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Effectively addressing global warming requires a rapid transformation of the ways in which energy is

consumed, and nuclear power produces very low lifecycle carbon emissions. Efficient uranium

extraction from unconventional uranium ore sources, such as the ocean, can provide a stable and long-

term supply of nuclear fuel for nuclear power plants. Herein, we report an interconnected open-pore

architecture poly(amidoxime) (PAO) fiber with PAO nanoparticles and a nano-channel structure (AO-

OpNpNc) using a top-down design. A high uranium adsorption capacity of 17.57 mg-U per g-adsorbent

in natural seawater and ultra-long service life of at least 30 cycles were obtained, which are the highest

values among currently available adsorbents to our knowledge. Extended X-ray absorption fine structure

(EXAFS) fits and density functional theory (DFT) computational studies suggest that PAO-bound uranyl is

a cooperative chelating model. More importantly, uranium production costs could be reduced to

$80.70–86.25 per kg of uranium with this fiber, which is similar to the uranium spot price of $86.68 per

kg of uranium and lower than the costs of all currently available adsorbents. The exceptional durability of

the AO-OpNpNc fibers suggests the possibility of economically producing nuclear fuel from the ocean.
1. Introduction

Nuclear power production is anticipated to increase with the
growing global population. China has the largest nuclear power
capacity. The government's long-term target, as outlined in its
Energy Development Strategy Action Plan 2014–2020, is to
achieve a capacity of 58 GWe by 2020, with the facilities for an
additional capacity of 30 GWe under construction.1 The long-
term use of nuclear power for energy applications relies on an
economical supply of nuclear fuel.2 However, according to
a recent estimate, one of the main nuclear fuel land-based
uranium sources will be depleted by the end of this century.3

Most of the explored uranium ore in China is of low grade and
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90% of the annual uranium fuel relies on imports. Exploration
of unconventional uranium resources is a strategic response to
the scarcity of uranium resources on land and is critically
important to sustain the development of nuclear energy.4

Fortunately, the oceans hold more than 4.5 billion tons of
uranium,5,6 and uranium extraction from seawater (UES) has
a lower environmental impact than terrestrial mining.7 For this
reason, UES has been identied as one of seven chemical
separations to change the world.4

The challenges of UES are generally due to the extremely low
concentration of uranium (3.3 ppb), large amounts of competing
ions, and high cost.8,9 Aer more than half a century of explo-
ration, it has been proven that adsorption using the amidoxime
functional group is the most promising method.9,10 Multiple
adsorbents, including polymeric bers,11,12 inorganic mate-
rials,13,14 porous organic polymers (POPs),15 covalent organic
frameworks (COFs),16–18 and metal–organic frameworks
(MOFs),19–21 have been developed. COFs, POPs, and MOFs with
unique porous architectures exhibit good adsorption perfor-
mances, which are signicantly affected by the polymer confor-
mation but not the cyclic imide dioxime or open-chain
amidoxime.22 However, these porous materials are generally in
the form of powders or particles, which makes them hard to
collect and hampers their practical application.23 Easy place-
ment, salvageability, low-cost, and high-capacity passive brous
adsorbent systems are a far more realistic means of massive
This journal is © The Royal Society of Chemistry 2020
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UES.24 Accordingly, continuous brous adsorbent, including
a spidroin-based protein ber (12.33 mg-U per g-adsorbent),25

a 3D hierarchical porous amidoxime ber (11.50 mg-U per g-
adsorbent),26 a poly imide dioxime nanober (8.7 mg-U per g-
adsorbent),27 and a porous amidoxime-based nanober (9.59mg-
U per g-adsorbent),28 have been developed. The industrialization
of UES crucially depends on the properties of the materials,
including the adsorption capacity and service life.26 An estimate
for UES adsorbents indicated that an adsorbent with a 30 mg-U
per g-adsorbent adsorption capacity, or one with a 6 mg-U per
g-adsorbent adsorption capacity at a 3% capacity loss per use for
ten uses, would yield $290 per kg-uranium.29 Despite the avail-
ability of these materials and new techniques, their uranium
adsorption capacities and economic performances do not meet
the disposability requirements of 30 mg-U per g-adsorbent.
Accordingly, a supposed 12 mg-U per g-adsorbent adsorption
capacity and 30 uses corresponds to a production cost of $75 per
kg of uranium,30 which is comparable to the uranium spot price
($86.68 per kg of uranium, June 26, 2020)31 and the price of
uranium from conventional terrestrial resources.29

Traditional brous adsorbent encapsulate most of their
binding sites in a dense structure, leading to problems of low
selectivities and adsorption capacities. Moreover, past studies
used bers as supporting substrates for chemical graing of the
functional groups. Thus, the mass of the trunk ber adds to the
mass of the adsorbent, but provides no adsorption sites. In
previous studies, fabricating bers with hollow gear shapes32 or
porous structures or reducing their diameters to the nanoscale27

could increase the specic surface areas of the adsorbents, but
this inevitably decreased their mechanical strengths. The high
specic surface area of adsorbents and the high utilization
efficiency of functional groups stand for high adsorption
capacities, ultrahigh mechanical strengths, and stable chemical
structures to ensure the long service lives of the adsorbents. The
balance of these two key factors has haunted researchers for
years. Thus, endowing a high specic surface area and high
utilization efficiency of functional groups to a continuous
brous adsorbent with an ultrahigh mechanical strength is
highly desired.

The combination of radiation-induced co-graing polymer-
ization (RIGP) and Ce4+-initiated co-graing polymerization
(CIGP) enabled the tuning of the morphologies of the bers,
which was conrmed in our previous study using PE-coated
polypropylene (PP) skin-core bers.26 The tunable morphol-
ogies of the obtained H-ABP bers contained uniform PAO
particles on the graed PE skin layer, which showed an average
polymeric particle size of about 500 nm. The mechanical
properties of these H-ABP bers were supported by the PP core
layer. However, the unmodied PP core layer provided no active
sites for adsorption, which limited the adsorption capacity of
the material. In this work, we report interconnected open-pore
architecture ultra-high molecular weight polyethylene
(UHMWPE) bers with poly(amidoxime) (PAO) nanoparticles
and nano-channel structures (AO-OpNpNc) using a top-down
design (Fig. 1a–c). The adsorbent design was inspired by the
reverse protocols for COFs, whose porous architectures are
fabricated from monomers. The bottom-up design of COFs
This journal is © The Royal Society of Chemistry 2020
reveals that functional groups with porous architectures result
in good properties. In contrast, a top-down design using
macromolecules in the form of a continuous brous material
should open a new approach for adsorbent synthesis. AO-
OpNpNc bers were fabricated via a facile method of two-step
co-graing polymerization involving the RIGP followed by the
CIGP. Self-assembly from the graed chains resulted in
a nanostructure, and the use of trunk UHMWPE bers resulted
in self-supporting interconnected open-pore architecture bers,
which maximized the functionality of the substrate materials.
These two innovations yielded a breakthrough in the material
properties. UHMWPE bers, which were the only candidates for
fabricating self-assembling and self-supporting interconnected
open-pore architecture bers, were used as the trunk bers. To
the best of our knowledge, the new morphologies of the open-
pore structure with the PAO nanoparticles and nano-channels
of the UHMWPE ber are the rst reported. Extended X-ray
absorption ne structure (EXAFS) analysis and density func-
tion theory (DFT) calculations revealed that the uranyl binding
occurred through a chelating mode. The well-designed
morphological structure of the AO-OpNpNc bers maximized
the ber specic surface areas and improved the utilization
efficiency of the amidoxime groups, leading to the best uranium
adsorption capacity, strongest mechanical strength, and
longest service life for UES reported to date. The uranium
production cost (UPC) was greatly reduced, which not only
meets the economic criteria for UES adsorbents but also is
highly competitive with traditional uranium mining.
2. Experimental section
2.1 Chemicals and materials

Ultrahigh molecular weight polyethylene (UHMWPE) ber (TYZ
Safetex FT-103) was purchased from Beijing Tongyizhong
Advanced Material Company. 2-Hydroxyethyl acrylate (HEA),
copper(II) sulfate pentahydrate (CuSO4$5H2O), acrylonitrile
(AN), acrylic acid (AA), ceric ammonium nitrate (CAN), nitric
acid (HNO3), N,N-dimethylformamide (DMF), sodium
carbonate (Na2CO3), potassium hydroxide (KOH), hydrochloric
acid (HCl), nitric acid (HNO3), hydroxylamine hydrochloride
(NH2OH$HCl) and methanol were purchased from Sinopharm
Chemical Reagent Company. All chemicals from commercial
sources were of reagent grade and used without further puri-
cation. Nitrogen gas (99.99% purity) was obtained from
Shanghai Louyang Gas Canned Co., Ltd. Baysalt was obtained
from the salt elds in Qingdao, Shandong Province, China, and
used without any rening. The 1000 ppm standard solutions of
uranium and competing ions were purchased from SPEX Certi
Prep, Inc. High-purity deionized water (PALL, Cascada BIO) was
used for all experiments unless otherwise stated.
2.2 Synthesis of AO-OpNpNc ber

UHMWPE bers were used as the trunk material for the prep-
aration of the AO-OpNpNc bers. The UHMWPE ber was pre-
irradiated with an electron beam (EB) in air at room tempera-
ture with an absorbed dose range from 20 to 100 kGy. Aer
J. Mater. Chem. A, 2020, 8, 22032–22044 | 22033
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Fig. 1 Strategy for developing an interconnected open-pore architecture adsorbent with PAO nanoparticles and a nano-channel structure. (a)
Conceptual drawing: easy placement, salvageability, low-cost, and ultrahigh uranium capacity AO-OpNpNc fibers are a far more realistic means
of massive UES. (b) Mechanism of uranyl chelation with the amidoxime groups in the nano-channel structure of the AO-OpNpNc fibers. The
interconnected open-pore architectures of the AO-OpNpNc fibers provided numerous nano-channels for continuous mass transport, leading
to an ultrahigh uranium adsorption capacity. (c) Schematic diagram of the preparation of AO-OpNpNc fibers: co-grafting and ammoximation in
the amorphous UHMWPE fiber. (d) FT-IR spectra of UHMWPE, PHEA, PAN, and AO-OpNpNc fibers.
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irradiation, the pre-irradiated UHMWPE ber was placed in
a ask containing a monomer solution and then purged with
nitrogen gas for 15 min to remove the oxygen. The monomer
solution was prepared with 20 vol% HEA and 20 vol% AA in an
aqueous solution. Co-gra polymerization was performed in
a water bath for 5 h at 60 �C. Subsequently, the poly-HEA-co-AA
(PHEA) ber was washed with H2O to remove homopolymer and
residual monomers and dried in a vacuum oven at 60 �C. The
degree of graing (DG) of the PHEA ber was calculated as
follows:

DGð%Þ ¼ M1 �M0

M0

� 100 (1)

whereM0 is the weight of the original UHMWPE ber, andM1 is
the weight of the PHEA ber.

Subsequently, PHEA ber with a DG of 28.5% was immersed
in a ask containing a monomer solution of AN/AA/DMF
(32 vol%/8 vol%/60 vol%). Aer purging with nitrogen gas for
15 min, 5 mL of Ce4+ solution (0.1 mol L�1 ceric ammonium
nitrate in 1 mol L�1 HNO3) was added to the monomer solution
22034 | J. Mater. Chem. A, 2020, 8, 22032–22044
immediately. The co-graing polymerization was performed in
a water bath for 0.5–6 h at 35–65 �C. Aer co-graing, the poly-
AA and poly-AN (PAN) bers were washed with DMF to remove
residual monomers and homopolymers and dried in a vacuum
oven at 60 �C. The DG of the PAN ber was calculated as follows:

DGð%Þ ¼ M2 �M1

M1

� 100 (2)

whereM1 is the weight of the PHEA ber, andM2 is the weight of
the PAN ber.

Next, a 10 wt% solution of NH2OH$HCl was prepared using
a bicomponent solvent composed of H2O (50 vol%) and meth-
anol (50 vol%). The pH of the solution was adjusted to neutral
with KOH. PAN bers were placed into the NH2OH$HCl solu-
tion at 70 �C for 24 h to convert the nitrile groups into AO
groups. Aer amidoximation, the obtained AO-OpNpNc bers
were washed with deionized water to remove the unreacted
NH2OH and then dried in a vacuum oven at 60 �C. The AO group
density of the AO-OpNpNc ber was determined using the
following equation:
This journal is © The Royal Society of Chemistry 2020
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AO density
�
mmol g�1

� ¼ 1000� ðM3 �M2Þ
33M3

� 100 (3)

where M2 and M3 are the weights of PAN and AO-OpNpNc ber,
respectively, and 33 is the molecular weight of the AO group
minus the molecular weight of the nitrile group.

2.3 Characterization techniques

Fourier-transform infrared (FT-IR) spectra were collected on
a Nicolet Avatar 370 FTIR spectrometer (Thermo Nicolet
Company, USA) in attenuated total reectance mode with
a resolution of 4 cm�1 and 32 scans. The elemental composition
and chemical states of the bers were analyzed by X-ray
photoelectron spectroscopy (XPS) using a Thermo SCIENTIFIC
ESCALAB 250Xi instrument. The XPS data were acquired
through wide scans ranging from 0 to 1300 eV.

Nitrogen adsorption–desorption isotherms were measured
by a surface aperture adsorption instrument (ASAP2010C,
Micromeritics, USA). The specic surface areas of the samples
were calculated using Brunauer–Emmett–Teller (BET) method
within a relative pressure (P/P0) range of 0.0–1.0, and the pore
size distribution were calculated by the Barret–Joyner–Halenda
(BJH) algorithm.

The ber samples were embedded in epoxy resin and ultra-
microtomed at �140 �C to a section with a thickness of about
70 nm, where the phase structure of the ber cross-section was
examined and multiple energy dispersive X-ray spectroscopy
(EDX) was performed using transmission electron microscopy
(TEM, Jeol 2010) at an accelerating voltage of 200 kV.

The surface and cross-sectional morphologies of the ber
samples and the energy dispersive spectroscopy (EDS) analysis was
performed using eld-emission scanning electron microscopy
(SEM) (JSM-6700F, JEOL, Japan). All the bers were frozen and
cracked in liquid nitrogen to investigate the original cross-section
morphologies. All the ber samples were sputtered with gold to
enhance the electron conductivity before observation by SEM.

Wide-angle X-ray diffraction (WAXD) measurements were
carried out on an X'Pert Pro MPD instrument (Netherlands),
with 2q values from 10 to 90� at room temperature. The full
width at half maximum (FWHM) was quantitatively analyzed
through Gaussian multipeak tting and plotted.

Differential scanning calorimetry (DSC) measurements were
performed on a NETZSCH STA449F3-QMS instrument (Germany)
from 30 to 200 �C at a heating rate of 5 �C min�1 and a nitrogen
gas ow rate of 20 mLmin�1. The crystallinity (Xc) was calculated
from the enthalpy (DHm) of the crystallite and the heat of fusion
of the 100% crystalline material (DH0 291 J g�1).33,34

Mechanical tests were conducted on a universal material
testing machine (TIDJ-1000, Suzhou Zhuo Xu Precision Industry
Co. Ltd., China).

TGA was performed (NETZSCH, TG209, F3) in the tempera-
ture range from 25 to 800 �C with a heating rate of 10 �C per
minute under a nitrogen ow.

The concentrations of the metal ions in the simulated and
natural seawater were determined by ICP-AES (PerkinElmer
Optima 8000). The average of three replicate measurements per
sample was used to quantify the uranium and other coexisting
This journal is © The Royal Society of Chemistry 2020
ions against a four-point calibration curve. ICP-MS (Perkin
Elmer, NexION 300D) was used for quantitative analysis.

Extended X-ray absorption ne structure (EXAFS) spectra of
UO2(NO3)2$6H2O solid samples and U-AO-OpNpNc bers were
collected at the uranium LIII-edge (17 166 eV) using a double
crystal monochromator (Si 111) in a transmission mode at room
temperature on Beamline BL14W1 of Shanghai Synchrotron
Radiation Facility (SSRF). Energy calibration was performed using
a zirconium foil (17 998 eV) as the reference for energy calibration
and measured simultaneously for all samples. Each sample was
measured thrice. The electron beam energy of the storage ring was
3.5 GeV, and the maximum stored current was approximately 210
mA. Data for UO2(NO3)2$6H2O solid standards were collected in
transmission mode, while data for uranium-exposed AO-OpNpNc
bers were collected in the uorescence geometry. The self-
absorption effects were corrected prior to analysis. The EXAFS
spectra analysis was performed with Athena and Artemis pack-
ages35 based on the IFEFFIT program.36 In the Fourier transform
k3-weighted XAFS functions, the k range of 2.8–13.6 Å was used,
and the tting was performed in the R-space (1.0–3.7 Å) using
FEFFIT. The theoretical backscattering phase and amplitude
functions for the tting were calculated using the FEFF 8.2 code.37
2.4 DFT calculation method

To save computational efficiency, a unit of AO-OpNpNc was
chosen as a computational model. Density-functional calcula-
tions were implemented in the Gaussian 09 program38 using the
B3LYP level of theory,39,40 which has been widely utilized and
proven to be sufficiently accurate for extensive systems. The
quasi-relativistic effective core potentials (RECP) replacing 60
core electrons for actinides and the corresponding valence basis
sets were used for uranium,41,42 and the valence electrons in this
basis set are represented by a contracted [8s/7p/6d/4f] basis; 6-
311G(d,p) basis set was used for H, C, N, and O atoms. In
previous studies conrmed that this level of theory can get
accurate geometries and energetics for actinide species.43 It is
worth nothing that the reliability of the computational setup
has been also justied that the structural properties aer opti-
mization agree well with experiments. Frequency calculations
were performed to verify that geometries were minima. Binding
enthalpies were calculated as follows:

DH ¼ E(complex) � E(donor) � E(acceptor)

+ DEZPE + DEthermal + D(PV),

where D represents difference between complex and free
species and D(PV) ¼ RT ¼ �0.593 kcal mol�1 at 298.15 K.40 The
inuence of aqueous solvation was modeled by performing
single-point calculations on previously optimized geometries
with the Integral Equation Formalism for Polarized Continuum
Model (IEF-PCM).40
2.5 Simulated seawater screening and reusability of AO-
OpNpNc ber

Batch adsorption and 30 adsorption–desorption cycles were
performed using 5 L plastic tanks of simulated seawater. First,
J. Mater. Chem. A, 2020, 8, 22032–22044 | 22035
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175 g sea salt was dissolved in 5 L deionized water to produce
a salinity of 35 practical salinity units (psu). Next, a certain
amount of uranium and competing ion standard solutions were
added into the 5 L solution. The initial concentrations of the
uranium and competing metal ions VO3�, Fe3+, Co2+, Ni2+, Cu2+,
Zn2+, and Pb2+ in the simulated seawater system were about 100
times higher than that in natural seawater. The pH value was
adjusted to 8.0 � 0.1 with 0.25 g of Na2CO3. Before adsorption
the AO-OpNpNc ber was conditioned by adding 0.1 g to a ask
containing 30 mL of 2.5% KOH at 60 �C for 1 h and was washed
with deionized water until the pH of the excess water in the AO-
OpNpNc ber was neutral. Next, approximately 0.1 g of the AO-
OpNpNc bers was added to 5 L of simulated seawater. The
adsorption experiment was carried out on a rotary shaker at
25 �C and 100 rpm for 24 h. The uranium and competing metal
ions loaded onto the AO-OpNpNc bers were eluted with 0.1 M
HCl solution at room temperature with a rotary shaker at
100 rpm for 30 min. The concentration of the eluted uranium
was analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) with an appropriate dilution. The
adsorption capacity of the AO-OpNpNc bers for metal ions
could be determined using eqn (4):

Q ¼ CV/M, (4)

where Q (mg g�1) is the adsorption capacity of the metal ions
from AO-OpNpNc bers, C (mg L�1) is the metal ion concen-
tration measured by ICP-AES or inductively coupled plasma
mass spectroscopy (ICP-MS), V (L) is the eluted solution volume,
and M (g) is the weight of the dried AO-OpNpNc ber that was
used. Aer elution, the AO-OpNpNc bers were immersed in
0.1 M NaOH solution at room temperature for 20 min for
regeneration, and then was rinsed with deionized water until
the pH of the excess water in the AO-OpNpNc ber was neutral.
The adsorbent was used for the next adsorption–desorption
cycle following the same procedure as that described in this
section above.
2.6 Uranium adsorption in natural seawater

Natural seawater from the coastal area of Raoping, Guangdong
Province, China (117.08� E, 23.58� N) was used for adsorption
tests. Batch adsorption was performed rst using the same
adsorption test protocol carried out in the Oak Ridge National
Laboratory, USA.44 5 mg of AO-OpNpNc ber was added to 20 L
of natural seawater and the container was shaken constantly at
100 rpm at room temperature, and samples were periodically
collected using a pipette over a period of about 50 d. Once the
concentration of uranium in the seawater was constant, the
adsorbent was taken out and put in another container with 20 L
of fresh seawater to repeat the adsorption process. In total, 60 L
of natural seawater was used, and the adsorption process lasted
for about three months. ICP-MS was used for quantitative
analysis. Seawater standards of CASS-6 (seawater), supplied by
the National Research Council of Canada, were used for
seawater quality-control experiments. High-purity nitric acid
(2%) was used as the sample diluent and carrier phase. The
22036 | J. Mater. Chem. A, 2020, 8, 22032–22044
uranium adsorption capacity of the AO-OpNpNc ber could be
determined using eqn (5):

Q ¼ (C0 � Ct)V/M, (5)

where Q (mg g�1) is the uranium adsorption capacity of the
bers, C0 and Ct (mg L�1) are the concentration of uranium
before and aer adsorption, respectively, V (L) is the seawater
volume, andM (mg) is the weight of the dried AO-OpNpNc ber
before adsorption.

Aer adsorption, the AO-OpNpNc bers were removed and
eluted with 0.1 M HCl. High-purity deionized water was then
added to produce a dilute acid solution and obtain a desired
uranium concentration range for analysis. The amounts of
uranium and other co-existing ions were calculated using the
following equation:

Q ¼ CVd/M, (6)

where Q (mg g�1) is the adsorption capacity of the bers for
each metal ion, C (mg L�1) is the concentration of the metal
ions measured by ICP-AES, Vd (L) is the elution solution volume,
and M (g) is the weight of the dried AO-OpNpNc bers aer
adsorption.

The marine adsorption test was performed in the coastal
area of Raoping, Guangdong Province, China. The natural
seawater adsorption test in this study was carried out at an
average uranium concentration of 3.1 � 0.3 ppb, an average pH
of 8.0 � 0.1, salinity of 29.6 � 0.4 psu, temperature of 26.4 �
0.4 �C. The natural seawater was pumped to an underground
impounded reservoir. Aer ltering out the sediment with
a polyester non-woven fabric, the seawater was pumped into
a ume. The ow rate of the ume could be controlled with
a motor controller. The inlet ow rate was adjusted to
1.5 L min�1, the ume size was 152.6 � 8 � 15 cm and the ow
velocity was 0.2 cm s�1.26 The AO-OpNpNc bers aer KOH
treatment was immersed in the ume. The duration of the
marine test was 90 days. Three independent samples were
collected and rinsed with deionized water three times and then
dried in a vacuum oven at 60 �C for 24 h. The AO-OpNpNc bers
were digested in 10mL of high-purity concentrated nitric acid at
a programmed temperature (25 min of heating from 25 to
190 �C, holding for 25 min, followed by natural cooling) using
a MARS6 Microwave Digestion System (CEM, USA). High-purity
deionized water was then added to produce a dilute acid solu-
tion and obtain a desired uranium concentration range for
analysis. The amounts of uranium and other co-existing ions
were calculated using the eqn (6).
2.7 Uranium extraction from the ocean

The AO-OpNpNc bers were prepared in a 10 L reaction kettle
with a liquor ratio of 1 : 20 (500 g of trunk UHMWPE ber with
10 L monomer solution). The other experimental parameters
were same as those for the synthesis of the AO-OpNpNc bers in
the rst part of the ESI.† The DG of the PHEA ber was calcu-
lated to be 20.8%, and that of the PAN bers was calculated to
be 95.0%. The AO group density of the AO-OpNpNc bers was
This journal is © The Royal Society of Chemistry 2020
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calculated to be 5.03 mmol g�1. Approximately 1 kg of AO-
OpNpNc ber was prepared. Aer KOH conditioning and
washing with tap water, the bers were placed into a 2 m3 vat
with cable ties at Tropical Marine Biological Research Station in
Hainan, South China Sea Institute of Oceanology, Chinese
Academy of Sciences, Sanya, Hainan, China. Seawater was
pumped into the vat with a ow velocity of 100 L min�1, and
fresh seawater was fed into the system every 30 min. Aer 3
months of adsorption, the adsorbents were removed and
washed with tap water to remove contaminants. The adsorbents
were then spin-dried and eluted with 25 L 0.1 M HCl overnight.
The eluant was concentrated to 5 L using reduced pressure
distillation, and the precipitated phase was removed from the
solution. The solution was then concentrated to 1 L. Ammonia
was slowly added into the solution until no more precipitate
appeared. Yellowish-brown precipitates in the solution were
obtained by suction ltration and were dried in a vacuum oven
at 60 �C. Finally, 32.02 g of crude uranium was obtained, and
the uranium concentration in the compound was determined to
be 17.5% with ICP-AES.

3. Result
3.1 Synthesis and structural analysis of AO-OpNpNc bers

Continuous brous adsorbents are considered to be the mate-
rials with the greatest potential in the eld of UES, as they are
easily placed and recovered and require no extra power for
uranium extraction (Fig. 1a). The primary challenge in material
design in the eld of UES is how to obtain a balance between
high adsorption capacity and strong mechanical strength.
UHMWPE bers with high molecular weights, high crystallin-
ities, and high strengths are the most suitable candidate for
UES.45 However, because of their excellent chemical corrosion
resistance, modication of UHMWPE with traditional methods
is hypodynamic. Herein, AO-OpNpNc bers were synthesized
via two-step co-graing polymerization (Fig. 1c).26 The RIGP of
2-hydroxyethyl acrylate (HEA) and acrylic acid (AA) occurred in
the amorphous region of UHMWPE to provide hydroxyl groups
(–OH) as reducing agents in the obtained PHEA ber. The
subsequent CIGP of acrylonitrile (AN) and AA on specic sites of
the poly-HEA side chains using Ce4+ as a strong oxidant yielded
axial graing chains, which resulted in poly-AN-co-AA (PAN)
bers with interconnected open pores architectures, PAN
nanoparticles, and nano-channels via self-assembly. The
mechanism of CIGP was reported in our previous publication.26

Finally, amidoximation of the PAN bers resulted in AO-
OpNpNc bers. The RIGP and CIGP were systematically
studied to investigate the optimal graing conditions (Fig. S1,
ESI†). The degree of graing (DG) of the PHEA bers increased
linearly with increasing absorbed dose and reached 28.5% at 40
kGy. CIGP, which was carried out with 40% AN and AA (4/1 wt/
wt) in DMF at 55 �C for 2 h yielded PAN bers with 188.6%DG of
poly-AN-co-AA. Aer amidoximation, the amidoxime group
density of the obtained AO-OpNcNp ber was 6.8mmol g�1 (eqn
(3)). The successful preparation of the AO-OpNpNc bers was
determined via FT-IR (Fig. 1d) and XPS (Fig. S2, ESI†). Aer
RIGP, the new characteristic adsorption bands at 1722 and
This journal is © The Royal Society of Chemistry 2020
1074.3 cm�1 were attributed to the adsorption of –C]O– and
–C–O–, respectively. Aer CIGP, the PAN bers showed new
stretching vibrations of –C^N at 2247 cm�1, indicating that
HEA, AA, and AN were successfully graed onto the trunk
UHMWPE bers. Aer amidoximation, the disappearance of
the nitrile stretching at 2247 cm�1 and the appearance of
–NH2/–OH (3140–3450 cm�1), –C]N– (1643 cm�1), C–N
(1381 cm�1), and N–O (920 cm�1) conrmed the conversion of
nitrile groups to amidoxime groups.11,26 In the XPS spectra
(Fig. S2a, ESI†), compared with the trunk UHMWPE bers, the
PHEA bers showed a new peak at 532.0 eV (O 1s), indicating
the successful co-graing of PHEA and PAA on the trunk
UHMWPE bers. Following co-graing and chemical modi-
cation, the N 1s (399.2 eV) peak appeared for the PAN and AO-
OpNcNp bers, suggesting that a successful reaction between
PAN and NH2OH occurred. The high-resolution C 1s spectrum
of the AO-OpNpNc bers was curve-t with four peak compo-
nents, which were attributed to C–C (284.6 eV), C–O (286.0 eV),
C]N (286.5 eV), and O–C]O (288.5 eV) (Fig. S2b, ESI†).
Furthermore, the high-resolution O 1 s spectrum of the AO-
OpNpNc bers, as shown in Fig. S2c (ESI),† contained three
peaks, which were attributed to C]O (531.5 eV), N–O (532.0 eV),
and C–O (533.0 eV). The high-resolution N 1 s spectrum con-
taining C–NH2 (399.5 eV) and C]N–OH (400.5 eV) peaks
(Fig. S2d, ESI†) further illustrated that the AO-OpNpNc bers
were successfully synthesized.

Scanning electron microscope (SEM) images of the surface
morphologies of the bers and transmission electron micro-
scope (TEM) images of the cross-sectional morphologies are
shown in Fig. 2. The trunk UHMWPE had an average diameter
of 20.2 � 0.3 mm and exhibited smooth surfaces, with compact
interior regions (Fig. 2a, e, and S3a, ESI†). Because of the rela-
tively low DG of 28.5% aer the RIGP of the HEA and AA, the
diameters and the surfaces of the PHEA bers showed no
signicant changes (Fig. 2b and S3b, ESI†). The following CIGP
of AN and AA resulted in a signicant diameter increase to 52 �
3 mm (Fig. 2c). Nanoparticles with an average diameter of 276.4
� 0.6 nm were obtained, and gaps between the nanoparticles
with an average diameter of 60 � 5 nm were obtained on the
surfaces of the PAN bers (Fig. 2c and g). In the view range of
�30 mm of the cross-sections, the interior regions of the PAN
ber exhibited open pores with nanoparticles and nano-
channels (Fig. 2g and S3c, ESI†). The statistical distribution of
the internal particles from the cross-section of the PAN bers
revealed diameters in the range of 210–330 nm; an average
diameter of 276.4 nm was obtained by ImageJ soware analysis
(Fig. S4, ESI†). Furthermore, energy dispersion spectroscopy
(EDS) and multiple EDX mappings of N in the PAN ber cross-
sections indicated that –C^N was distributed throughout the
nanoparticles (Fig. S3c and S4, ESI†). The interconnected open-
pore architecture, PAO nanoparticles, and nano-channel struc-
ture in the AO-OpNpNc bers can be easily discerned from the
SEM and the TEM images (Fig. 2d and h). Aer ammoximation,
the morphologies of the AO-OpNpNc bers remained on the
surfaces and inside the bers. PAO nanoparticles (270 � 2 nm)
on the surface and inside became smaller, and the internal gaps
(80� 4 nm) grew slightly compared with those of the PAN bers.
J. Mater. Chem. A, 2020, 8, 22032–22044 | 22037
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Fig. 2 Morphology characterization. SEM images of (a) UHMWPE, (b) PHEA, (c) PAN, and (d) AO-OpNpNc fibers. TEM images of (e) UHMWPE, (f)
PHEA, (g) PAN, and (h) AO-OpNpNc fibers. The insets show high-magnification images. (i) EDS mapping of AO-OpNpNc fibers. SEM and TEM
images of the AO-OpNpNc fiber showing the interconnected open-pore architecture, PAO nanoparticle (270 � 2 nm), and nano-channel
structure of the samples.
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The EDS mapping of N and C showed that amidoxime groups
were widely distributed across the entire surface and in the
cross-section of the AO-OpNpNc ber (Fig. 2i). The morphol-
ogies of the PAN and AO-OpNpNc bers were strongly inu-
enced by the DG of the PAN. An appropriate DG in the range of
150–400% produced optimal morphologies of the nanoparticles
and nano-channels because of the self-assembly of the axial
graing chains (Fig. S5a–i and S6a–e, ESI†).

To investigate the porosity and pore structures, N2 sorption
isotherms were measured. As shown in Fig. 3a and S7a (ESI),†
both the UHMWPE and PHEA bers exhibited similar N2 sorp-
tion behaviors, suggesting there were no porous structures. The
trunk UHMWPE bers exhibited a very low BET specic surface
area of 1.7 m2 g�1. The value decreased to 1.0 m2 g�1 aer the
RIGP of poly-HEA-co-PAA because of the slight increase in the
diameters of the PHEAbers. Aer the CIGP of poly-AN-co-AA and
ammoximation, both the PAN and AO-OpNpNc bers exhibited
similar sorption behaviors of typical “type-IV” isothermswith type
H3 hysteresis loops, suggesting their interconnected open-pore
architectures comprising micropores and mesopores.46 Because
of the formation of an interconnected open-pore architectures,
PAN nanoparticles, and nano-channels, the BET specic surface
area of the PAN bers was dramatically increased to 6.1 m2 g�1

and reached 11.1m2 g�1 aer ammoximation for the AO-OpNpNc
bers (Fig. 3a inset and Fig. S7a, ESI†), which was about 6.53
times that of the trunk UHMWPE bers, 10 times that of the
hollow-gear-morphology bers.32 Compared with the H-ABP
bers, the specic surface area was also greatly increased as the
22038 | J. Mater. Chem. A, 2020, 8, 22032–22044
previous supporting PP core layer was abandoned.26 The total
pore volumes of the PAN and AO-OpNpNc bers were 0.014 and
0.033 cm3 g�1, respectively, which were 1.9 and 4.5 times higher
than that of the H-ABP bers (0.0074 cm3 g�1)26 (Fig. 3a and S7b,
ESI†). The interconnected open-pore architecture and high
specic surface area of the AO-OpNpNcbers provided numerous
nano-channels for the continuous mass transport (Fig. 1b),
thereby leading to an enhanced adsorption capacity.47
3.2 Crystal structure and thermal stability of AO-OpNcNp
bers

The XRD patterns of the bers are shown in Fig. 3b. The char-
acteristic diffraction peaks at 21.7� and 24.0� of the crystal
structure of the UHMWPE were observed in the spectra of the
UHMWPE, UHMWPE pre-irradiated with 40 kGy, PHEA, PAN,
AO-OpNpNc, and AO-OpNpNc bers aer KOH treatment.48

This result suggests that the crystal structures of the AO-
OpNpNc bers were maintained aer chemical modication.
The two main diffraction peaks (d110 ¼ 4.08 Å, d200 ¼ 3.68 Å)
were assigned to the (110) and (200) planes of the UHMWPE
(Fig. 3c).49 No signicant changes in the diffraction positions
and d-spacing (d110 and d200) were evident during the synthesis
process, suggesting the conservation of the orthorhombic
crystal arrangement of UHMWPE molecules (Fig. 3b, c, Tables
S1 and S2, ESI†). Compared with the trunk UHMWPE bers, the
full width at half maximum (FWHM) of the AO-OpNpNc bers
increased by 0.26� for (110) and 0.27� for (200) (Fig. S8, ESI†),
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Physiochemical characterization and interconnected open-pore architecture analysis. (a) Pore diameter distributions of the AO-OpNpNc
fibers. Inset: N2 sorption isotherms of the UHMWPE and AO-OpNpNc fibers. (b) XRD patterns, (c) FWHM, (d) DSC patterns, (e) Tm and Xc
evolution, and (f) breaking strength of a single fiber during the preparation process of the adsorbents: (A) UHMWPE, (B) pre-irradiation of
UHMWPEwith 40 kGy, (C) PHEA, (D) PAN, (E) AO-OpNpNc, (F) AO-OpNpNc after KOH treatment, (G) AO-OpNpNc after KOH treatment in a wet
state, and (H) AO-OpNpNc after 30 adsorption–desorption cycles.
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which suggests the crystalline regularity decreased slightly.
Upon irradiation, chain scission and crosslinking could
simultaneously occur owing to the formation and recombina-
tion of free radicals in the amorphous region. Chain scission
could improve the mobility of broken chains near the crystalline
region, resulting in new small lamellae.50 Consequently, crys-
talline regularity was destroyed. Additionally, the crystalline
regularity could be negatively affected by graing. The variation
of the crystallinity during the synthesis process was determined
by DSC (Fig. 3d). No evident changes in themelting temperature
(Tm) and the degree of crystallinity (Xc) were observed during the
synthesis process (Fig. 3e). The shoulder peak from the AO-
OpNpNc ber in Fig. 3d suggests a slight increase in the
FWHM and a slight decrease in the crystalline regularity. The
thermogravimetric analysis (TGA) and derivative thermog-
ravimetry (DTG) curves for the UHMWPE, PHEA, PAN, and AO-
OpNpNc bers presented in Fig. S9 (ESI)† shows that the ob-
tained ber samples have good thermal stabilities. The trunk
UHMWPE bers showed high thermal stabilities up to 473 �C,
without any residue at 500 �C (Fig. S9a, ESI†). The TGA-DTG
curves (Fig. S9b, ESI†) of the PHEA bers revealed two main
decomposition processes. The rst occurred in the temperature
range from 301 to 430 �C, while the second one occurred from
432 to 502 �C. The weight loss was due to the complex thermal
decomposition of the carboxylic groups and gra chains. For
This journal is © The Royal Society of Chemistry 2020
the PAN bers (Fig. S9c, ESI†), ve regions of weight loss, i.e.,
30.5 to 100 �C, 100 to 175 �C, 241 to 340 �C, 346 to 443 �C, and
445 to 582 �C, occurred due to dehydration, decarboxylation of
AA groups, cyclization, carbonization of the PAN, and carbon-
ization of the HEAmolecular chains, respectively. The TGA-DTG
curve showed that the rst region, between 50 and 100 �C,
corresponded to the evaporation of physisorbed water, which
was due to the AO-OpNpNc bers with an interconnected open-
pore architecture and nano-channel structure as well as the
good hydrophilicity. Aer amidoximation (Fig. S9d, ESI†), the
AO-OpNpNc bers became less thermally stable compared to
the PAN bers, and degradation began at approximately 134 �C.
However, the thermal stability of the UHMWPE bers remained
unchanged aer gra modication. The chemical and thermal
stabilities of the main chain suggest that the AO-OpNpNc bers
are suitable for ocean environments.

Themechanical strength of a single ber is a key factor in the
eld of UES, as each ber should be able to withstand the force
of the ocean current. The representative breaking strength and
stress–strain curves of the ber samples are presented in Fig. 3f
and S10 (ESI),† respectively. The breaking strength of the trunk
UHMWPE ber, UHMWPE ber aer pre-irradiation with 40
kGy, PHEA ber, PAN ber, AO-OpNpNc ber, and AO-OpNpNc
ber in a dry state aer KOH conditioning were 2241.0, 1202.3,
837.7, 362.0, 352.3, and 334.0 MPa, respectively (Fig. 3f(A–F)).
J. Mater. Chem. A, 2020, 8, 22032–22044 | 22039
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The wet state of the AO-OpNpNc ber aer KOH conditioning
exhibited a slightly higher mechanical strength of 344.8 MPa
(Fig. 3f(G)). Aer 30 adsorption–desorption cycles, the
mechanical strength was as high as 266.7 MPa (Fig. 3f(H)),
which is higher than any brous adsorbent for UES that has
been reported.
3.3 Uranium adsorption from simulated seawater

The uranium adsorption capacity and stability of the AO-
OpNpNc bers were studied in a simulated seawater system
following the same procedure as in a previous study.26,45 As the
results show in Table S3 (ESI),† the adsorption capacities of
uranium and the competing ions V, Fe, Co, Ni, Cu, Zn, Pb, Mg,
and Ca were 15.98, 0.33, 3.12, 0.082, 0.08, 0.60, 2.64, 0.35, 10.62
and 12.45 mg-U per g-adsorbent, respectively. Impressively, the
AO-OpNpNc ber showed not only a high uranium adsorption
capacity of 15.98 mg-U per g-adsorbent (Fig. 5a and Table S3,
ESI†) but also a higher capacity than all the competing ions
including V, Mg and Ca. A series of AO-OpNpNc bers with
different DGs and amidoxime densities were studied. The DG of
poly-AN reached hundreds to one thousand, while the ami-
doxime density of the AO-OpNpNc bers increased with the DG
and became saturated at 8.3 mmol g�1 (Fig. 5b). The high
amidoxime density corresponded to more active sites of the
adsorbent and the uranium adsorption capacity increased with
the DG and amidoxime density. The AO-OpNpNc bers, with
Fig. 4 Uranyl binding interactions in the AO-OpNpNc fiber. (a) EDS of
OpNpNc fiber cross section. Inset: high-magnification image. (c) XPS spe
line) and fits (red dots) of the AO-OpNpNc fibers exposed to (A) a pure ura
data and fit displayed in k-space. (e) DFT calculation of the binding enth
geometric optimization at the B3lyp/6-311G(d,p) level of theory.

22040 | J. Mater. Chem. A, 2020, 8, 22032–22044
a DG of 307.0% and amidoxime density of 7.7 mmol g�1

adsorbed 100% of the uranium from solution, and a uranium
adsorption capacity of 17.70 mg-U per g-adsorbent was ob-
tained. Further increases in the DG did not provide advantages
for the amidoxime density or adsorption capacity, as the sizes of
the nanoparticles increased, and the nano-channel structure
was blocked (Fig. S5 and S6, ESI†).
3.4 Investigation of uranyl binding interactions in the AO-
OpNcNp bers

The SEM images, EDS mapping, and TEM images of the cross-
section of the uranium loading in the AO-OpNpNc ber showed
that uranium was distributed across the entire cross-section of
the AO-OpNpNc ber (Fig. 4a and b). Compared with the full
scan XPS spectrum of the AO-OpNpNc bers, two new peaks at
382.48 and 393.12 eV were found, which were special peaks of U
4f (Fig. 4c). The uranyl ion (O]U]O) is the most common form
of uranium found in terrestrial and aquatic environments.51 In
the FT-IR spectra of the AO-OpNpNc ber before and aer
uranium adsorption (Fig. S11, ESI†), the –N–O– redshi from
920 to 903 cm�1, as well as the intensity of the peak, was
enhanced, owing to the stretching frequency of the linear
structure of the O]U]O and –C]N–OH binding. To gain
further insight, X-ray absorption ne structure (XAFS) spec-
troscopy was applied to conrm the coordination environment
of the uranyl in the AO-OpNpNc bers. Analysis of the extended
the U-AO-OpNpNc fiber cross section. (b) TEM images of the U-AO-
ctra of AO-OpNpNc and U-AO-OpNpNc fibers. (d) EXAFS data (black
nyl solution and (B) a uranyl tricarbonate solution. Inset: corresponding
alpies. Structures of uranyl complexes with amidoxime obtained after

This journal is © The Royal Society of Chemistry 2020
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Table 1 EXAFS fits for AO-OpNpNc fibers exposed to (A) uranyl ion
solution and (B) uranyl tricarbonate solutiona

Shell R (Å) CN s2 (�10�3 Å2) R-factor

(A) uranyl ion solution
U–Oax 1.79 � 0.01 2b 2 � 0.6 0.012
U–O 2.36 � 0.02 3.1 � 0.4 4 � 2
U–N1 2.53 � 0.02 2.1 � 0.2 2 � 1
U–N2 3.43 � 0.03 2.1 � 0.7 4 � 3
U–C 3.61 � 0.04 2.1 � 0.6 5 � 0.3
(B) uranyl tricarbonate solution
U–Oax 1.80 � 0.01 2 2 � 0.8 0.012
U–O 2.34 � 0.02 3.1 � 0.5 3 � 2
U–N1 2.51 � 0.03 2.1 � 0.4 3 � 1
U–N2 3.41 � 0.04 2.1 � 0.8 4 � 2
U–C 3.57 � 0.05 2.1 � 0.6 7 � 4

a R is the bond length. CN is coordination number. s2 is the mean
squared relative displacement. b The coordination number for U–Oax
was held at 2 for the model.
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XAFS (EXAFS) region, as displayed in Fig. 4d, S12, and S13 (ESI)†
revealed that the AO-OpNpNc bers bound to uranyl in a similar
fashion in both uranyl and uranyl tricarbonate solutions. The
k3-weighted EXAFS data and their corresponding Fourier
transform (FT) spectra are shown in the inset of Fig. 4d. AO-
OpNpNc bers exposed to the uranyl solution were t by
a model composed of three shells of scattering elements (Fig. 4d
and Table 1). The rst shell comprised two axial O atoms of the
uranyl groups (Oax), with their coordination numbers xed. The
second and third shells contain a variable number of O and N,
each with different path lengths. The EXAFS tting parameters
are shown in Table 1. Two Oax that were separated by a distance
of�1.79 Å, which is typical of uranyl compounds, were found in
the two samples.22,40 The equatorial coordination environment
of the uranyl groups contained 5.2 � 0.6 or 5.2 � 0.9 light-
scattering elements, while the third shell contained 4.2 � 1.3
light-scattering elements of both N and C or 4.2 � 1.4 light-
scattering elements of both N and C in the uranyl or uranyl
tricarbonate solutions, respectively (Table 1). The proposed
interaction between the uranyl and amidoxime group,
including monodentate,52 tridentate,53,54 h2 binding15,40 and
chelating,55 were reported previously. Results from the coordi-
nation numbers, bond lengths, mean squared relative
displacement (s2), and R-factor in Table 1 are consistent with
the average local coordination environment of the uranyl con-
taining two amidoximes bound in a chelating fashion (Fig. 4d
and e(A)). Results from the density functional theory (DFT)
calculation showed that a ve-coordinate 1 : 2 uranyl complex
with mixed coordination of the two ligands was more stable
than that with the h2 binding model22 (Fig. 4e(A) and Table S4,
ESI†). Beyond simply identifying the uranyl bonding environ-
ment, there was no evidence to suggest that binding of uranyl by
cyclic imide dioxime occurred, which is consistent with the
results of a previous study.22 The structures of open chain
amidoxime and cyclic imide dioxime affect the binding of
uranium and vanadium. V binds preferentially with cyclic imide
dioxime groups and does not bind well with open chain
This journal is © The Royal Society of Chemistry 2020
amidoxime.10 The results above indicated that the open-chain
amidoxime was more favorable than cyclic imide dioxime for
binding uranium, which was also found in a previous study.10

The 13C CP/MAS spectra of the AO-OpNpNc ber a before and
aer KOH treatment are illustrated in Fig. S14 (ESI).† The
signals at 149.8 ppm and a small shoulder centered at
155.6 ppm are ascribed to cyclic imide dioxime and open chain
amidoxime of AO-OpNpNc bers, respectively.26 The 13C CP/
MAS spectra of AO-OpNpNc bers aer KOH treatment shown
a slightly stronger signal at 149.8 ppm (Fig. S14, trace B, ESI†)
and a relatively stronger shoulder centered at 155.6 ppm.26 The
results indicated that the AO-OpNpNc bers aer KOH treat-
ment may have contained less cyclic imide dioxime and more
open chain amidoxime than the AO-OpNpNc bers, which may
be one of the main reasons the average adsorption capacity of
uranium was higher than that of vanadium.

3.5 Recyclability of AO-OpNpNc bers

The service life and stability of the AO-OpNpNc bers were
studied by adsorption–desorption experiments for 30 cycles in
a simulated seawater system.26 During the 30 adsorption–
desorption cycles, the adsorption capacity of uranium remained
in the range of 16.33–13.28 mg-U per g-adsorbent, and there was
no tendency to decrease (Fig. 5a), revealing that the AO-OpNpNc
ber could be reused for at least 30 cycles. The total amount of
uranium in the AO-OpNpNc bers during 30 cycles reached
447.6 mg-U per g-adsorbent (Fig. S15, ESI†). Uranium could be
eluted with 0.1 M HCl efficiently. Aer 30 cycles of accumula-
tion, very small amounts of U (0.12 mg-U per g-adsorbent,
0.049%) were found in the adsorbents (Fig. S16a, b, and Table
S5, ESI†). Compared with uranium, vanadium and iron were
more difficult to be eluted;15 30.22% of V and 4.17% of Fe were
measured in the AO-OpNpNc bers aer 30 cycles of accumu-
lation (Fig. S16b and Table S5, ESI†). The morphologies of the
AO-OpNpNc bers aer 30 adsorption–desorption cycles show
that the ordered morphology with PAO nanoparticles and the
nano-channels structure was well maintained in highly saline
water and resisted elution and regeneration (Fig. S16c, ESI†).
Fig. S17† shows the uranium capacities of the AO-OpNpNc
bers as functions of the contact time. The AO-OpNpNc bers
reached adsorption equilibrium aer 30 h with a uranium
adsorption capacity of 19.2 mg-U per g-adsorbent. A high
specic surface area, high total pore volume, high mechanical
strength, and high structural stability enabled the AO-OpNpNc
ber uranium adsorption capacity to be 15.98 mg-U per g-
adsorbent in this simulated seawater system for a service life
of 30 adsorption–desorption cycles, which is a new record in the
eld of UES.

3.6 Uranium extraction from natural seawater

The adsorption behavior of the AO-OpNpNc bers with natural
seawater was studied, and the results are shown in Fig. 5c and
S18 (ESI).† During the batch adsorption process, the uranium
adsorption ratio increased rapidly, and 28.45% uranium could
be adsorbed from the natural seawater aer 10 d. The adsorp-
tion ratio slowed to 47.0% until 42 d, and the capacity of
J. Mater. Chem. A, 2020, 8, 22032–22044 | 22041
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Fig. 5 Evaluation of uranium adsorption capacity and service life. (a) Uranium adsorption capacity during 30 adsorption–desorption cycles of
AO-OpNpNc fibers with an initial uranium concentration of 330 ppb and coexisting ions. (b) AO density, uranium adsorption capacity, and
uranium adsorption ratio of AO-OpNpNc fibers with different DGs. (c) Uranium adsorption capacities of AO-OpNpNc fibers after different
contact periods with natural seawater. (d) Capacities of uranium and co-existing ions after 90 d of adsorption in natural seawater. (e) Com-
paration of uranium adsorption capacity on various representative adsorbents. (f) Recovery of 5.6 g of uranium in its crude form from the ocean.
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uranium reached 6.30 mg per g-adsorbent, which is higher than
the H-ABP ber26 and hollow gear bers29,32 reported previously.
The uranium capacity increased to 11.57 mg-U per g-adsorbent
aer 56 d of adsorption in natural seawater. In the batch
adsorption system, the adsorption capacity did not continu-
ously increase aer 42 d because the concentration of uranium
in the system was low. Once fresh seawater was charged, the
adsorption capacity continuously increased, and the growth
tendency was similar to that during the rst adsorption round.
Another 30 d of adsorption with fresh seawater resulted in
a uranium capacity of 12.09 mg g�1-adsorbent, which was much
higher than that of the H-ABP bers.26 The third round of fresh
seawater was charged, and aer 30 d, the capacity of uranium
reached 17.57 mg g�1-adsorbent, which is a new record in the
eld of UES. Aer three rounds of adsorption, AO-OpNpNc
bers were eluted, and the capacity of uranium and other
competing ions in the materials were shown in Table S6
(samples 1–3) (ESI).† The AO-OpNpNc ber showed not only
a high uranium capacity of 17.57 mg g�1-adsorbent but also
a higher capacity than all competing ions, which agreed with
the results in the simulated seawater system. Adsorption was
also studied with ow-through tests in the coastal marine areas.
The color of the AO-OpNpNc bers changed from light yellow to
dark brown aer 90 d of adsorption in natural seawater
(Fig. S19, ESI†). Numerous marine microorganisms adhered to
the surfaces of the bers, and even aer careful washing, there
were still numerous contaminants (Fig. S20, ESI†). The results
of the adsorption capacities of all metal ions are shown in Table
S6 (samples A–C) (ESI)† and Fig. 5d. Because of the
22042 | J. Mater. Chem. A, 2020, 8, 22032–22044
contamination of marine microorganisms, the uranium
adsorption capacity was 15.42 mg-U per g-adsorbent, slightly
lower than that obtained in the laboratory, which indicated that
antimicrobial contamination is important in the process of
UES. Nonetheless, aer 90 d of adsorption, the average
adsorption capacity of uranium reached 15.42 mg-U per g-
adsorbent, which was higher than that of the competing
ions V, Fe, Co, Ni, Cu, Pb, and Zn. To the best of our knowledge,
this is both the longest service life and the highest uranium
adsorption capacity of adsorbents in natural seawater (Fig. 5e).
Encouragingly, a total of 5.6 g uranium in its crude product was
extracted from seawater by the porous brous adsorbent in 90
d at the Tropical Marine Biological Research Station in Hainan,
Chinese Academy of Sciences, Sanya, China (Fig. 5f).
3.7 Economic evaluation and outlook

Researchers have systematically estimated the UPC for braided
adsorbent-based extraction systems.30,56 A supposed 12 mg-U
per g-adsorbent adsorption capacity and 30 uses corre-
sponded to a production cost of $75 per kg of uranium,30 which
is comparable to the uranium spot price ($55–87 per kg of
uranium, 2015–2020).31 The UPC analysis is divided into three
steps: adsorbent production, braid deployment and retrieval,
and uranium elution and purication. Each step is associated
with four parts: capital, materials, operating costs, and elution
and purication, in which the materials represent 20% of the
total UPC.30 According to adsorbent production cost evaluated
by Japanese researchers, the trunk material only accounts for
8.3% of the adsorbent production cost.30,56 The spot price of the
This journal is © The Royal Society of Chemistry 2020
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UHMWPE bers is 10 times that of common PE bers, which
means that if UHMWPE is used as the trunk bers instead of PE
bers, the adsorbent production cost will increase by 75%. The
adsorbent production cost can also be evaluated according to
the spot price in the Chinese market (ber modication reac-
tion: liquor ratio 1 : 25, DG ¼ 200%): for the spot prices of PE
bers, UHMWPE bers, and chemical reagents, if PE is replaced
with UHMWPE bers, the adsorbent production cost will
increase by 38% (Fig. S21, ESI†). Accordingly, a 38–75% increase
in the adsorbent material production cost results in a UPC
increase of 8–15%, as the adsorbent material production cost
only accounts for 20% of the total UPC.30 The UPC could only
increase from $75 per kg of uranium to $80.70–86.25 per kg of
uranium using this material, which nally meets the criteria for
the economic evaluation of UES. Furthermore, it is similar to
the uranium spot price of $86.68 per kg of uranium and lower
than the prices of all currently available adsorbents, which is
strongly competitive with land-based uraniummining (Fig. S21,
ESI†). The cost for UES is close to the uranium price in the spot
uranium market, suggesting that the AO-OpNpNc bers could
be used for economical UES.
4. Conclusions

In summary, we developed an interconnected open-pore
architecture brous adsorbent with PAO nanoparticles and
a nano-channel structure for highly efficient and economical
UES. The top-down design using macromolecules in the form of
a continuous brous material provides a new approach for the
fabrication of interconnected open-pore architectures. Attrib-
uted to the well-designed structure, the AO-OpNpNc ber
showed an ultrahigh uranium adsorption capacity, an excellent
mechanical strength, and an ultra-long service life. The chem-
ical chelation mode between the PAO and uranyl was veried by
EXAFS and DFT computational studies. The high uranium
adsorption capacity of 17.57 mg-U per g-adsorbent in natural
seawater with a service life of 30 adsorption–desorption cycles
resulted in a UPC of $80.70–86.25 per kg of uranium, which is
a signicant milestone in the process of UES. The exceptional
durability, high efficiency, and economic AO-OpNpNc ber is
a promising adsorbent to eventually provide commercially
attractive nuclear fuel derived from the oceans—the largest
source of uranium on earth.
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