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ABSTRACT

Uranium extraction from seawater is a promising strategy to alleviate global uranium scarcity, yet its
implementation is hindered by extremely low concentrations and complex ionic environments.
Concentrated seawater brine, a byproduct of salt production and desalination, contains 2-10 times more
uranium than natural seawater, yet its high salinity presents additional challenges for extraction.
Conventional polyamidoxime (PAO) hydrogels exhibit salt-induced shrinkage, compromising functional
group accessibility and adsorption efficiency. Herein, we develop an anti-polyelectrolyte effect hydrogel
by composing polyvinylphosphonic acid (PVPA) and the PAO. Under high-salinity conditions, cations and
anions accumulate via diffusion around the positively charged amidoxime and negatively charged phos-
phonic acid groups, weakening interchain electrostatic attractions. This anti-polyelectrolyte effect pro-
motes hydrogel swelling, significantly improving the exposure of binding sites and uranyl ion uptake.
The PVPA-PAO hydrogel achieves a uranium adsorption capacity of 43.89 mg-g~! after 24 days in concen-
trated natural seawater derived from solar saltworks, significantly surpassing that of previously reported
PAO hydrogels (~10 mg-g™!). In addition, it exhibits excellent antibacterial performance, mechanical
robustness, and ion selectivity. This work presents an effective strategy for improving uranium recovery
from marine resources and advances the comprehensive development and utilization of seawater

resources.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Global warming highlights the urgent need to cut carbon emis-
sions and ensure sustainable development [1]. Fossil fuels are not
only limited in reserves but also lead to serious environmental
problems, while clean energies such as wind and solar are con-
strained by intermittency [2-4]. In this context, nuclear energy,
with high energy density and low carbon emissions, represents a
promising alternative [5]. However, the finite nature and gradual
depletion of terrestrial uranium resources, coupled with the envi-
ronmental burdens associated with conventional mining, pose sig-
nificant constraints on the long-term sustainability of nuclear
energy [6,7]. The ocean contains an estimated 4.5 billion tons of
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uranium, approximately 1000 times the amount found in terres-
trial ores, offering a virtually inexhaustible alternative resource
[8,9]. Extracting uranium from seawater holds the potential to fun-
damentally alleviate the constraints imposed by limited land-
based supplies and to ensure the sustainable development of
nuclear energy [10,11]. Nevertheless, the practical implementation
of seawater uranium extraction faces considerable challenges,
including the extremely low concentration of uranium (~3 parts
per billion (ppb)), the presence of a wide range of competing ions,
and the severe degradation of adsorbent performance due to bio-
fouling [12-14]. Research now centers on materials and systems
that efficiently extract uranium in real environment, advancing
technical feasibility and long-term sustainability [15,16].

Notably, concentrated seawater produced continuously during
solar saltworks and seawater desalination operations exhibit ura-
nium concentrations ranging from 2 to 10 times those of natural sea-
water. Integrating uranium extraction technologies with these
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existing industrial processes offers a promising route to enhance
extraction efficiency and reduce operational costs [17,18]. Although
uranium concentrations in concentrated seawater are substantially
elevated, their complex physicochemical environments, character-
ized by high salinity and pronounced electrostatic effects, pose sig-
nificant technical challenges. Macroscopic polyamidoxime (PAO)-
based hydrogel adsorbents are among the most promising candi-
dates for large-scale uranium extraction from seawater, owing to
the strong uranyl-binding affinity of amidoxime groups and the
excellent structural robustness of the polymeric network [19,20].
In marine environments, amidoxime groups bear anionic character;
under high-salinity conditions, they become increasingly sur-
rounded by cations, particularly Na*, which screen electrostatic
repulsion and induce polymer chain contraction. This phenomenon,
commonly referred to as salt shrinkage, causes the originally porous
hydrogel network to collapse, thereby reducing mass transport effi-
ciency and limiting the accessibility of active binding sites [21,22].
Consequently, adsorption performance deteriorates markedly [23].
Furthermore, biofouling resulting from microbial colonization on
adsorbent surfaces further diminishes adsorption capacity and short-
ens material lifespan [24,25]. Therefore, the development of
advanced adsorbents that maintain high uranyl affinity, structural
integrity, and anti-fouling properties under extreme saline condi-
tions is critical for the practical implementation of uranium extrac-
tion from concentrated seawater sources, such as those generated
by seawater solar saltworks and desalination.

To address these limitations, significant efforts have been
devoted to developing next-generation adsorbents with enhanced
resistance to salt shrinkage and biofouling [26,27]. Strategies such
as introducing hydrophilic functional groups and stabilizing sur-
face charge distributions have proven effective in mitigating salt-
induced performance degradation [28]. However, these approaches
have so far only demonstrated salt shrinkage mitigation in normal
seawater conditions, with no reports detailing their performance in
highly concentrated seawater. Meanwhile, the incorporation of
antibacterial components into adsorbent materials has shown pro-
mise in preventing microbial adhesion and biofilm formation [29].
Nevertheless, most antibacterial moieties lack specific affinity
toward uranyl ions, and excessive addition of antibacterial agents
can occupy uranyl adsorption sites, which is detrimental to both
adsorption capacity and economic viability. Polyvinylphosphonic
acid (PVPA), containing phosphonic acid groups, exhibits both
strong uranyl-binding capacity and anti-biofouling properties due
to its hydrophilic and anti-adhesive characteristics [30,31]. Fur-
thermore, polyelectrolyte composites, characterized by dissociable
ionic groups along their polymer chains, display a unique anti-
polyelectrolyte effect [32,33] under high-salinity conditions, tran-
sitioning from collapsed to extended chain conformations, thereby
exposing more active sites for adsorption.

Herein, we report a rationally designed polyelectrolyte compos-
ite hydrogel composed of PVPA and PAO, tailored to overcome salt-
induced collapse and biofouling in uranium extraction from high-
salinity brines (Fig. 1). The hydrogel network is physically cross-
linked through electrostatic interactions between oppositely
charged polyelectrolyte segments. Under high-salinity conditions,
counterions in the brine weaken internal electrostatic attractions,
driving the polymer chain to transition from a collapsed to an
extended conformation with increased inter-chain spacing. This
typical anti-polyelectrolyte effect induces salt-triggered swelling,
which greatly enhances the exposure and accessibility of uranyl-
binding functional groups, thereby improving adsorption perfor-
mance. Additionally, the incorporation of PVPA imparts inherent
anti-biofouling properties and improves long-term material stabil-
ity under saline conditions. After 24 days of immersion in concen-
trated seawater derived from solar saltworks, the PVPA-PAO
hydrogel achieved a uranium adsorption capacity of 43.89 mg-g~!,
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significantly outperforming previously reported PAO hydrogels
(~10 mg-g~"). It also exhibited a high antibacterial rate of 99.94%,
and its adsorption capacity in open seawater decreased by only
6.29% compared to filtered seawater. Moreover, the hydrogel
demonstrated excellent ion selectivity and mechanical robustness,
highlighting its potential for practical deployment in uranium
recovery from concentrated seawater. Beyond addressing key tech-
nical challenges in concentrated natural seawater brine-based ura-
nium extraction, this work also reflects a broader shift toward the
synergistic development and utilization of multiple seawater-
derived resources, such as salt, water, and uranium, thereby
enhancing resource utilization efficiency and added value.

2. Materials and methods
2.1. Materials

Hydroxylamine hydrochloride (NH,OH-HCl, 98.5%), polyacryloni-
trile (PAN; weight-average molecular weight (M,,) = 150 000, 99%),
and Arsenazo Il (95%) were purchased from Macklin Reagent Co.,
Ltd. (China). Sodium carbonate (Na,COs, 97.5%), dimethylformamide
(DMF; 99%), sodium hydroxide (NaOH, 98.5%), sodium chloride
(NaCl, 99.5%), ammonium persulfate (APS, 98%), hydrochloric acid
(12 mol-L™!), and anhydrous ethanol were purchased from Xilong
Scientific Co. Ltd. (China). Vinylphosphonic acid (VPA, 95%) was pur-
chased from Aladdin Biochemical Technology Co., Ltd. (China). Ura-
nyl hexahydrate nitrate (UO,(NO3),-6H,0, 99%) was purchased
from Chushengwei Chemical Co., Ltd. (China). Concentrated seawa-
ter was obtained from Yinggehai Salt Field, Hainan Province, China.
Unless otherwise noted, all reagents were used as received.

2.2. Preparation of materials

Preparation of PAO. In a typical run, 5.6 g of NH,OH-HCl was
dissolved in 60 mL of DMF at 45 °C. Then, 1.6 g of NaOH and
4.12 g of Na,CO3 were added to the solution, followed by stirring
at 45 °C for 1 h. Next, 4 g of PAN was slowly added to the solution
and allowed to fully dissolve over 15 min, after which the temper-
ature was increased to 65 °C. After 24 h, 30 mL of DMF was added
to the reaction flask, followed by 2.8 g of NH,OH-HCI, which was
fully dissolved. After 15 min, 0.8 g of NaOH and 2.06 g of Na,COs
were added successively to the reaction flask, and the reaction con-
tinued at 65 °C for an additional 24 h. Finally, the reaction mixture
was transferred to centrifuge tubes and centrifuged at 11000 rev-
olutions per minute (rpm) for 25 min. The supernatant was then
slowly added to 1000 mL of absolute ethanol to precipitate a white
granule while stirring. After 12 h, the precipitate was collected by
suction filtration and dried in a vacuum oven at 40 °C for 12 h to
obtain the as-prepared PAO.

Preparation of PVPA-PAO composite hydrogel. The PVPA-PAO
composite hydrogel was prepared via free radical polymerization.
First, 1.137 g of VPA (95%) was dissolved in 10 mL of deionized
water with stirring under ice-water bath conditions. After com-
plete dissolution, 1.722 g of PAO was added and fully dispersed
by vortexing. Subsequently, 0.5 mL of 50 mg-mL™! APS solution
was introduced to initiate the polymerization. The mixture was
homogenized and cast into a mold, followed by polymerization
in an oven at 60 °C for 6 h. After curing, the hydrogel was removed
from the mold and thoroughly washed with deionized water to
remove unreacted monomers and impurities.

2.3. Characterization

The conventional microstructures of the adsorbents were ana-
lyzed using a scanning electron microscope (Axia ChemiSEM,
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Fig. 1. Schematic illustration of PVPA-PAO application for uranium extraction from concentrated seawater generated by seawater desalination and solar saltworks.

Thermo Fisher Scientific, USA). The swollen microstructures were
observed with an environmental scanning electron microscope
(ESEM; QUANTA200). Surface functional groups were character-
ized by Fourier-transform infrared (FT-IR) spectroscopy (Nicolet
6700, Thermo Fisher Scientific) within the 400-4000 cm™' range,
with the sample prepared as a pressed KBr pellet (1 wt% of dry
gel mixed with KBr). Raman spectroscopy (Renishaw inVia,
Gloucestershire, UK) was also used to study the surface functional
groups of the adsorbent. The specific surface area was determined
through nitrogen (N,) adsorption-desorption isotherms at 77 K
using a Brunauer-Emmett-Teller (BET) analyzer (TriStar II 3020,
Micromeritics, USA). The Zeta potential of PVPA-PAO was mea-
sured within the pH range of 3.00-9.00 using a Zetasizer Nano ana-
lyzer (ZS90, Malvern Instruments Inc., UK). Elemental chemical
states were determined by X-ray photoelectron spectroscopy
(XPS; Escalab 250Xi, Thermo Electron Corporation, USA), with
high-resolution spectral binding energy analysis. Additionally, N,
adsorption-desorption isotherms were conducted with a
Micromeritics ASAP 2460 analyzer to evaluate the specific surface
area of the adsorbents. Uranium and competitive metal ion con-
centrations were measured using a ultraviolet-visible (UV-Vis)
spectrophotometer (UV1800PC, Shanghai Jinghua Instruments
Co., Ltd., China), inductively coupled plasma optical emission spec-
trometry (ICP-OES; 725ES, Agilent, USA), and inductively coupled
plasma mass spectrometry (ICP-MS, 7800, Agilent). Tensile testing
of the adsorbents was performed using a universal tensile-
compressive machine (CMT 6503, MTS Systems China Co. Ltd.).

2.4. Antibacterial experiments

To evaluate the antibacterial properties of the samples, experi-
ments were conducted to investigate their effect on bacterial
growth and inhibition. For the preparation of Luria-Bertani (LB) lig-
uid medium, 100 mL of distilled water was measured and trans-
ferred into a 250 mL reagent bottle, followed by the addition of
2.5 g of LB broth. The mixture was thoroughly mixed and then ster-
ilized by autoclaving at 121 °C for 15 min. For LB solid medium,
100 mL of distilled water was measured into a 250 mL reagent bot-
tle, and 2.5 g of LB broth and 1.5 g of agar powder were added and
mixed thoroughly. The mixture was autoclaved at 121 °C for
15 min. After cooling to approximately 40-50 °C, 15 mL of the
medium was transferred into a sterile Petri dish. To enrich the bac-
terial suspension, the sample concentrated natural seawater brine
solution was mixed with the LB solution in a 1:1 ratio and incu-
bated at 28 °C with shaking for 48 h. Enrichment was complete
when the solution became turbid. The enriched bacterial suspen-
sion was then diluted to 10° colony-forming unit (CFU)-mL™" with
PBS. A 200 mg sample was weighed and combined with 2 mL of the
diluted bacterial suspension, resulting in a final concentration of
100 mg-mL~'. The mixture was incubated at 28 °C for 24 h, fol-
lowed by a 10-fold serial dilution with sterile PBS. A 100 L aliquot
of the diluted suspension was spread evenly onto LB solid medium
plates, which were then incubated at 28 °C for 48 h. After incuba-
tion, the number of colonies was counted. For the zone of inhibi-
tion test, the sample was cut into 10 mm discs, and the bacterial
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suspension was diluted to 10° CFU-mL™! with PBS. A 100 puL por-
tion of the bacterial suspension was spread onto the surface of
an LB agar plate, and the sample discs were placed onto the surface
and gently pressed. The plate was incubated at 28 °C for 48 h, and
the zone of inhibition was measured and recorded.

For scanning electron microscopy (SEM) analysis, the bacterial
suspension was diluted to 106 CFU-mL™~! with PBS, and the sample
was added to achieve a final concentration of 100 mg-mL~!. The
mixture was incubated at 28 °C for 24 h. After incubation, the bac-
terial pellet was collected and rinsed three times with 0.1 mol-L™!
phosphate buffer (pH 7.0) for 15 min each. The sample was fixed
with 1% osmium tetroxide for 1-2 h, followed by three rinses with
0.1 mol-L™! phosphate buffer. The sample was dehydrated using a
gradient of ethanol (30%, 50%, 70%, 80%, 90%, and 95%) for 15 min
each, and two treatments with 100% ethanol for 20 min each. After
critical point drying, the sample was mounted and observed under
an SEM.

2.5. Salt-alkali pretreatment of adsorbents

To fully utilize the unique anti-polyelectrolyte effect of the
PVPA-PAO composite hydrogel adsorbent, a salt-alkali pretreat-
ment technique was employed. A salt-alkali solution was prepared
by dissolving 11.69 g of NaCl and 0.08 g of NaOH in 100 mL of
deionized water. Then, 5 mg of the dry PVPA-PAO membrane sam-
ple was immersed in the solution at 80 °C for approximately 2 h,
until the hydrogel became transparent and fully swollen. After pre-
treatment, the hydrogel membranes were collected using a polye-
ster fiber mesh and thoroughly rinsed with deionized water to
remove residual salts and alkali, before being stored for subse-
quent adsorption experiments. The PAO adsorbent samples were
pretreated following the same procedure.

2.6. Water diffusion test

A 5 mg (dry weight) sample of the PVPA-PAO and PAO mem-
branes were salt-alkali pretreated until fully swollen. The swollen
hydrogel membranes were then removed using a polyester mesh,
soaked in deionized water for 5 min, and subsequently transferred
into a 5 mol-L™! NaCl solution. After soaking for 5 min, the mem-
branes were taken out, gently wiped to remove surface moisture,
and placed on a glass plate. Subsequently, 10 pL of a 0.1 g-L™! Rho-
damine B solution was carefully dropped onto the surface of each
membrane. After 10 s, the diffusion of the dye across the diameter
of the PVPA-PAO and PAO membranes was observed.

2.7. Optimization of pH for uranium adsorption

To evaluate the effect of pH on uranium adsorption, simulated
concentrated seawater containing 2 mol-L™! NaCl was prepared
to mimic the salinity of concentrated natural seawater. Uranyl
nitrate was dissolved in the brine to obtain a final uranium concen-
tration of 8 parts per million (ppm). The pH of the uranium-
containing brine was adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and
9.0 using NaOH and HCI solutions. For each pH condition, 5 mg
(dry weight) of salt-alkali pretreated adsorbent was added to
1000 mL of the prepared uranium containing simulated concen-
trated seawater. The adsorption experiments were conducted at
30 °C with continuous shaking at 120 rpm for 48 h. After the
adsorption period, the residual uranium concentration in the
supernatant was measured using UV-Vis spectrophotometry. A
standard calibration curve was constructed using a series of ura-
nium solutions with known concentrations, and the uranium con-
tent in each sample was quantified accordingly. The adsorption
capacity of the adsorbent was calculated using Eq. (1).
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(Co—C)xV
g = (1)
where Cy (mg-L™!) is the initial uranium concentration, q; (mg-g~!)
is the uranium adsorption after contact time t, V (L) is the volume
of uranium-containing simulated concentrated seawater, C;
(mg-L™!) is the uranium concentration at time t, and m (g) is the
dry weight of the adsorbent.

2.8. Adsorption kinetics test

To investigate the adsorption kinetics of uranium by PVPA-PAO
and PAO, simulated concentrated seawater containing 8 ppm ura-
nium was prepared and adjusted to the optimal adsorption pH of
6.0. A total of 5 mg (dry weight) of salt-alkali pretreated adsorbent
was added to 1000 mL of the prepared uranium-containing brine.
The adsorption experiment was conducted at 30 °C with continu-
ous shaking at 120 rpm for a total duration of 48 h. Simulated con-
centrated seawater samples were collected at 2-h intervals until
adsorption equilibrium was achieved. The residual uranium con-
centration in each sample was determined using UV-Vis
spectrophotometry.

The adsorption kinetics were analyzed by fitting the experimen-
tal data to the pseudo-first-order and pseudo-second-order mod-
els, represented by Egs. (2) and (3), respectively.

In(q. — q,) =Inq, — kit (2)

t 1 t
L L5 3
q kg q. 3
dg,  kiq?

“he_ MlHe 4
dt (14 tkyq,)’ @

where q. (mg-g~') is the uranium adsorption capacities at equilib-
rium; while k; (min~') and k, (g-mg~!-min~!) are the corresponding
rate constants. The instantaneous adsorption rate (7, mg-g'-min™!)
at time t was determined using Eq. (4), which is the first derivative
of the pseudo-second-order model (Eq. (3)) with respect to time t.

2.9. Adsorption isotherms

To investigate the adsorption behavior of the adsorbent, iso-
therm experiments were performed using uranium-containing
simulated concentrated seawater at pH 6.0, with initial uranium
concentrations ranging from 2 to 128 ppm. A total of 5 mg (dry
weight) of salt-alkali pretreated adsorbent was added to
1000 mL of the uranium solution. The adsorption process was con-
ducted at 30 °C with agitation at 120 rpm for 48 h to ensure equi-
librium. After equilibrium was reached, simulated brine samples
were collected and analyzed for uranium concentration using
UV-Vis spectrophotometry. The equilibrium adsorption data were
fitted to the Langmuir and Freundlich isotherm models, repre-
sented by Eqgs. (5) and (6), respectively.

Ce GCe 1

Ce_Le 5
qe Im k3qm ( )
qe = kiCl (6)

where C. (mg-L™") is the equilibrium concentration of uranium in
solution, g, (mg-g~1) is the theoretical maximum adsorption capac-
ity, ks (L-mg~") is the Langmuir equilibrium constant related to the
affinity between the adsorbent and uranium ions, ks ((mg-g~!)-
(L-mg=")'/") is the Freundlich constant indicating adsorption capac-
ity, and n (dimensionless) is the Freundlich intensity parameter
reflecting the heterogeneity of the adsorption surface.
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2.10. Reusability test

To evaluate the reusability of the adsorbent, the uranium-
loaded membrane was subjected to elution using 20 mL of a des-
orption solution containing 1 mol-L™! Na,COs; and 0.1 mol.L™!
H,0,. The elution process was conducted at room temperature (ap-
proximately 25 °C) for 10 min. After elution, the membrane adsor-
bent was reused in a subsequent uranium adsorption experiment
under the same conditions. The elution efficiency (EE; %) was cal-
culated using Eq. (7) based on the uranium content before and after
desorption.

Cer X Vg

EE=—— ——
(CO - Cad) x Vaa

x 100% (7)
where C.; (mg-L™") is the concentration of uranium in the eluent, Ve,
(L) is the volume of the eluent, Co (mg-L™!) is the initial uranium
concentration in simulated concentrated seawater, C,q (mg-L™!) is
the uranium concentration in simulated concentrated seawater
after uranium uptake, and V,q4 (L) is the volume of the simulated
concentrated seawater used for adsorption.

2.11. Adsorption selectivity

To assess the adsorption selectivity of PVPA-PAO toward ura-
nium in the presence of coexisting ions, competitive adsorption
experiments were conducted in simulated concentrated seawater.
The simulated concentrated seawater was prepared by dissolving
appropriate amounts of inorganic salts in a 2 mol-L~! NaCl solution
to raise the concentrations of interfering metal ions. The concen-
trations of U, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ba, and Pb were adjusted
to 100 times their typical levels found in natural seawater [34,35].
A total of 10 mg (dry weight) of salt-alkali pretreated adsorbent
was added to 1000 mL of the prepared mixed-ion simulated con-
centrated seawater (adjusted to pH 6.0), and the adsorption exper-
iment was carried out at 30 °C with agitation at 120 rpm for 12 h.
After equilibrium, the residual concentrations of metal ions were
determined by ICP-MS. The adsorption capacities of various ions
were calculated to evaluate the selectivity of PVPA-PAO for ura-
nium over competing ions.

2.12. Computational method

Quantum chemical studies are performed using density func-
tional theory (DFT) implemented in GAUSSIAN 16 package [36].
Geometry optimization analysis was calculated at B3LYP hybrid
functional [37] with GD3B] dispersion correlation at 6-31* basis
sets for C, H, O, N, and P atoms and SDD basis for U atom [38,39].
Vibrational frequency analysis was computed to ensure the mini-
mum have no imaginary frequency.

3. Results and discussion
3.1. Physicochemical characterization of PYPA-PAO

The PVPA-PAO hydrogel was physically cross-linked through
electrostatic interactions between deprotonated PVPA and proto-
nated PAO, resulting in a stable network structure. In aqueous
solution, VPA ionized while PAO became protonated. Under the
action of an initiator, underwent radical polymerization to gener-
ate PVPA, which subsequently cross-linked with protonated PAO
to form the hydrogel [40] (Fig. 2(a)). A simplified schematic of
the synthesis procedure is presented in Fig. ST in Appendix A to
visually summarize the preparation steps of PVPA-PAO. The pres-
ence of characteristic functional groups in the prepared hydrogels
was identified by FTIR spectroscopy. As shown in Fig. 2(b),
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diagnostic bands of the protonated amine (-NH3) and phosphonic
acid (phosphonate) groups indicate the successful incorporation of
these functionalities into the polymer network. The band at
~2900 cm™! is assigned to the N-H stretching of the protonated
amine; the band near 1630 cm™! is attributed to the C=N stretching
of the amidoxime moiety; the bands at 1250-1200 and 1070-
1040 cm™! correspond to the P=0 and P-O stretching modes of
the phosphonic acid (phosphonate) groups, respectively; and the
band at 950-930 cm™' corresponds to the N-O stretching of the
amidoxime group. The major FTIR bands and their assignments
are summarized in Table S1 in Appendix A. To investigate the func-
tional groups and confirm the chemical structures of the synthe-
sized polymeric adsorbents, Raman spectroscopy was performed
on PVPA-PAO and PAO. As shown in Fig. 2(c), characteristic peaks
at ~1620 and ~920 cm™!, are corresponding to the C=N stretching
and N-OH bending vibrations of the amidoxime groups, respec-
tively. The distinct bands in the range of 1040-1070 and
~950 cm™! are attributed to the P=0 stretching and P-OH bending
vibrations [41], respectively, indicating the presence of phosphonic
acid group. The presence of protonated amine groups is evidenced
by a weak broad band around 3200-3400 cm~! (N-H stretching).
Additional peaks at ~1250-1350 cm™! correspond to C-N stretch-
ing vibrations. The characteristic C-H stretching vibrations appear
around 2850-2950 cm™'. These results collectively verify the pres-
ence of the target functional groups. The main Raman peaks and
their corresponding vibrational mode assignments are summa-
rized in Table S2 in Appendix A.

In addition, X-ray diffraction (XRD) and atomic force micro-
scopy (AFM) has been conducted. The XRD pattern shows a broad
diffraction peak around 20 ~ 15°-30°, confirming the amorphous
nature of the polymer matrix (Fig. S2 in Appendix A). This indicates
that the PVPA-PAO molecular chains exhibit short-range ordering
or disordered aggregation. Such an amorphous structure facilitates
swelling and structural adaptability during adsorption, thereby
enhancing the material’s solute uptake capacity. The AFM images
reveal a rough surface with granular and protruding structures
(Fig. S3 in Appendix A), which increases the specific surface area
and provides more adsorption sites, thus enhancing adsorption
efficiency. Additionally, the AFM phase images show varying vis-
coelastic characteristics of the material surface. The viscoelasticity
helps the adsorbent adapt to different environmental conditions,
such as changes in salinity and temperature, providing a certain
degree of structural stability. For instance, in high-salt environ-
ments, the viscoelastic properties of PVPA-PAO help maintain good
structural integrity and adsorption performance.

The prepared polyelectrolyte hydrogel adsorbent is shown in
Fig. S4 in Appendix A. Its mechanical properties were quantified
by tensile stress-strain testing. As shown in Fig. 2(d), the PVPA-
PAO hydrogel exhibited a fracture stress of ~352 kPa and a fracture
strain of ~1158%, whereas the PAO hydrogel showed ~217 kPa and
~793%, respectively. The superior performance of PVPA-PAO arises
from the coexisting strong and weak electrostatic interactions
between deprotonated phosphonic acid groups and protonated
amidoxime groups within the network: the strong ionic interac-
tions function as rigid cross-linking points that increase tensile
strength, while the weak ionic interactions act as dynamic, reversi-
ble sacrificial bonds that dissipate energy under deformation,
thereby enhancing toughness.

In view of the anti-polyelectrolyte effect exhibited by electro-
statically cross-linked hydrogels in salt-rich media, a salt-alkali
pretreatment strategy was developed. After pretreatment, the
PVPA-PAO sample exhibited the most significant swelling, with
its area increasing more than six-fold compared with the initial
state (Fig. 2(e)). ESEM results revealed that, prior to pretreatment,
both PVPA-PAO and PAO adsorbents possessed inherent porous
structures, with PVPA-PAO exhibiting relatively larger pore sizes
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Fig. 2. (a) Schematic illustration of the preparation of PVPA-PAO composite hydrogel adsorbent. (b) FTIR spectra, (c) Raman spectra, and (d) stress-strain curves of PVPA-PAO
and PAO hydrogel adsorbents. (e) Physical and SEM images of PVPA-PAO and PAO before and after undergoing salt-alkali pretreatment in salt-alkali solution. (f) Antibacterial
activities of the PVPA-PAO hydrogel towards marine bacteria. As a contrast, the antibacterial activities of the pure PAO hydrogel also were tested. a. u.: arbitrary unit.

than PAO. Following salt-alkali pretreatment, the pore sizes of
both adsorbents expanded markedly, with PVPA-PAO showing a
more pronounced expansion, indicative of the formation of a more
open and interconnected porous network. As shown in Fig. S5 in
Appendix A, the BET results further confirmed the porous structure
of PVPA-PAO, with a specific surface area of 1.54 m?.g~! and a total
pore volume of 0.004 cm3.g~!, both slightly higher than those of
PAO (1.47 m2.g~" and 0.003 cm3.g™!, respectively). Water contact
angle measurements demonstrated the superior hydrophilicity of
PVPA-PAO, with the angle decreasing from 40° + 1° for PAO to
nearly 0° for PVPA-PAO due to the highly hydrophilic phosphonic
acid groups (Fig. S6 in Appendix A). The combination of enhanced
porosity and hydrophilicity is expected to facilitate water penetra-
tion and ion transport, thereby improving uranium uptake.

In addition to structural and surface properties, the resistance of
adsorbents to biofouling is also critical for maintaining uranium
recovery performance in natural seawater. Bacterial adhesion and

growth can significantly block adsorption sites and mass transfer
channels, resulting in a sharp decline in adsorption efficiency
[42]. The antibacterial performance of the adsorbents was there-
fore investigated. In the antibacterial experiments, the strains we
selected were halophilic and salt-tolerant strains obtained by
direct culture in concentrated seawater, and their species and
abundances are listed in Table S3 in Appendix A. As shown in
Fig. 2(f), the plate counting method demonstrated that PVPA-
PAO inhibited 99.94% of marine bacterial growth. The antibacterial
activity was further supported by inhibition zone assays (Fig. S7 in
Appendix A), where a clear zone of 24 mm was observed for PVPA-
PAO but absent for PAO. SEM observations confirmed these find-
ings: bacteria on PVPA-PAO appeared irregularly shrunken with
roughened, disordered membranes, while those on PAO retained
intact rod-like morphologies with smooth membranes. The antimi-
crobial properties of PVPA-PAO arise from the synergistic action of
protonated amino groups and phosphonic acid groups. The
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positively charged amino groups disrupt bacterial cell membranes
via electrostatic interactions, whereas phosphonic acid groups
destabilize the phospholipid bilayer [43,44]. These combined
effects cause leakage of intracellular components, loss of cell sta-
bility, and eventual cell death, thereby preventing biofouling and
ensuring the long-term availability of adsorption sites.

A water diffusion test was conducted to evaluate the permeabil-
ity of PVPA-PAO and PAO membranes under simulated high-
salinity seawater conditions (Fig. 3(a)). After removal from a
salt-alkali solution, 10 pL of Rhodamine B dye was gently dropped
onto each membrane placed on a flat surface. The dye rapidly dif-
fused through the PVPA-PAO membrane, reaching a diameter of
18.2 mm, whereas the PAO membrane showed a much smaller
diameter of 5.8 mm. This difference is attributed to the anti-
polyelectrolyte effect in high-salinity conditions. The anti-
polyelectrolyte effect of the hydrogel arises when ions from the
surrounding medium diffuse into the network and interact with
the charged functional groups on the side chains. This interaction
weakens the original electrostatic attractions between side chains,
increases the interchain spacing, and, at the macroscopic level,
manifests as a swelling (volume expansion) of the adsorbent. As
illustrated in Fig. 3(b), NaCl-NaOH pretreatment introduces
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counter-ions and induces partial deprotonation of PVPA-PAO,
which screens strong interchain electrostatic attractions and trig-
gers an anti-polyelectrolyte effect, enlarging mesh size and expos-
ing more binding sites. By contrast, the PAO hydrogel undergoes
significant shrinkage due to partial screening of electrostatic repul-
sion by counterions, which limits pore accessibility and mass
transport. In Fig. 3(c), PAO collapses under high salinity (salt
shrinkage), rendering its interior inaccessible to U0%*, whereas
PVPA-PAO remains swollen with open pathways, enabling rapid
diffusion and cooperative binding at amidoxime and phosphoryl
sites.

3.2. Uranium adsorption in simulated concentrated seawater

Solution pH is a critical factor in uranium adsorption perfor-
mance. The adsorption capacity of PVPA-PAO and PAO was evalu-
ated in simulated concentrated seawater (2 mol-L~! NaCl, 8 ppm U)
over a pH range of 3-9. Before evaluating the adsorption perfor-
mance of the adsorbent, it was pretreated with a salt-alkali solu-
tion. The salt-alkali pretreatment was implemented to activate
surface functional groups on PVPA-PAO prior to uranium
adsorption. Immersion in NaCl-NaOH (D removes loosely bound

Salt-alkali
treatment

= Weak electrostatic interaction

Inaccessible

1 -~/ 3

&l

Accessible }

Shrinkage

>

eo \ '

Swelling

= Ly

(c)

Fig. 3. (a) Permeability test results of PAO and PVPA-PAO membranes after immersion in salt-alkali solution, evaluated by Rhodamine B dye diffusion. (b) Cross-linking and
salt-induced swelling mechanism of PVPA-PAO composite hydrogel adsorbent. (c) Schematic diagram for the enhanced adsorption of uranyl ions in concentrated seawater by

the PVPA-PAO adsorbent.
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impurities and residual acids, @ deprotonates phosphoryl and
amidoxime groups to enhance UO%* coordination, and @ provides
seawater-like charge screening that causes the material to swell
and maintain structural stability in seawater. The results indicated
a bell-shaped trend: the adsorption capacity increased with pH up
to 6.0, peaking at 820.05 mg-g~!, then decreased at higher pH
(Fig. 4(a)). At low pH (below 6.0), the positively charged PVPA-
PAO surface repels uranyl cations, reducing adsorption [45]. At
pH 6.0, uranyl species exist as both cations and anions, allowing
for effective electrostatic attraction to the negatively charged sur-
face [46]. This is supported by Zeta potential measurements of
PVPA-PAO across the tested pH range (Fig. 4(b)). At higher pH,
the dominance of anionic uranyl species leads to repulsion by
the negatively charged adsorbent surface, resulting in decreased
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adsorption. Visual MINTEQ 3.1 was used to speciate U(VI) as a
function of pH (Fig. S8 in Appendix A). At low pH (3-5), U(VI) is
dominated by free UO3* with a small fraction of UO,CI*; adsorption
is suppressed because surface functional groups are largely proto-
nated. With increasing pH to mildly acidic or near-neutral condi-
tions, hydrolyzed cationic species emerge, with UO,OH" and
(UO,)»(OH)3" appearing first, and (UO,)3(OH): becoming the major
species (~pH 6-7). In this window, partial deprotonation of phos-
phoryl and amidoxime groups favors coordination with these
cationic uranyl species, leading to higher uptake. Around neutral
to slightly alkaline pH, minor (UO,)4(OH); and trace UO,(OH),
(aqueous solution) are present, and the fraction of anionic com-
plexes begins to rise. At higher pH (> 8), anionic uranyl hydroxo
complexes, predominantly UO,(OH)3 with (UO,);(OH)7 also pre-
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Fig. 4. (a) Adsorption capacities of PVPA-PAO and PAO at different pH values. (b) Zeta potential of PVPA-PAO at pH 3-9. (c) Equilibrium adsorption capacity of PVPA-PAO and
PAO in 8 ppm simulated concentrated seawater with different NaCl concentrations. (d) Uranium adsorption kinetics of PVPA-PAO and PAO hydrogel membrane. (e) The
equilibrium adsorption isotherms in 8 ppm simulated concentrated seawater at pH 6.0. (f) XPS spectra of PVPA-PAO and PVPA-PAO-U. (g) SEM image and EDS mapping of
PVPA-PAO adsorbed with uranium. (h) Schematic diagram of the optimized coordination structure of PVPA-PAO for uranyl ions.
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sent, become dominant, resulting in electrostatic repulsion from
the negatively charged surface and a decline in adsorption
capacity.

To investigate the effect of salinity, a series of uranium solutions
(8 ppm U) with varying NaCl concentrations (0, 1, 2, 3, 4, and
5 mol-L~!) were prepared. Since the NaCl concentration in natural
seawater is approximately 0.5 mol-L™!, the 1-5 mol-L™! solutions
correspond to 2-, 4-, 6-, 8-, and 10-fold concentrated seawater,
respectively. Adsorption tests revealed that PVPA-PAO exhibited
enhanced adsorption in the 0-2 mol-L™! range, reaching a maxi-
mum of 820.05 mg-g~' at 2 mol-L™'. This enhancement can be
attributed to the anti-polyelectrolyte behavior of PVPA-PAO,
where increasing ionic strength screens the electrostatic attrac-
tions between oppositely charged segments of the polymer chains,
resulting in an expanded conformation that exposes more phos-
phoryl and amidoxime groups as active binding sites for UO3* ions.
In the 2-5 mol-L™! range, a slight decrease in adsorption was
observed, which is likely due to the saturation of the anti-
polyelectrolyte effect and the excess accumulation of Na* ions near
the functional groups, partially hindering uranyl coordination. Yet
a high capacity of 642.37 mg-g~! was retained even at 5 mol.L™!
(Fig. 4(c)). In contrast, traditional PAO adsorbents showed a signif-
icant decline in performance with increasing salinity, primarily due
to salt-induced shrinkage that inhibits functional group exposure
and reduces uranium uptake. Our work leverages the high-
salinity environment to achieve enhanced uranium adsorption
compared with pure water.

Fig. 4(d) presents the uranium adsorption kinetics of PVPA-PAO
and PAO hydrogel membrane adsorbents in 8 ppm uranium solu-
tions under high-salinity conditions (2 mol-L~! NaCl). Adsorption
was nearly complete after 24 h, reaching a peak adsorption capac-
ity of 820.05 mg-g~'. In contrast, the sample PAO required more
than 36 h to reach saturation adsorption, with lower adsorption
capacity of 442.82 mg-g~'. Additionally, the results clearly demon-
strate PVPA-PAO accelerated uranium adsorption rate. The fitting
of pseudo-first-order and pseudo-second-order kinetic models
are presented in Fig. 4(d) and Table S4 in Appendix A. The
pseudo-second-order kinetic model yields high correlation coeffi-
cients (R?) of 0.997 and 0.998, indicating excellent agreement with
the experimental data and confirming that chemisorption predom-
inantly governs the uranium adsorption process. The adsorption
isotherms of PVPA-PAO were determined in high concentration
(2 mol-L™!) simulated concentrated seawater with initial uranium
concentrations ranging from 2 to 128 ppm (Fig. 4(e)). Both the
Langmuir and Freundlich models were applied for fitting analysis.
As shown in Table S5 in Appendix A, a superior correlation with the
Langmuir model (R? = 0.9938) relative to the Freundlich model
(R? = 0.9097). The process is represented as monolayer adsorption
on a homogeneous surface with equivalent sites [47], with each
site binding one uranyl ion and interactions between neighboring
adsorbed species are negligible. Considering that the adsorption
kinetics follow the pseudo-second-order model, it can be con-
cluded that the uranium adsorption process of PVPA-PAO is pre-
dominantly governed by monolayer chemisorption on a
homogeneous surface.

To elucidate the adsorption mechanism of PVPA-PAO, XPS, EDS,
and DFT calculations were carried out. The XPS analysis shows
that, after the binding of uranyl ions, the peaks for U 4fs),
(392.3 eV) and U 4f;, (381.5 eV) are detected, proving the load
of uranium (Fig. 4(f) and Fig. S9 in Appendix A) [48]. Compared
with PVPA-PAO, upon U loading the O 1s peak assigned to the ami-
doxime C=N-0 oxygen shifts from 532.8 to 533.0 eV, indicating
participation of the amidoxime oxygen in U binding (Fig. S10 in
Appendix A). In addition, the phosphonate oxygens shift to higher
binding energy (P=0: from 530.6 to 530.7 eV; P-O: from 531.6 to
531.8 eV), further evidencing coordination with UO3". These results
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are consistent with reduced electron density at the donor oxygens
upon complexation. Consistently, the high-resolution N 1s spectra
show an increase in the binding energy of the nitrogen in the ami-
doxime group, corroborating its coordination to UO3*. EDS elemen-
tal mapping demonstrated uniform distribution of uranium along
with C, N, O, and P in the PVPA-PAO matrix (Fig. 4(g)). Visually,
the PVPA-PAO adsorbent changed from transparent to orange
upon uranium loading (Fig. S11 in Appendix A). The DFT calcula-
tions indicate that, in addition to the two axial oxygens of the ura-
nyl ion, the uranium center is coordinated to two oxygen atoms
from the phosphonic acid groups (bond lengths: 2.167 and
2.215 A) and to one oxygen and one nitrogen atom from the ami-
doxime groups [49] (bond lengths: 2.567 and 2.527 A), as illus-
trated in Fig. 4(h). Electron density analysis reveals that the
functional oxygen atoms in PVPA and the oxygen and nitrogen
atoms in PAO create low-potential regions that attract the posi-
tively charged uranyl ion (Fig. S12 in Appendix A).

As reusability is one of the most important indexes to evaluate
the economic stability of adsorbents [50], the uranium adsorption
capacities of PVPA-PAO were examined after the regeneration
reusability process. After 5 cycles, the adsorption capacity could
still reach up to 649.64 mg-g~' and the elution rate remained at
83.05% (Fig. 5(a)), suggesting a good reusability [51]. High-
concentration sodium carbonate solutions facilitate the desorption
of uranium by creating stable uranyl tris-carbonato complexes
[UO,(CO5)47]. When sodium carbonate is used in combination with
hydrogen peroxide for uranium elution, it leads to the formation of
highly stable uranyl peroxo-carbonato complexes [UO5(0,)(CO3)3
~]. The inclusion of hydrogen peroxide promotes the formation of
this complex, which is thermodynamically more stable than the
uranyl tris-carbonato complex, exhibiting a stability that is four
orders of magnitude higher. This enhanced stability aids in the
release of uranyl ions from the adsorbent surface, thereby enabling
efficient desorption [52,53]. Adsorption selectivity is a crucial per-
formance parameter for real-world uranium recovery from envi-
ronments [54]. To evaluate this, PVPA-PAO was tested in ion-
doped simulated concentrated seawater containing elevated levels
of competing metal ions. The cations were selected because they
are representative ions in the marine environment, making them
potential competitors for evaluating the selective adsorption per-
formance of PVPA-PAO. The ion concentrations are listed in
Table S6 in Appendix A. The adsorbent maintained a high uranium
adsorption capacity of 18.73 mg-g~!, demonstrating strong selec-
tivity despite the presence of 100-fold excess concentrations of
interfering ions (Fig. 5(b)).

3.3. Uranium extraction from concentrated natural seawater

To further evaluate the extraction performance of the adsor-
bents in concentrated natural seawater, PVPA-PAO samples were
immersed for 24 days in filtered and non-filtered real circulating
concentrated seawater system from a salt farm (Fig. 6(a)). The pri-
mary components of the concentrated seawater and natural sea-
water are listed in Table S7 in Appendix A. The uranium
concentration in the concentrated seawater was measured to be
approximately 32.67 pg-L™, corresponding to roughly 10x the nat-
ural seawater concentration (~3.3 ug-L™!). The inset in Fig. 6(a)
shows PVPA-PAO before and after uranium adsorption. After a
24-day uptake period, the adsorbents changed color from white
to golden yellow, indicating successful uranium adsorption. The
anti-polyelectrolyte-effect of PVPA-PAO facilitates efficient seawa-
ter concentrated flow, enabling rapid uranium adsorption. PVPA-
PAO reached adsorption equilibrium within approximately 24
days, achieving a capacity of 43.89 mg-g™!, as illustrated in Fig. 6
(b). For the PVPA-PAO membrane, the adsorption capacity in fil-
tered and non-filtered natural seawater is comparable, with values
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Fig. 5. The reusability and adsorption selectivity. (a) Reusability of PVPA-PAO. (b) Uranium adsorption selectivity of PVPA-PAO in metal ion-doped simulated concentrated
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Fig. 6. Uranium extraction from concentrated natural seawater by PVPA-PAO. (a) Schematic of the fluid circulation system used for uranium extraction from real
concentrated seawater collected from a salt farm. (b) Adsorption kinetics of uranium extraction from filtered and non-filtered real concentrated seawater. (c) Evolution of the
uranium extraction rate as a function of exposure time in concentrated natural seawater. (d) Reported uranium adsorption capacities of amidoxime-based adsorbents in

natural seawater conditions. Ref. S1-Ref. S44: references in Appendix A.

of 41.13 mg-g~! for the non-filtered seawater, indicating only a
6.29% decrease in adsorption capacity. The uranium extraction rate
over time in concentrated natural seawater is shown in Fig. 6(c).
PVPA-PAO achieves an average uranium adsorption rate of
1.83 mg-g~'-d~!. The anti-polyelectrolyte effect of the PVPA-PAO
adsorbent not only enhances its uptake capacity but also acceler-
ates the overall adsorption rate. Both the uranium adsorption
capacity and rate of PVPA-PAO significantly surpass those of previ-
ously reported amidoxime-based adsorbents (Fig. 6(d) and
Table S8 in Appendix A).
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4. Conclusions

In this study, we developed a PVPA-PAO polyelectrolyte com-
posite hydrogel for efficient uranium extraction from concentrated
seawater derived from desalination and solar saltworks. The
hydrogel network was physically crosslinked via electrostatic
interactions between oppositely charged polyelectrolytes. Benefit-
ing from the anti-polyelectrolyte effect, counterions in concen-
trated seawater weakened internal electrostatic attractions,
leading to chain extension and enhanced exposure of uranyl-
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binding sites. The introduction of PVPA significantly improved
hydrophilicity and enabled effective contact with uranyl ions. After
24 days of immersion in concentrated natural seawater derived
from solar saltworks, the hydrogel achieved a high uranium uptake
of 43.89 mg-g~! and an average rate of 1.83 mg-g~! d~!, signifi-
cantly outperforming conventional PAO-based materials. Further-
more, the hydrogel maintained structural integrity and
mechanical stability even under harsh conditions (up to 5 mol-L™!
NaCl) and exhibited excellent antibiofouling performance, with
only 6.29% performance loss in open concentrated seawater. These
findings underscore the potential of PVPA-PAO as a robust and
scalable adsorbent for uranium recovery from hypersaline environ-
ments. Owing to its hydrogel form and strong antibacterial proper-
ties, PVPA-PAO is well suited for engineering-scale deployment
and field applications. Beyond addressing key technical barriers,
the developed hydrogel also shows great potential for uranium
extraction from solar salt and desalination brines, demonstrating
excellent adsorption performance, waste valorization, and cost-
effectiveness, thereby advancing sustainable and high-value mar-
ine resource utilization.
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