic porous nanomaterials is called
covalent organic frameworks. They are extremely stable, con-
sistently porous, have a large specific surface area, and
occasionally have luminescent features.''®""” Different from
MOFs that use metal ions as nodes, organic molecules are
introduced. Therefore, COFs will have improved chemical
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stability when used in a complicated environment. By improv-
ing COFs’ uranium selectivity and adsorption capability, for
example, functional groups can improve their character-
istics."*® The synergistic adsorption-photocatalysis extraction
of uranium from seawater using COFs is a successful use of
this technology."'® The first report in using COFs to adsorb
uranium from seawater is by using tri-methyl chloride and
p-phenylenediamine with a molar ratio of 2 : 3. Following “seg-
regated” microwave irradiation, FTIR examination of ultra-
microporous carbonaceous COF (CCOF-SCU1) demonstrated a
high density of nitrile functionalization."*°

A new COF named BD-TN-AO was recently reported as an
adsorbent (Fig. 5B and C) which has shown outstanding
kinetic and thermodynamic advantages in uranium adsorption
accompanied by a sizeable contact area. The electrostatic inter-
action between [UO,(CO;);]*” and the positive surface con-
siderably increased the capacity for uranium extraction. The
saturation amount of uranium adsorption was 5.9 mg g~ .

Conjugated carbon-carbon triple bonds are present in
recent COFs for uranium adsorption, enabling post-synthetic
modification for a variety of functions. Tri-methyl chloride and
2,4-hexadiyne-1,6-diol were microwave-irradiated to produce
the COF, also known as TCD. The malo-nitrile post-synthetic
treatment gives the COF nitrile functionality, resulting in
TCD-CN, which can then interact with hydroxylamine to form
amidoxime groups, giving rise to TCD-AO. The study investi-
gated the use of CD and related derivatives in the recovery of
uranium from seawater, demonstrating the potential of
hydroxyl-functionalized COF TCD-OH."** TCD achieved 100%
adsorption within 20 minutes of contact. For all compounds
containing the competing ions indicated above, batch adsorp-
tion tests were completed. Uranyl showed notable selectivity,
as seen in TCD-OH providing the greatest uptake and selecti-
vity, followed closely by TCD-AO. There was also a sizable
uptake and selectivity for TCD-CN and TCD. Although these
outcomes are encouraging and its exciting to see positive out-
comes in this context. Fig. 6A shows the performance of TCD
COF and derivatives in the selective recovery of uranium over

This journal is © The Royal Society of Chemistry 2024
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Method for generating amidoxime-functionalized POP synthetically (PPN-6-PAO

11 other competing ions in an aqueous solution. Carbon-
based materials are also commonly used for separation, and it
is believed the development of new carbon materials can make
surface modification easier, providing electronic pathways for
UES. Graphdiyne (GDY), a key research frontier in chemistry
and materials science, has experienced rapid development
over the past five years, ranking in the Top 10 research areas in
the 2020 Research Frontiers report. These materials may offer
enhanced conductivity and other properties to optimize the
efficiency of the extraction process.'>*'*” The alkyne-rich and
topologically porous structure makes it a good candidate for
anchoring the metallic ions. It can be predicted that the devel-
opment of GDY materials will provide new insight for
UES-1287134

In contrast to MOFs, the diversity of structures where
organic nodes connect linear struts is much more constrained.
This is primarily because there are restrictions on the organic
node’s potential symmetry and the compatibility of the func-
tional groups needed for effective synthesis. The absence of
metals in the composition results in a high surface area, low
density, and high material stability, allowing for easy post-syn-
thetic chemical functionalization and unique linker design.
COFs are gaining attention for catalysis, gas storage, and sep-
aration processes, with growing interest in heavy metal extrac-
tion, particularly in UES.

4.4.3 Mesoporous adsorbents. As a result of recent
advancements in membrane technology, unique mesoporous
membrane-based adsorbents for the extraction of uranium
from seawater have been created. These materials have a
variety of operating modes, collection capacities, and recycling
possibilities.*® Porous membranes are highly effective for
uranium extraction, demonstrating adequate selectivity even in
high concentrations of simulated seawater. According to the
findings of the seawater tests, the membranes are selective,

This journal is © The Royal Society of Chemistry 2024

(A) The effectiveness of TCD COF and its derivatives in the aqueous solution for the selective recovery of uranium over 11 other competing

rst, each metal was introduced at a concentration of 0.5 mmol L™2.123 (B)
).138

highly effective at extracting, and have a high permeate flux.
Energy-driven systems could enhance uranium extraction
efficiency. Mesoporous adsorbents are non-crystalline and
often feature irregular, poorly defined holes compared with
MOFs or COFs. As a result, they frequently face challenges in
quality characterization during synthesis. In a step-growth and
chain-growth polymerization method, a monotopic monomer
is coupled with di-topic or multitopic monomers to produce
porous polymers. This creates 3-D network materials by cross-
linking the propagating polymer chains. Dai and colleagues
reported the discovery of the first mesoporous polymer for the
extraction of uranium from seawater.'*® The ATRP-catalysed
polymerization of AN was initiated by the VBC chlorides,
(Fig. 6B), and the polymer was produced by the combination
of the DVB and VBC comonomers. Ma and colleagues have
reported a functionalized mesoporous organic polymer based
on PPN-6 for uranium capture from seawater recently.">®
Unlike earlier studies using halide initiators, AO groups were
directly decorated on porous support channels, facilitating site
accessibility and quick uranium transport to binding sites.
The saturation capacity was calculated to be 304 mg g~' by
using an isotherm from aqueous uranium solutions.
According to the kinetic testing, the equilibration had achieved
a level of >95 percent after only three hours of interaction.
Na,COj; could be used to elute the material, with little decrease
in performance after two recycles. The laboratory-scale report
demonstrated the technological viability of using a chemical
for ocean acidification, showcasing its effectiveness through
three consecutive recycling processes. A recently tested
uranium adsorption used high surface area amidoxime
ordered mesoporous carbon nanospheres (MCNs-AO). Strong
selectivity and a high adsorption capacity (627.2 mg g~' at
298 K and pH = 5.5) were demonstrated by these nanospheres
(Fig. 7A). The synergistic effects resulting from densely popu-
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seawater and water.'3® (C) Adsorbents made of functionalized mesoporous carbon.

lated chelating groups paired with hierarchical pores allowed
for rapid diffusion of uranyl throughout the materials, attribu-
ted to the high adsorption capacities and rapid kinetics. A
high-efficiency performance of PRBs active materials and the
possibility of using MCNs-AO to repair uranium-contaminated
soil and groundwater were indicated by the fixed-bed column
tests, Yoon-Nelson and Thomas models. With its significant
potential for effectively removing U(vi) from uranium-contami-
nated groundwater, MCNs-AO offers a non-toxic and environ-
mentally beneficial solution.*?”

Mesoporous silicas (MSs) are also a promising hetero-
geneous support for uranium extraction from seawater. Since
their surfaces are terminated by silanol groups, condensation
interactions with organic molecules with tri-alkoxysilane-ter-
minated surfaces can easily modify their surfaces. Because of
their huge surface areas and widespread commercial avail-
ability, MS materials are a good option for screening testing
for newly developed chelating ligands. It is still a challenge to
deploy them in areas with seawater due to their instability
under an alkaline condition. Direct comparisons are challen-
ging due to a number of factors, including pH ranges, contact
periods, phase ratios, grafting levels, and uranyl concen-
trations used. To solve this problem, Vivero-Escoto et al.
created a collection of organo-functionalized MS materials
(MSU-H), which is readily available in the marketplace
(Fig. 7B). Following comparable grafting and pre-treatment cir-
cumstances, the first direct comparison of over nine function-
alities was performed. The unfunctionalized MSU-H per-
formed better than all adsorbents in the sorption of deionized
water, highlighting the significance of nonspecific binding to
the MS support.”® Later on, the scientists also found the back-
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ground sorption by silanol functionalities cannot be ignored.
In this case, scientists modified the MS support with phospho-
ric acid, and a maximum saturation capacity of 60 mg g~ was
achieved, which eliminated the background adsorption.®*

A series of functionalized mesoporous carbon (MC)
materials (Fig. 7C) have also proved to be the best adsorbent
for UES. After being covalently grafted with amidoxime, car-
boxyl, and phosphoryl functional groups, these adsorbents
were tested for their ability to sorb uranium from aqueous
solution.'*® Previous studies indicated that ligands produced
for grafting had an affinity for U(vi) and were generically classi-
fied as phosphoryl, amidoxime, or carboxyl derived. The
effects of pH on U(vi) sorption, sorption kinetics, and sorption
isotherms were obtained for the phosphoric acid-functiona-
lized MC. Quantitative U(vi) removal from U(vi)-loaded sor-

Table 1 UES performance of adsorbents

Maximum adsorption

Adsorbents capacity Ref.
Polysulfide layered double 0.007 50
hydroxides

UHMWPE-graft-poly(AO-co-AA) 0.48 84
HW-ACE on AO-functionalized 0.002 85
electrode

SUP-hydrogel beads 0.0092 86
AO-OpNpNc fiber 17.57 87
DC-PAO hydrogel 24.79 88
UiO-66-NH, 5.52 89
M808-4 5.83 90
5-AFM membrane adsorbent 7.46 91
BP-PAO fiber 11.76 88
AO functionalized In-Nx-C 12.7 88

This journal is © The Royal Society of Chemistry 2024
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Improvements towards

Adsorbents Structural features Functional merits Demerits Application scope UES
Inorganic Composed of High adsorption Limited specificity, Large-scale uranium  Enhanced selectivity,
adsorbent minerals, and metal capacity, chemical biofouling potential, extraction, increased adsorption
or metal oxides etc., a  stability, durability, complex synthesis, integration with UES  capacity, optimized
high surface area, availability of diverse environmental technologies porosity, tailored surface
rigid material, regenerability impact, low chemistry, resistance to
adsorption kinetics fouling, stability in
harsh conditions
Polymeric Composed of organic  Selective binding, high Competing ion Biocompatible, Selective binding,
adsorbents polymers, surface area adsorption capacity, adsorption, limited industrial chemical tunability, cost-
can be tailored, flexibility, and temperature range, application, effective synthesis,
flexible conformational chemical degradation  flexibility, and minimize environmental
adaptability conformational impact
adaptability
Biological Binding sites, tertiary =~ Functional diversity, Integration Recycling structural Enhanced selectivity,
proteins structure, flexible, high affinity, selective complexity, specificity ~ engineering, optimized kinetics,
specific functional binding, challenges, sale-up biofouling resistance, increased hydrophilicity,
group, selective biocompatibility, challenges, high cost specific optimization = minimizing the
affinity structural specificity of production environmental impact
Porous High surface area, Scalability, structural Temperature Selective binding, High flexibility of ligand
adsorbents control pore size and  stability, chemical sensitivity, biofouling  high adsorption chain, temperature
MOFs, COFs, distribution, functionalization, potential, high capacity, tenability, stability, less
mesoporous tunability, tailored pore size and production cost, integration with UES  environmental impact,

interconnected pores,

distribution,

complex synthesis

technology

cost-effective synthesis

low fouling

bents was achieved by washing with HCl at concentrations
higher than 0.01 M. These results indicate that functionalized
MC provides a promising platform for the development of
novel sorbents for efficient U(vi) extraction. According to the
Langmuir model, a thorough examination of sorption by
MC-O-PO(OH), showed that the highest saturation of the
adsorption isotherms was 97 mg g~' of uranium in acidic
water and 67 mg g~' in artificial seawater. Kinetic analysis
revealed rapid U(vi) sorption in seawater simulant, with more
gradual sorption in acidic water ultimately yielding a higher
sorption. This study demonstrates that mesoporous carbon
materials judiciously functionalized with a sorbent ligand
have great potential for U(vi) sorption. The development of
nanoscale materials has received considerable attention, but
how these materials might be successfully applied in indus-
trial-scale activities should be considered in the next step.
Given that silica is known to be unstable in alkaline solutions,
it is also important to take into account how the material will
change over time when exposed to seawater. Last, but not
least, it is important to note that early Japanese seawater
deployment initiatives depended on a technology that was far
less sophisticated but more cost-friendly. The economic
efficiency of the adsorbent significantly influenced its conver-
sion to supported polymers, a technological advancement that
could significantly alter the process of uranium extraction
from seawater.

There are benefits and drawbacks to each type of material.
Pre-treatment is needed for carbon-based products for UES.'*!
Although expensive to produce, MOFs and COFs are promising
nanomaterials. Biopolymers are affordable and sustainable,
but they are susceptible to the environment. Uranium can be

This journal is © The Royal Society of Chemistry 2024

extracted effectively from amidoxime-based materials, but the
extraction methods need to be made much simpler and better.
Physical and chemical characteristics of different materials are
typically various and there are many stages for the adsorption
process. There was a significant correlation between the

142 porous

specific surface area and their adsorption capacity.
structure has an impact on the adsorption capacity as well,
where a higher one is produced by a greater porosity."** With
smaller particle sizes, AO-containing adsorbents always
present an excellent capacity. Constant efforts are made to
improve their morphologies and structures to increase their
ability to adsorb uranium in seawater. The use of membrane
technology for UES is in its early stages, with a few reports of
functionalized membranes with excellent selectivity and
affinities for uranium. The membrane modules must be inte-
grated with energy-intensive systems (Table 2).

5 Challenges of working with
seawater

The intricacies of seawater pose significant obstacles to
efficient uranium extraction. The advanced adsorbents must
tackle challenges associated with pH, temperature, coexisting
metal ions, and biofouling. To garner the most trustworthy
data, the optimal study would either commence in the open
ocean or employ periodically replenished ambient seawater.
The method of batch interaction with seawater is compara-
tively more practical, yet it still presents challenges due to the
volume necessary for large-scale uranium production and the
analytical rigor required for precise quantification. While the

Nanoscale, 2024, 16, 4937-4960 | 4949


https://doi.org/10.1039/d3nr05905g

Published on 20 January 2024. Downloaded on 7/19/2025 12:13:28 PM.

Review

low uranium concentration aids in addressing some issues,
volumetric and analytical challenges persist. Appropriate pH
and ionic strength must be factored in before any significant
conclusions can be drawn. Temperature and salinity typically
exert direct and indirect influences on the efficacy of adsor-
bents. Moreover, the impact of biofouling on various marine
testing modalities remains elusive.

5.1 pH

The efficiency of uranium extraction is influenced by the pH of
the solution, as it significantly impacts the adsorption process
and the species distribution of compounds.*® The pH’s influ-
ence on the adsorption process is largely dictated by the adsor-
bent’s functional groups and the metal ion solution chemistry.
The quantity of uranium ions present dictates the chemistry of
uranyl ions in the solution and its pH effect. Uranium specia-
tion in seawater has been extensively researched, and current
knowledge is comprehensive.

Early UES studies found that uranium speciation results in
the anionic tris carbonate-uranyl complex, UO,(CO;);",
leading to the development of adsorbents for this complex’s
extraction."*®"*® The typical cations for uranium include
U0,>", (UO0,),(OH),>", (U0,)3(OH)>*, and UO,OH" in acidic
conditions, and the electrostatic interaction between adsor-
bents and U(vi) would cause binding as shown in Fig. 8A.
UO,CO; or UO,(OH), is the main species of U in neutral
forms, while UO,(CO5);*~ or UO,(OH);™ is the primary species
under high pH conditions.””"'®> The production of
UO,(CO;);*” increases with uranium content, with the poly-
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nuclear complex (UO,),CO;(OH);~ dominating between pH 6.5
and 7.5; from pH 7.5 to 10, UO,(CO;);*" takes its place. This
speciation is compared to that observed in naturally occurring
saltwater, likely representative of many screening solutions.

5.2 Co-existing ions

The ocean is a high-salinity ecosystem because it contains a
variety of metal ions, including Na*, K*, Mg>", and Ca®". A
chemical knowledge is necessary to bind uranium specifically,
escaping from the presence of high concentrations of alkali
metals and alkaline earth metal ions in the transition
zone.””’'>® Uranium, a rare metal ion, is present in seawater at
a concentration of around 3.3 pg kg™, significantly lower than
some other coexisting metal ions. It is important to recognize
that different adsorbents exhibit varying affinities for the
diverse metals present in seawater. In such competitive
environments, the binding capacity of uranium adsorbents is
considerably reduced. The extraction of uranium by AO adsor-
bent may be affected by other ions (Table 1)."**

Recent marine experiments show that amidoxime-functio-
nalized polymer adsorbents adsorb metal elements in a rela-
tive order of vanadium (14.9%), iron (1.6%), and uranium
(1.0%)."* To facilitate discussion, metals that are dissolved in
seawater can be broadly categorized into conservative and non-
conservative metals, depending on the proportion of original
concentration that they contribute to biological, chemical, or
geological processes. The overall concentration of uranium in
the seawater is relatively uniform because it is a conservative
metal; only weak interactions between uranium complexes and
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suspended particles occur. Non-conservative distribution of
aluminium is scavenged-type due to its significant interaction
with suspended particles and short marine residence duration.
Because both recycling and scavenging techniques have an
impact on the distribution of iron and copper, these noncon-
servative metals show a hybrid distribution. Vanadium(v) has
generated a lot of interest, because it is the main competitor
for UES in seawater. The concentration of vanadium is lower
than uranium (1.9 ppm), but because the vanadium is more
tightly coupled to AO-functionalized adsorbents, the capacity
of fibre to adsorb uranium decreases.'*® Amidoximes are more
favourable for complexing with vanadium than their uranium
equivalents. Elution of vanadyl ions presents additional chal-
lenges."”” Extreme conditions, such as strong acid and high
temperature, are required due to the significant interaction
between amidoxime groups and vanadium during the elution
process, potentially causing irreversible damage to the adsor-
bents."”” Numerous experimental studies and theoretical
research have been conducted to better understand the affinity
of amidoxime and vanadium.'®®'*® There are two primary
forms of vanadium in seawater, which are V(v) and V(v), with
V(iv) accounting for 10 to 15% in total."®® The interaction
between V(iv) and amidoxime groups is crucial due to the oxi-
dation of V(v) to V(v) during extraction, causing irreversible
damage to adsorbents.">”**®'%! When vanadium is bound to
the cyclic imide dioxime, the organic group can even substi-
tute the oxygen in vanadyl ions. The resultant non-oxide V(v)
complex is more stable than its uranium counterparts, render-
ing the vanadium-occupied active sites inaccessible to uranyl
ions. Eluting vanadium from the adsorbents is challenging
even under acidic conditions, given the complex’s stability
across a broad pH range (Table 3).

High selectivity and affinity for uranium have been achieved
by AO-based fibre P-HBP-AO. The exceptional selectivity and
affinity of P-HBP-AO for uranium were confirmed by conduct-
ing selective adsorption tests for 12 hours at different solid-to-
liquid ratios in an aqueous solution containing several heavy
metal ions, as shown in Fig. 8B. The solid-to-liquid ratio in the
adsorption test of P-HBP-AO (Poly(2-hydroxyethyl methacry-
late)-grafted-poly benzoxazine-ammonium oxalate) fibre refers
to the proportion of solid material (fibre) to the liquid
medium (absorbing solution) used in the testing process. This
is a critical parameter that influences the adsorption character-

Table 3 Concentration of various elements in seawater, as reported in
ref. 164

Element mg kg™ (ppm) mol L™*

cl 19400 0.546

Na 10 800 0.468

Mg 1290 53 x 1073
Ca 413 10.3 x 1073
K 400 10.2x 1073
Fe 0.0034 0.5x107°
U 0.0033 14 x107°
\% 0.00183 36 x107°

This journal is © The Royal Society of Chemistry 2024
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istics and performance of the fibre. Adjusting this ratio can
impact how well the fibre adsorb the liquid and may be crucial
in determining the fibre’s adsorption capacity and efficiency
in practical applications. Compared with most other metal
ions, uranium has a far higher capacity for adsorption.*®

The fabrication of materials with enhanced selectivity for
uranium is advantageous, as it mitigates the influence of coex-
isting ions on adsorption. To augment the durability of
uranium adsorbents, one could consider bolstering structural
stability during the preparation phase, through certain pro-
cedures such as radiation graft polymerization, hydroxylamine
treatment, and hot alkali treatment. Techniques such as ion-
imprinted polymers and radiation-induced graft polymeriz-
ation hold promise for the batch synthesis of high-selectivity
materials for uranium extraction, with grafting yield modifi-
able based on radiation selection and reaction parameters.
Recent research endeavours have probed the coordination
chemistry of competing metals like iron, copper, lead, and
vanadium with glutethimide-dioxide to understand and tackle
selectivity issues in adsorbents.*>'®>'%® Consequently, a prin-
cipal challenge for UES remains the design of adsorption
materials with uranium selectivity at elevated temperatures.
Emerging strategies such as ion imprinting technology and
protein-engineered techniques have been identified to confer
high uranyl ion selectivity to adsorbents."

5.3 Temperature

Temperature is a crucial factor to consider when locating
uranium extraction plants in the ocean. Seawater temperature,
which is significantly influenced by location and season, has
complex interactions that affect the performance of adsor-
bents.'®” Higher temperatures accelerate both the ligand
exchange interactions between amidoxime and uranium
groups and the transport of uranyl ions from the bulk solution
to the active sites. The efficiency of uranium extraction can be
increased by constructing seawater extraction plants in regions
with warmer ocean environments. A study highlights the over-
looked factors, such as the effect of high temperatures on the
resilience of adsorbents, predicting that increasing the solu-
tion temperature will enhance the adsorbent’s performance.'*’
Trials at the Tarapur Atomic Power Station underscore the
challenge of balancing endothermic reactions and biofouling,
with factors like fouling, deployment time, and temperature
influencing uranium uptake.’®® The outfall canal’s uranium
uptake increased by nearly 30% due to the increased tempera-
ture. Temperature control is an issue that can be easily
addressed in lab settings by carefully selecting deployment
locations and times. While temperature influences adsorption
experiments, its sensitivity is not significant, and minor temp-
erature differences won’t notably alter real-world settings. The
adsorbent design can be optimized for exothermic uranium
binding, allowing deployment below marine phototrophic
layers to slow the rate of biofouling.

The light-stimulated photocatalytic or photothermal pro-
perties of semiconductor materials can elucidate the effects of
temperature on uranium adsorption and biofouling.
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Adsorbents exhibiting high uranium extraction efficiency and
anti-biofouling attributes have been synthesized leveraging the
photothermal effect. While this may potentially elevate local
temperatures, it enhances the interaction between uranium
and the adsorbent. In UES, the photocatalytic and photother-
mal properties of materials can be harnessed to augment
adsorption and mitigate biofouling.'®>'”® Photoactivated steri-
lization, a potent antibacterial technique, is gaining signifi-
cant interest in UES due to its ability to activate photorespon-
sive materials using appropriate wavelengths. By absorbing
light energy, photoresponsive materials create radical oxygen
species (ROS) and/or hyperthermic conditions, which quickly
kill bacteria."”* The ROS can quickly kill bacteria by penetrat-
ing bacterial membranes and cell walls, destroying their
defence mechanisms, and disrupting cellular respiration and
physiological processes.'”> Uranium has been extracted from
seawater while avoiding biofouling by using a variety of photo-
responsive antibacterial compounds, such as photocatalysts,
photothermal materials, and photosensitizers. TiO, and ZnO,
common semiconductor materials, were utilized as antibacter-
ial components in the construction of anti-biofouling adsor-
bents for UES due to their optical response properties. A TiO,-
functionalized composite was created by coprecipitating nano-
TiO, particles onto wool fibre prepared with RIGP and functio-
nalized with AO.'”® The Wool-AO@TiO, adsorbent demon-
strated potent antibacterial properties while Nano-TiO,
enhanced uranium adsorption and enhanced the anti-
microbial properties of the wool fibre."”* UV light irradiation
of nano-TiO,/ZnO in water vapor activates ROS, degradation of
organic compounds and killing of bacteria, potentially causing
microorganism death.'””

Research on the enthalpy and entropy of UES under
different seawater temperatures provides the endothermic
viewpoint in the adsorption process. Thermodynamic data
indicate that amidoxime-based adsorbents demonstrate
superior uranium adsorption and selectivity in warmer waters.
As demonstrated by field studies in Miami, Florida, USA, invol-
ving seawater uranium adsorption in warm seawater, high
temperatures have a significant impact on seawater uranium
mining.”” The first study on the temperature effect was under-
taken by Sekiguchi et al, who employed high-density poly-
ethylene fibre modified with amidoxime. The results showed a
three times enhancement in uranium adsorption when the
temperature increased by 10 °C.'®” Overall research indicates
that thermodynamics, rather than transport considerations, is
principally responsible for the reported rise in uranium extrac-
tion rate with temperature.'®” Following this approach, many
scientists have studied the effect of temperature on uranium
adsorption with different adsorbents. Two efficient adsor-
bents, AF1 and AI8, were recently created by Oak Ridge
National Laboratory, who investigate the impact of tempera-
ture on the extraction of uranium and vanadium from sea-
water. These are amidoxime-based adsorbents that are made
with radiation-induced graft polymerization (RIGP) technique
and hollow-gear-shaped, high surface area poly-ethylene fibre.
The grafted co-monomer is the only distinction between these

4952 | Nanoscale, 2024, 16, 4937-4960

View Article Online

Nanoscale

two (AF1: itaconic acid; AI8: vinyl phosphonic acid). Using a
flow-through column system and freshly filtered (0.45 mm)
seawater from Sequim Bay, Washington, U and V adsorption
tests were carried out. The two amidoxime-based polymeric
adsorbents showed a significantly reduced temperature
response for vanadium and a high positive temperature
response for uranium adsorption capacity. Between 8 and
31 °C, the 56-day U adsorption loadings of both adsorbents
grew by around six times, but the 56-day V adsorption loadings
of AF1 and AI8 increased by only 78 and 37 percent. Fig. 8C
represents time series measurements of uranium; and Fig. 8D
vanadium adsorption loadings with the AF1 and AI8 adsor-
bents at different temperature.”> Scientists should find an
appropriate way to enhance the localized temperature for sea
trials on a large scale.

A possible way to enhance the localized temperature is to
combine the UES with photothermal approaches. We have
published some research articles for the better understanding
of photothermal evaporation phenomena.'”®*”® For the first
time, we have synthesized a hollow multishelled structure
(HoMS) using a composite of amorphous Ta,O5 and carbon,
which efficiently enhanced the photothermal conversion.
Fig. 9 represents the illustration of the very efficient solar-to-
vapor production method using amorphous Ta,Os/C HoMS.
The high solar evaporation rate in HoMS is due to its precise
atomic and composition control, indirect bandgap structure,
and unique hollow multishelled structure, which enhances
nonradiative relaxation and promotes photothermal conver-
sion. HoMS cavities facilitate mass transport through capillary
pumping, while nanopores in the HoMS allow water molecules
to evaporate as clusters with reduced energy consumption.
The HoMS offers a cost-effective solution for large-scale clean
water harvesting, heavy-metal enrichment, and soil remedia-
tion, demonstrating potential for large-scale fabrication devel-
opment.”® Moreover, HOMS, as a special hollow structure, has
an adjustable shell composition and an adjustable interlayer
environment, thus providing a structural basis for the multi-
functionalization of materials, but the synthesis approach is
always a big challenge.'”® By considering the relationship
between the periodic structure in HoMS and chemical reac-
tion, Wang’s group provided a new synthetic methodology
named the sequential templating approach (STA), rapidly
recognized as a universal method'®® Later, the unique property
of temporal-spatial ordering'®’ and the physical essence of
STA, ie., the representation of concentration waves, were
revealed.'®® The unique structure of HoMS has demonstrated
the advantages of abundant exposure of efficient surface and
optimized mass transport, which can achieve the high-
efficiency energy utilization'®* % Herein, introducing suitable
photovapor generation materials with UES would enhance the
kinetics and  thermodynamics for U  adsorption
simultaneously.

5.4. Biofouling

Another technical challenge for creating adaptive adsorbents
for UES is biofouling. As aforementioned, biofouling inevitably

This journal is © The Royal Society of Chemistry 2024
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(A) Illustration of the very efficient solar-to-vapor production method using amorphous Ta,Os/C HoMS of amorphous Ta,Os/C HoMS for

highly efficient solar-to-vapor production.'’® (B) Regulation of the solar vapor generating structure affects each of the subsequent processes in the

process, such as heat distribution, water/vapor transfer, and solar harvesting.**
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material with time in both light and dark
)188 per adsorbent mass (g). (C) Illustrative
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Table 4 Sea trials of a few promising adsorbents in China

Year Place Adsorbent Time (d) U-collected Ref.
2011 South China Sea AO-based non-woven fabrics 20 0.10 mg g™* 189
2013 South China Sea AO-based fibers 20 0.10 mg g~* 189
2015 Xiamen MSL, PNNL AO-UHMUPE 60 0.25 mg g71 190
2018 East China Sea Nano fiber-based membranes 30 20g 12
2019 Dagze Co Salt Lake, Tibet Polymers — 300 g 12
Table 5 Sea trials in Japan!t3191-193

Year Place Adsorbent Adsorption system

1991 The coast of the Pacific Ocean AO-based fiber Continuous-flow system
1991 Imari Bay, Japan AO-based fiber Mooring system

1991 Imari Bay, Japan AO-based resin Towing-mooring system
2000 6 km offshore at Mutsu Sekine-Hama in Aomori Prefecture, Japan AO-based fiber Mooring System
1991-2001 7 km offshore from Mustu-Sekine in Aomori prefecture, Japan AO-based fabric Stack collection system

2004 Okinawa, Japan

Table 6 Sea trials in USAL113155

Saturation capacity

Adsorbents Absorption system (mgg™)

38H PNNL, flow-through column testing 4.29 + 0.24
AI8 5.17 £ 0.18
AF1 5.56 £ 0.15
LCW-2 7.05+0.21
AI8 PNNL recirculating flume testing 6.86 + 0.68
AF1 5.93+0.17
AF8 7.04 £1.42
AF1 WHOI, flow-through column 5.97 +0.27

testing
AF1 WHO], recirculating flume testing 9.84 +0.48

affects the uranium adsorbents placed in the ocean. The UES
performance is significantly reduced when marine microor-
ganisms are attached because they prevent uranyl ions from
contacting with the adsorbent surfaces. Rigorous procedures
are necessary to remove the foulants and biofouling. Feasible
ways have been developed in recent years to enhance anti-bio-
fouling performance, such as adding active bacteria-killing
antimicrobial components or anti-adhesion coatings to
prevent marine organisms from clinging to the adsorbent sur-
faces. Adsorbents have been successfully produced to be bio-
fouling-proof, and have effectively resisted biofouling for par-
ticular microorganisms. Currently, laboratory techniques are
used to evaluate antibacterial substances. The relationship
between the efficiency of adsorption and anti-biofouling
should be further evaluated in the marine environment.
Biofouling occurs in four stages, as indicated in Fig. 10A:
dense organic film formation, growth of bacteria and diatoms,
rough microbial film formation, and large organism attach-
ment inhibiting uranium lift."®” Park et al.'®® investigated how
biological contamination affected the process of extracting
uranium from ocean. As shown in Fig. 10B, the environments
of the shallow sea and deep sea were replicated with light and
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no light irradiation. A significant number of algae cells were
seen in the light environment and the uranium adsorption
was decreased by 30% after 42 days. Wen et al. synthesized
Wool-AO@TiO,, a blend of amidoxime wool fibers and TiO,
nanoparticles, demonstrating strong antibacterial activity
against Staphylococcus aureus and Escherichia coli. As shown in
Fig. 10C, Guo et al. developed GCZ8A, a biofouling-resistant
chitosan-graphene oxide/ZIF, with a maximum uranium
absorption capacity of 361.01 mg g~* and nearly 70% uranium
removal in natural seawater (Tables 4-6).

6 Conclusion and outlook

The exploration of seawater uranium extraction as a viable
alternative for sustainable nuclear energy expansion com-
menced with “Project Oyster” in 1950. Innovative methods for
function-driven adsorbents have been designed in consider-
ation of enhancing the selectivity, durability, resistance to bio-
fouling, and adsorption capacity. Over the past years, efforts
on the physicochemical properties of adsorbents, such as pore
size, surface area, surface conformation, and ligand density,
have been delivered to enhance the adsorption capabilities. In
comparison with conventional physicochemical adsorption
techniques, electrochemical and photochemical method-
ologies have dramatically amplified UES performance. Despite
the significant strides made by UES across various strategies,
substantial hurdles and challenges persist that impede its pro-
gression toward industrialization. This manuscript summar-
izes recent achievements in UES and underscores the chal-
lenges and future research directions for UES systems, empha-
sizing the necessity for further advancements in fundamental,
technical, and engineering facets. Grasping uranium coordi-
nation chemistry is pivotal for identifying efficient binding
motifs between uranyl and ligands. Uranium extraction
necessitates concurrent alterations to the thermodynamic and
kinetic factors governing the uranium adsorption equilibrium.
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Kinetic factors, such as binding site accessibility and mass
transfer capacity of uranyl ions, warrant particular attention.
The generation of suitable adsorbents for UES, which can be
tailored and enhanced, calls for improved synthesis and
polymerization procedures. To facilitate a cost-efficiency ana-
lysis and a feasible commercialization pathway, more technical
efforts are essential to construct standalone prototypes and
provide infrastructure for ocean field trials. Nations such as
Japan, the United States, and China have implemented
offshore platforms and conducted marine field trials pertain-
ing to UES. Research has revealed that uranium extraction in
marine contexts is influenced by a multitude of hydrological
variables, inclusive of adsorbent properties, seawater tempera-
ture, biofouling, water quality, and oceanic depth. Marine
engineering is confronted with a plethora of constraints,
which need substantial effort to surmount, particularly when
navigating the intricate oceanic environment. Prior to under-
taking marine engineering, it is imperative to possess a com-
prehensive understanding of oceanographic conditions, given
the significant disparities between results derived from marine
field testing and those obtained from seawater modeling.
These discrepancies suggest that authentic seawater environ-
ments must be utilized to evaluate the efficacy of adsorbents
developed within laboratory settings. To optimally select
locations and conditions for marine field research, it is critical
to assess the impact of seawater temperature and velocity. In
addition, the identification of dominant marine species that
influence uranium collection is of paramount importance.
This knowledge can facilitate the creation of anti-biofouling
adsorbents that target specific biological species. The deploy-
ment of UES adsorbents and facilities within seawater, particu-
larly those possessing bactericidal activity, may adversely affect
regional marine ecosystems. Large-scale ocean field tests for
UES would necessitate an analysis of their potential effects.

Issues like limited adsorption capacity, selectivity problems,
renewability constraints, high production costs, biofouling,
and scaling issues are common barriers in uranium adsor-
bents. Future directions in the development of uranium adsor-
bents include the use of more computational modeling, nano-
structured materials, hybrid materials, biologically inspired
designs, multifunctional adsorbents, improved material engin-
eering, and nanostructured materials. Metal-organic frame-
works (MOFs) with their high tunability, covalent organic
frameworks (COFs) with their structural versatility, nano-
structured materials with their increased surface areas, hybrid
materials with their combination of different components,
and functionalized inorganic adsorbents with their improved
selectivity and overall performance are promising types for
further practical application. To remove current obstacles and
make uranium adsorbents more effective, affordable, and eco-
logically friendly for large-scale use in uranium extraction
from seawater systems, these trends and materials are being
continuously explored.***

During sea trials, enhancements have been made to the
uranium adsorption capability of AO-based polymeric adsor-
bents. The substantial gap between laboratory and marine
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environment implies that the matrix of genuine seawater is
complex. Oceanic environmental factors play a significant role
in uranium adsorption. Given the dependency of uranium
adsorption on oceanic environmental conditions, which can
influence the extraction process, the scalability of UES requires
a fundamental understanding of environmental elements such
as flow rate and ocean temperature. Prolonged exposure of the
adsorbents to seawater results in increasingly severe biofoul-
ing, which may compromise their capacity and reusability.
Since these strategies have not been tested in pilot operations,
and any required power is determined by lab-scale evaluations,
one needs to link offshore energy sources such as wind and
tidal power with UES. Also, coastal nuclear power plants and
desalination facilities could significantly reduce the costs.

Currently, the cost of the extracted uranium remains higher
than from traditional sources, rendering existing UES unable
to economically compete with terrestrial mining. Future
research endeavors should be directed towards the consistent
enhancement of adsorbent performance, thereby delivering
improvements to make a UES system economically viable. The
cost of adsorbent production is projected to undergo a gradual
decline owing to the decrease in the prices of raw materials
and advancements in synthetic techniques. Simultaneously,
the expenses associated with mooring and deployment are
anticipated to constitute a larger fraction of the overall cost.
The cost of offshore deployment and mooring can be effec-
tively mitigated by integrating the sustainable energy source
with the UES system, which appears to be a more cost-effective
strategy. An efficient, non-destructive elution/regeneration
method is imperative to maximize adsorbent reuse, given that
adsorbent regeneration is deemed crucial for economic
viability.

Transitioning from lab-scale UES to large-scale projects
requires considering factors like material design, engineering,
interaction with infrastructure, and consideration of variables
like the coordination environment of ions, biofouling and cor-
rosion, whereas lab settings favor controlled conditions.
Industrial cost-effectiveness, waste management, environ-
mental effects, and regulatory compliance are crucial for large-
scale UES, necessitating interdisciplinary cooperation for creat-
ing commercially and ecologically sustainable materials and
systems. A multimodal strategy is needed to bridge the gap
between lab-scale UES and large-scale applications, focusing
on maximizing material designs, improving synthesis tech-
niques, and increasing yields. Engineers should focus on
large-scale UES solutions, considering reactor design, system
integration, and flow rates, while implementing cost-efficiency
techniques and prioritizing long-term stability in marine
environments for economic feasibility, utilizing materials that
can withstand prolonged exposure, resist corrosion, and func-
tion across cycles. Implementation of constant monitoring,
improvement of adsorbent renewability and reusability, and
use of effective regeneration procedures for reduced operating
costs is required. Thorough environmental impact assess-
ments are essential for compliance with environmental
requirements, and for addressing waste disposal, energy con-
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sumption, and ecological damage. Collaborative multidisci-
plinary research is crucial for comprehensive solutions. Pilot-
scale demonstrations and partnerships with business partners
validate the practicality and efficiency of UES technologies,
bridging the gap between research and industrial application.

This review delves into the contemporary status of UES and
proffers recommendations for augmenting its technological
robustness and economic feasibility. It necessitates a synergis-
tic collaboration among industrial engineers and scientists
across diverse disciplines. Despite formidable challenges, sub-
stantial headway has been achieved in commercial viability
during the past decade. The recent strides in UES represent
merely the tip of the iceberg. Once a significant breakthrough
is achieved, it is anticipated to be sustainable and yield con-
siderable positive impacts for the economy and the
environment.
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