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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• UF/NF assisted by complexation steri
cally reject UO₂2+ in 35 g L− 1 seawater.

• The best performance achieves ~96 % U 
rejection vs <5 % Na+/K+/Ca2+/Mg2+

rejection.
• N-acryloylalendronate polymers show 

high uranium uptake and sodium 
separation.

• Uranium is released from polymers 
using acid treatment without membrane 
damage.
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A B S T R A C T

Uranium extraction from unconventional sources such as seawater is an important complementary source for 
nuclear fuel production. A common method for separating ions in aqueous solutions is ultra/nano filtration (UF/ 
NF), which employs both electrical and steric effects. While commercial inorganic UF/NF membranes have been 
used to separate uranium from other salts in natural or synthetic seawater, the high ionic strength of seawater 
tends to reduce the electrical effect. To overcome this, hydrophilic polymers with high selectivity towards 
uranium have been introduced into seawater to assist the filtration by complexation. This allows uranium to be 
rejected by the steric effect while allowing other metal ions to pass through the membrane. The performance of 
different hydrophilic polymers containing complexing functional groups, including alendronic acid, bis(phos
phonic acid), and catechol, was evaluated to assist in the filtration process to separate uranium from other 
competitive metal ions (Na, K, Ca, Mg). The results show that two hydrophilic polymers, based on N-acryl
oylalendronate, demonstrate the best performance for the separation of uranium, achieving a sorption capacity 
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of over 200 mg U/g polymer and an extremely high separation factor of U to salts (SF(U/Na) > 6000 for a (poly 
(NAM-co-ALNAm)). By using filtration assisted by complexation with polymers, uranium can be effectively 
rejected while maintaining low rejections for other salts in high salinity seawater of at 35 g L− 1. Uranium can be 
released from the complex by spiking the seawater by concentrated nitric acid or sulfuric acid. These laboratory- 
scale filtration experiments have significant industrial applications for the recovery uranium from seawater.

1. Introduction

The extraction of uranium is one of the seven chemical separations 
that will change the world [1]. It is found in trace amounts everywhere, 
including in seawater. The surface and underground uranium will be 
exhausted sooner or later as the human demand for uranium increases. 
Historically, conventional mines have been the main source of uranium, 
more than half of the world’s uranium mines are mined using in-situ 
leaching process [2]. However, most of the world’s reserves are un
conventional resources and are unusable under current economic con
ditions [3]. 71 % of the Earth’s surface is covered by oceans and seas, 
including 137,109 km3 of water. There are approximately 50 quadrillion 
tons of minerals and metals dissolved in all the world’s seas and oceans 
[4]. Seawater contains about 3.3 mg of uranium per cubic meter, i.e., 4.5 
billion tons of uranium are dissolved in the oceans [5], which is a much 
larger amount compared to the land and underground resources [6]. 
These nearly limitless reserves provide a substantial potential source of 
nuclear fuel despite the challenges and difficulties to be overcome 
[4,6–8]. Uranium forms highly stable Ca-UO2-CO3 and Mg-UO2-CO3 
species in seawater [9,10]. Efficient and selective extraction of uranium 
from seawater is particularly challenging due to the complex solution 
chemistry in seawater, including high salt concentration (average 
salinity around 35 g L− 1 mainly due to NaCl), high carbonate concen
tration, basic pH (7.5–8.5), temperature (5–35 ◦C), low uranium con
centration (~3.3 μg L− 1), and other metal ions at similar or higher 
concentrations.

The recovery of uranium from seawater has been a hot topic in recent 
years, numerous materials have been investigated to achieve the con
centration of uranium from seawater in nearly 7 decades [7,11–13], 
amidoxime-based adsorbents are currently considered the most prom
ising [7,14–24] due to their special affinity for uranium [25–27]. Con
ventional extraction methods are based on the distribution of two phases 
[5,11,28]. These two-phase distribution processes, which include an 
aqueous metal ion solution and a water-insoluble polymer/resin, have 
disadvantages such as long contact times. These heterogeneous systems 
can be avoided by using separation methods based on membrane pro
cesses in the aqueous homogeneous phase, which are among the most 
promising techniques for the enrichment of various species from water 
[29–31]. Membrane separation includes microfiltration (MF), ultrafil
tration (UF), nanofiltration (NF), and reverse osmosis (RO), etc. UF/NF 
has been evaluated for recovery of valuable metals from urban mines 
[32,33], seawater desalination brine [34], and industrial wastewater 
[35]. It has been applied in selective removal of minor actinides from 
lanthanides [36–41], removal of uranium from drinking water [42] and 
from seawater [43], separation of uranium from other metal ions from 
fresh and salt water [44]. Besides, renewable energy driven membrane 
technologies have been investigated for water treatment and ion sepa
ration [45–48].

The UF/NF process can concentrate multivalent metal ions by 
rejection attributed to a combination of various mechanisms including 
steric, electrical, Donnan, dielectric and transport effects [49]. Steric 
effect and electrical effect are two major factors influencing the rejec
tion. Charged species in solution can be rejected by electrical exclusion 
when they encounter electrical interactions with charges in the mem
brane material. Meanwhile, the membrane will retain species with 
molecular weights higher than its cut-off, while small molecules such as 
solvents and micro solutes will freely pass through it [50]. If the target 
component is not charged with a molar mass smaller than the membrane 

molecular weight cut-off (MWCO), it cannot be rejected by either the 
steric effect or the electrical effect. Hydrophilic complexing agents, 
capable of complexing the target ions, are added to the solution, to 
change the charge and/or the size of the species to obtain a metal- 
polymer complex of sufficient molecular size (larger than MWCO) to 
be retained by steric effect, while the non-complexed ions pass through. 
This combination of the membrane process and polymer complexation 
processes is referred as filtration assisted by complexation process. This 
technique, developed by the laboratory of Geckeler et al. [51], is based 
on the separation of ions bound to hydrophilic polymers with chelating 
groups from non-complexed ions/unbound metals [51]. The major 
advantage of this technique is the homogeneous nature of the separa
tion. Thus, it largely avoids the phenomenon of mass transfer, or diffu
sion, which is limiting in heterogeneous methods [52]. Many soluble 
and hydrophilic polymers have been found to be suitable for the sepa
ration and enrichment of metal ions in association with membrane 
filtration [53]. The concept of complexation-assisted filtration has been 
applied in several industrial fields, including the water treatment 
[54–57], the depollution of aqueous solutions [50,58,59], the separation 
of monovalent cation with hydrophilic macrocycles [60,61], separation 
of the divalent metals with EDTA, NTA, citric acid [62], with polyamino 
carboxylate ligands [39], with chitosan [63], removal of heavy metals 
from wastewaters using the water-soluble amine and imine polymers 
[52,53,55,56,59,64–68]. According to an early research study of Geck
eler et al. [69], some polymers, such as poly(iminoacetic acid) (PIAA), 
sulfonated oxyquinoline derivative of poly-(ethylenimine) SOPEI, poly 
(acrylic acid) (PAA), poly(urethane) (PU), poly(vinyl alcohol) (PVAL), 
phosphorylated derivative of poly(vinyl alcohol) (PPVAL), poly(ethyl
enimine) (PEI), modified poly(ethylenimine) (PEI-SN), poly(diallyl 
dimethyl ammonium chloride) (DADMAC), etc., have been demon
strated to form complexes with U(VI). Dipicolinic acid (DPA) is known 
for its ability to extract metals, particularly actinides (VI) (U, Np, Pu, 
Am) with the formation of mononuclear trimeric complexes (metal / 
ligand ratio 1:1 and 1:2) [70]. According to the research of Brown et al. 
[71], diethylenetriaminepentaacetic acid (DTPA) can form a strong 
complex with U(IV) [72]. Antonina et al. [73] have studied the removal 
of uranium from synthetic water contaminated with UO2SO4 and with 
dissolved CO2 by ultrafiltration combinated with complexation. PEI 
with the molecular mass of 60,000 g mol− 1 was used as the complexing 
agent. The rejection of U(VI) reached 91–95 % at pH 9.0 when no 
polyelectrolytes were present. When polyethylenimine was used in a 
concentration ratio of C(PEI)/C(U) = 4:1, the rejection reached 99.9 % 
using a UPM-20 polyamide membrane in the pH range of 5–9. Pascal 
et al. [74] worked on micellar-enhanced ultrafiltration (MEUF) for the 
uranyl ion removal with the sodium alkylsulfate micelles and the poly
sulfone UF membrane. They found that the uranyl ion is rejected by the 
UF membrane due to the strong interaction of the ion with the micellar 
surface. Despite this research on uranium separation from water, there is 
no research on uranium uptake by UF/NF assisted by complexation from 
seawater.

Although alternative membrane-based approaches have been 
explored for uranium separation, each suffers from significant draw
backs when applied to high-salinity seawater. For instance, polyethylene 
imine (PEI) and its phosphorylated derivatives form robust U(VI) com
plexes; however, their broad cation affinity results in poor selectivity 
over Na+, Ca2+, and Mg2+. Additionally, the high ionic strength of 
seawater severely screens their electrostatic rejection mechanism 
[23,75]. DTPA and EDTA ligands effectively chelate UO₂2+ in low- 
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salinity systems, but their small metal–ligand complex sizes often fall 
below typical UF/NF MWCOs, necessitating tight membranes that 
rapidly foul and exhibit limited acid stability during regeneration 
[76,77]. Micellar-enhanced ultrafiltration with sodium dodecyl sulfate 
(SDS) can increase U rejection via surfactant–uranyl interactions. 
However, the need to recover the surfactant and the micelles’ sensitivity 
to salinity and pH fluctuations make continuous, industrial-scale oper
ation difficult [78]. Chitosan-based systems offer biodegradable plat
forms for metal binding; however, they too exhibit low selectivity in 
seawater and are susceptible to swelling and shrinking cycles that 
degrade membrane integrity with repeated use [79]. Recently, we re
ported the application of inorganic UF/NF membranes for the separation 
of uranium from saline water. However, the use of inorganic UF/NF 
membranes does not allow the effective separation or concentration of 
uranium from seawater (35 g L− 1), mainly due to a very high ionic 
strength and to the formation of neutral mixed complexes of uranium 
with calcium, magnesium, and carbonates, which inhibits rejection by 
electrical effect [44]. Therefore, the complexation assisted filtration 
process has been proposed to overcome this problem. This process relies 
on the steric effect to achieve high rejection of uranium, separating and 
concentrating U from seawater. As shown in the Fig. 1, the size of the 
uranium can be artificially increased and/or the charge of the species 
can be changed by introducing hydrophilic polymers with a high affinity 
for uranium. This allows for the rejection of uranium by steric exclusion. 
Consequently, the uranium-polymer complex, which has a molar mass 
higher than the MWCO is rejected by the membrane. The artificially 
enlarged uranium cannot pass through the membrane. Meanwhile, other 
metal cations that are not complexed with the polymer pass through the 
membrane without any constraint. These limitations—nonselective 
binding, low complex size, membrane fouling, and poor acid resil
ience—collectively underscore the need for high-affinity, steric-based 
complexation strategies. Such strategies include phosphonate- 
functionalized polymers with affinity for uranium, which overcome 
ionic screening and enable robust UF/NF performance in marine 
environments.

The present work investigates the separation and concentration of 
uranium (VI) in seawater from monovalent and divalent cations by 
ultra/nanofiltration assisted by complexation Six commercial or syn
thetized hydrophilic polymers bearing phosphoric acid or phosphonate 
functionalities (e.g., alendronate-based polymers, poly(ethylene glycol), 
α-methoxy, ω-catechol, and poly(ethylene glycol), α,ω-bis(phosphonic 
acid)) were evaluated for their ability to form high-molecular-weight 
U–polymer complexes that are sterically retained by membranes. For 
each polymer, the rejection kinetics and the separation factor of U to 
other metals under seawater conditions were determined. The sorption 
capacity of these polymers to U was estimated. Finally, the desorption of 
U from the loaded polymer complex was realized using acidic solutions. 
These data were integrated into a process flow sheet for scalable ura
nium recovery from seawater.

2. Experiments

2.1. Materials and methods

Ultra/nano filtration experiments are investigated in a 1 L volu
metric reactor filled with U-doped seawater mixed with hydrophilic 
polymer. The experiments are performed with a SIVA laboratory-scale 
membrane system which is illustrated in Fig. S.1 with a detailed caption.

2.2. Analytical procedure

ICP-OES (Inductively Coupled Plasma Optical Emission Spectros
copy, iCAP 7000 Series) with a standard deviation of ±2 % was used for 
the quantification of U, Na, Ca, Mg, K in solution.

2.3. Filtration experiments

The rejection of metal ions is evaluated from the retentate and 
permeate concentration of the samples collected during the experi
ments. The rejection Ri (%) of a substance i is calculated with the 
following Eq. (1): 

Ri(%) = 100×

(

1 −
Ci

p

Ci
Ret

)

(1) 

where CRet
i is the concentration of i in the retentate (flux that has not 

passed through the pores of the membrane) and Cp
i is the concentration 

of i in the permeate (corresponding to the flux that has passed through 
the pores of the membrane). The concentration of retentate can be 
considered equal to the feed concentration because the flux rate of 
retentate is far higher than that of permeate.

After each filtration experiment, the filtration system is first washed 
with a basic NaOH solution (10 mL of 2 M NaOH solution in 1 L of 
distilled water). After this first wash, the system is washed several times 
with distilled water until the pH reaches the pH value of distilled water. 
The system is then washed with nitric acid (200 μL of HNO3 67–69 % 
concentrated in 1 L of distilled water) and washed with distilled water 
until the pH is the same as the distilled water for the next experiment.

2.4. Membrane

The inorganic filtration membrane used was a multilayer structure 
with a TiO2/ZrO2 active layer and a tubular channel titanium support 
(CéRAM™ - TAMIS INDUSTRIES, Nyons, 26 - France). The filtration 
layer is based on a tubular titanium support with a length of 25 cm and 
an outer diameter of 10 mm. Monocanal membranes with a hydrody
namic diameter of 6 mm are used, allowing the passage of the fluid 
within the hollow part. These multilayer membranes employed are 
specified by the manufacturer to withstand pH 0–14 without structural 
damage or pore-size alteration. The MWCO used for the membrane was 
either 1 kDa or 5 kDa, depending on the hydrophilic polymer used.Fig. 1. Schematic representation of ultra/nanofiltration complexation.
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2.5. Sample preparation

2.5.1. Aqueous solutions
The composition of the solutions under investigation is shown in the 

Table S.3. The UF/NF process assisted by complexation was used to 
evaluate Mediterranean seawater doped with U at concentrations 
ranging from 2 to 175 mg L− 1. Additionally, a solution of U, NaCl, and 
NaHCO₃ (solution 1), which has a similar salinity to that of Mediterra
nean seawater (35 g L− 1), was used for the experiments. Uranium was 
doped with the mother solution of UO2

2+ at 1 g L− 1 at pH 10, diluted from 
10 g L− 1 uranyl nitrate UO2(NO)3⋅6H2O, in HNO3 2 %. The pH was 
controlled by adding pure NaOH powder into the solution. Analytical 
grade of NaCl, MgCl2, CaCl2, KCl, Na2SO4, NaHCO3 salts were used for 
the preparation of synthetic seawater. The pH value of the filtration feed 
was measured with a pH meter (Metrohm 781 pH meter) and adjusted to 
8.2–8.3 by adding 2 M NaOH or 1 M HCl. Concentrated nitric acid 
67–69 % or sulfuric acid 96–98 % was used for desorption experiments.

2.5.2. Hydrophilic polymers
Various hydrophilic polymers have been investigated for the ura

nium chelation and the application in the ultra/nanofiltration assisted 
by complexation.

A first series consists of synthesized hydrophilic polymers (Fig. 2(a)) 
comprising an acryloyl repeating unit functionalized by an alendronate 
group, N-acryloylalendronate (ALNAm), which repeating unit is asso
ciated with a hydrophilic block of N-acryloylmorpholine (NAM), (poly 
(NAM-co-ALNAm)) I or double hydrophilic diblock copolymers of N- 
acryloylmorpholine (NAM) and N-isopropylacrylamide (NIPAAm), 
(poly(NIPAAM)-b-poly(NAM-co-ALNAm)) II with different degrees of 
polymerization were studied (Table S.4). The polymers were prepared 
via a combination of RAFT polymerization and post-polymerization 
modification as reported by Darcos et al. [80]. The molecular weights 
were determined by size exclusion chromatography (SEC), which 
highlighted monomodal profiles with narrow molecular weight distri
butions. These distributions were in good agreement with the theoretical 
values, indicating good control over the polymerization process.

A second series consisting of commercial poly(ethylene glycol) PEG- 
based polymers available from Specific Polymers® were studied: i) a 

poly(ethylene glycol), α,ω-bis(phosphonic acid), (III PEG-bis 
(phosphonic acid)) and a poly(ethylene glycol), ii) α-methoxy, ω-cate
chol, (IV PEG-catechol), Fig. 2(b) and (c), respectively.

2.6. Evaluation of polymer sorption capacity by membrane filtration

2.6.1. Rejection kinetics
The rejection kinetics of filtration assisted by complexation with 

polymer towards uranium is evaluated by filtration experiments under 
seawater conditions. A hydrophilic polymer with specific functions, 
allowing an effective complexation of uranium, is added to the already 
prepared U-doped seawater. Depending on the studies performed, the 
amount of hydrophilic polymer was varied. After stirring and complete 
solubilization, this solution is engaged into the filtration tank to carry 
out the complexation filtration experiment with the filtration system 
shown in Fig. S.2.

Throughout the process, the retentate and the permeate are returned 
to the feed, maintaining an almost constant volume. The recovery of the 
permeate and retentate, both approximately 10 mL, is performed 
approximately every 30 min to evaluate the rejection of each metal ion 
by ICP-OES measurement. The experiments were repeated several times 
to improve the reliability of the results.

2.6.2. Sorption capacity
The sorption capacity of the hydrophilic polymer for uranium was 

estimated by fixing the concentration of the polymer while varying the 
uranium concentration, the schematic diagram is shown in the Fig. S.3. 
To determine the sorption capacity, the filtration was conducted with 1 
L of seawater doped with U at an initial concentration of C0, and con
taining the hydrophilic polymer. The permeate and retentate were 
collected after 2 h. A calculated amount of U was then added to the 
filtration tank, 2 M NaOH or 1 M HCl was used for maintaining the pH at 
8.2–8.3. After another 2 h, the permeate and retentate were collected. 
The same procedure was repeated until the U concentration in the feed 
reached Cf. The conditions for the filtration assisted by the complexation 
experiments are shown in the Table 1. For polymer I-B, two series were 
tested on a 5 kDa membrane: a high-loading series with [U] = 20–75 mg 
L− 1 at 1 g L− 1 polymer, and a low-loading series with [U] = 2–50 mg L− 1 

at 0.06 g L− 1. Polymer II-A was evaluated at [U] = 20–75 mg L− 1 with 
0.5 g L− 1 polymer on 5 kDa, while II-B underwent three series on the 
same membrane: a low-loading run ([U] = 2–50 mg L− 1, 0.06 g L− 1 

polymer), an intermediate-loading run ([U] = 20–75 mg L− 1, 0.08 g 
L− 1), and a high-loading run ([U] = 20–175 mg L− 1, 1 g L− 1). For the 
polymers III and IV, 1 kDa membrane was used. Polymer III was tested 

Fig. 2. General structure of the hydrophilic polymers used in this study: (a) 
(poly(NAM-co-ALNAm)) n = 0 I and (poly(NIPAAM)-b-poly(NAM-co-ALNAm)) 
n ∕= 0 II; (b) (PEG-bis(phosphonic acid)) III; (c) (PEG-catechol) IV.

Table 1 
Conditions of filtration assisted by complexation experiments.

Hydrophilic polymer [U] (mg L− 1) [Polymer] (g L− 1) Membrane

Conditions of filtrations in rejection kinetics study
I-A 20 1 5 kDa
I-B 20 1 5 kDa
II-A 20 1 5 kDa
II-B 2 0.1 5 kDa
III 20 2 1 kDa
IV 20 2 1 kDa

Conditions of filtrations in sorption capacity study
I-B 20–75 1 5 kDa
I-B 2–50 0.06 5 kDa
II-A 20–75 0.5 5 kDa
II-B 2–50 0.06 5 kDa
II-B 20–75 0.08 5 kDa
II-B 20–175 1 5 kDa
III 2–50 0.1 1 kDa
III 2–50 0.5 1 kDa
III 20–75 1 1 kDa
IV 20–75 1 1 kDa
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at [U] = 2–50 mg L− 1 with polymer dosages of 0.1, 0.5, and 1 g L− 1 (the 
latter covering [U] = 20–75 mg L− 1), whereas polymer IV was evaluated 
at [U] = 20–75 mg L− 1 and 1 g L− 1 polymer. I-A was not tested due to its 
low affinity for U observed in previous kinetics studies.

2.6.3. Desorption
After the filtration experiments, a small amount of concentrated ni

tric acid 67–69 % or sulfuric acid 96–98 % was spiked into the seawater 
retentate, then the filtration was conducted with the retentate in closed 
cycle to evaluate the desorption of U from the U–polymer complexes in 
acidic environments. Spiking with concentrated strong acid was per
formed without damaging the membrane, as inorganic membranes can 
withstand pH extremes ranging from 0 to 14. The recovery of the 
permeate and retentate was performed after 2 h of filtration. The sche
matic presentation is shown in Fig. S.4.

To obtain the best desorption of U, the following experiments were 
performed: 

(a) retentates with different polymers were doped with concentrated 
nitric acid to estimate the desorption of U by HNO3 at 0.1 mol 
L− 1;

(b) retentates with I-B were doped with different amounts of 
concentrated nitric acid to estimate the effect of nitric acid con
centration on the desorption;

(c) retentates with different polymers were doped with different 
amount of concentrated nitric acid to estimate the effect of nitric 
acid concentration on the desorption;

(d) retentates with different polymers were doped with different 
amount of concentrated sulfuric acid to estimate the effect of 
sulfuric acid concentration on the desorption.

The experimental desorption conditions are shown in Table S.6.

3. Results and discussion

3.1. Hydrophilic polymer selection

The phosphonate-based ligands have a strong affinity for uranium, 
and they have been applied in uranium separation by adsorption 
[81–84], the modified water-soluble polymers and copolymers based on 
phosphoric acid ligands are thus promising for the uranium chelation 
and the application in the complexation assisted ultra/nanofiltration.

Phosphonic acids (R-PO3H2) are diprotic, with pKₐ₁ ≈ 2–3 and pKₐ₂ 
≈ 6–7 [85]. Above pH 2, the first proton dissociates, imparting a 
negative charge that enhances electrostatic attraction to metal cations 
and increases polymer hydrophilicity, thereby accelerating sorption. 
Between pH 2 and pH 7 (i.e., between pKₐ₁ and pKₐ₂), phosphonic acid 
moieties act both as chelating ligands forming coordination complexes 
and as polyelectrolytes providing electrostatic interactions, resulting in 
dual sorption mechanisms. Above pH 7, both protons are dissociated and 
sorption is dominated by electrostatic binding of U(VI) species. Below 
pH 2, the phosphonic groups remain protonated and sorption relies 
solely on coordination bonds, although overall capacity decreases due to 
proton competition [85]. Previous studies confirm the high affinity of 
phosphonic functionalities for uranium. Prabhakaran et al. reported a 
maximum U(VI) uptake of 1.38 mmol g− 1 on a phosphonic-derivatized 
resin [86], while Vasudevan et al. demonstrated effective seawater U 
(VI) recovery using cross-linked methacrylate membranes bearing both 
sulfonic and phosphoric groups [87]. These polymers were selected for 
their performances in uranium decontamination with the same princi
ples published in the works of A. Graillot et al [88,89].

The synthetized polymers (I, II) can form gels. The gelation is caused 
by the loss of water solubility of their heat sensitive (initially hydro
philic) part, which occurs above a certain threshold temperature, called 
the lower critical solubility temperature (Lower Critical Solution Tem
perature or LCST). Above this temperature, the polymer-solvent 

interactions (hydrogen bonds formed between the polar parts of the 
polymer and the water) are unfavourable and the macromolecules 
aggregate to cause phase separation. The value of the LCST depends on 
the nature of the polymer. It is typically around 32 ◦C for poly(NiPAAM), 
the heat sensitive part of the copolymers of I and II.

Poly(ethylene glycol) functionalized with bis(phosphonic acid) 
moieties (III) is anticipated to exhibit strong U(VI) complexation due to 
its high density of phosphonic acid groups, which are known to bind 
uranyl ions with high affinity [72,90–92]. Similarly, catechol-based li
gands (IV) form exceptionally stable complexes with U(VI), with re
ported formation constants on the order of 1014 [93], making catechol- 
terminated polymers promising candidates for selective uranium 
capture.

3.2. Rejection kinetics

The time required to achieve optimal uranium selectivity varies 
among polymers, reflecting differences in polymer–U complexation ki
netics. During each filtration run, retentate and permeate samples were 
collected at 30 min intervals up to 3.5 h, the rejection of uranium and 
competing salts were determined. Conditions for each polymer, 
including uranium and polymer concentration, membrane MWCO, are 
detailed in Table 1. Fig. 3(a-f) and Table S.8 show the rejection profiles 
of uranium and metal ions for all six polymers, enabling direct com
parison of their selectivity dynamics.

Complexation-assisted filtration trials were performed using Medi
terranean seawater spiked with 20 mg L− 1 U (VI) to assess each poly
mer’s uranium-binding efficiency and its selectivity over competing 
cations. Table 2 summarizes the kinetic results, reporting for each 
polymer the time at which the U/Na separation factor peaked, together 
with the corresponding rejection percentages for U and other salts. 
Separation factors, SF(U/metal), were calculated as the ratio of distribu
tion coefficients, Kd(U) and Kd(metal). 

SF(U/metal) =
Kd(U)

Kd(metal)
(2) 

Kd is calculated with the formula: 

Kd =
mi − mf

mf
×

Vp

mp
(3) 

with mi and mf respectively the initial and final mass of uranium in 
permeate, Vp the volume of permeate, mp the mass of polymer.

With no polymer present, membranes reject essentially 0 % of all 
metal ions in seawater (Fig. 3) [44]. Introducing a chelating polymer 
dramatically boosts uranium rejection by steric exclusion—regardless of 
how many binding sites or what net charge the U–polymer complex 
carries—because the polymer’s molecular weight always exceeds the 
membrane’s MWCO. Moreover, at seawater salinity (35 g L− 1), elec
trostatic effects are fully screened, so rejection directly reflects the 
fraction of metal ions bound to polymer. By “enlarging” uranium into 
high-molecular-weight complexes, hydrophilic polymers achieve selec
tive separation. 1 kDa membrane paired with a 2 kDa polymer or a 5 kDa 
membrane with a 40 kDa polymer both exploit this steric mechanism, 
although the 5 kDa system offers higher flux and lower fouling. Fig. 3(a) 
shows that with polymer I-A (1 g L− 1) and U at 20 mg L− 1, uranium 
rejection initially spikes to 95 % after 30 min, then falls to 54 % at 60 
min and stabilizes around 40 % after 2 h, other salts follow a similar 
decline to 20–40 %. This limited performance stems from the fact that I- 
A hass relatively few alendronate complexing sites. As shown in Fig. S.7, 
under the defined “solution 1” conditions (20 mg L− 1 U, 35 g L− 1 NaCl, 
0.84 g L− 1 NaHCO₃), polymer I-B at 1 g L− 1 achieved ~96 % U rejection 
and ~ 6 % Na rejection. This corresponds to a separation factor SF(U/ 
Na) of 432. Despite the more complex ionic composition of natural 
seawater, I-B delivered even higher uranium-to-salt selectivity, when 
applied to it, underscoring its robustness in realistic matrices. Fig. 3(b) 
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demonstrates that polymer I-B (1 g L− 1) maintains ~96 % uranium 
rejection for3.5 h, while the rejection of Na+, K+, Ca2+, and Mg2+

decrease from ~60 % to <5 %. The higher density of phosphonate sites 
in I-B thus delivers excellent selectivity, overcoming the hindrance of 
high ionic strength through steric exclusion alone [44]. In complex 
seawater, the uranium–phosphonate chelation system benefits from 

several synergistic effects that amplify the U/Na selectivity compared to 
a simple NaCl–HCO₃− solution. First, the multitude of weakly coordi
nating ions (K+, Mg2+, Ca2+, and trace metals) “share” low-affinity 
binding sites, so Na+ occupies fewer sites by mass action, leaving 
more high-affinity sites available for UO₂2+. Second, divalent cations 
and additional monovalent ions distort the local ion atmosphere at the 
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Fig. 3. Filtration assisted by complexation of (a) Mediterranean seawater spiked with 20 mg L− 1 of uranium with I-A of 1 g L− 1; (b) Mediterranean seawater spiked 
with 20 mg L− 1 of uranium with I-B of 1 g L− 1; (c) Mediterranean seawater spiked with 20 mg L− 1 of uranium with II-A of 1 g L− 1; (d) Mediterranean seawater spiked 
with 2 mg L− 1 of uranium with II-B of 0.1 g L− 1; (e) Mediterranean seawater spiked with 20 mg.L− 1 of uranium with III of 2 g L− 1; (f) Mediterranean seawater spiked 
with 20 mg L− 1 of uranium with IV of 2 g L− 1.
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polymer interface, effectively reducing the concentration of Na+ near 
the binding sites and further limiting its weak association. Third, high 
Mg2+/Ca2+ concentrations induce polymer chain collapse or aggrega
tion via charge screening and cross-linking. This results in a tighter 
network in which only strongly binding, multidentate UO₂2+ species can 
penetrate and coordinate. Consequently, the sodium ability to “soak up” 
polymer sites is significantly reduced, allowing uranium to predomi
nantly occupy the available phosphonate groups and driving the SF(U/ 
Na) in real seawater to values that are an order of magnitude higher than 
in binary NaCl–HCO₃− media.

The kinetics of uranium and salt rejection by polymer II-A (1 g L− 1) 
at 20 mg L− 1 U in seawater are shown in Fig. 3(c). Both uranium and 
competing salts reached peak rejections of 90 % and 40 % respectively 
within the first 30 min, then declined to steady values by 2 
h—approximately 75 % for U and below 10 % for salts. Optimal selec
tivity (U rejection ≈75 %; salts <10 %) occurred at 2 h and persisted 
through 3.5 h. Fig. 3(d) presents the rejection profile for polymer II-B, 
tested at 0.1 g L− 1 with 2 mg L− 1 U. Uranium rejection fell from 90 % at 
30 min to 73 % at 1.5 h and stabilized around 75 % until 2 h, before 
dropping to 58 % by 3.5 h. This lower performance relative to I-B likely 
reflects the reduced polymer and uranium concentrations. In experi
ments for sorption capacity determination, however, 0.5 g of II-B with 
20 mg L− 1 U in 1 L of seawater achieved 96 % rejection, comparable to I- 
B, confirming the efficacy of the alendronic acid functionality.

At a polymer loading of 2 g L− 1 and U(VI) concentration of 20 mg L− 1 

in seawater, polymer III achieved 94 % uranium rejection within the 
first 30 min. Optimal selectivity (93 % U versus <11 % rejection of other 
salts) was reached after 2 h of filtration (Fig. 3(e)). Under identical 
conditions, polymer IV delivered 78 % U rejection and <2 % rejection of 
competing ions at 2 h; however, Mg2+ rejection rose to 47 % by 3.5 h 
(Fig. 3(f)).

Among all hydrophilic polymers tested, I-B showed the highest 
uranium affinity and selectivity in high-salinity seawater, achieving 96 
% U rejection while limiting monovalent and divalent salt rejection to 
below 5 % (1 g L− 1 polymer, 20 mg L− 1 U). Its separation factors for U/ 
Na+, U/K+, U/Mg2+, and U/Ca2+ were 6856, 665, 1223, and 438, 
respectively. In contrast, I-A exhibited poor selectivity (SF(U/Na+) = 35; 
SF(U/Mg2+) = 2).

At a polymer concentration of 2 g L− 1 and U at 20 mg L− 1 in 
seawater, polymer III reached 94 % uranium rejection within the first 
30 min, with optimal selectivity, 93 % U versus <11 % other salts, 
observed after 2 h of filtration (Fig. 3(e)). Under the same conditions, 
polymer IV achieved 78 % U rejection and <2 % rejection of competing 
salts at 2 h. However, Mg2+ rejection increased to 47 % by 3.5 h (Fig. 3
(f)).

Upon introduction of polymers into the uranium-spiked seawater, 
membrane rejection exhibits a characteristic two-stage profile (Fig. 3). 

In the initial 30 min, all polymers form large, polymer–ion assemblies, 
either strong U(VI) chelates or weaker complexes with Na+, K+, Ca2+, 
and Mg2+ which exceed the membrane MWCO, resulting in high rejec
tion of uranium (80–95 %) and substantial co-rejection of competing 
salts (20–60 %) because they’re swept up in the polymer matrix or in the 
nascent fouling layer. As filtration proceeds beyond 1 h, weaker poly
mer–salt interactions desorb or permeate, while the robust U–polymer 
chelates remain oversize and continue to be sterically excluded. 
Consequently, monovalent and divalent salt rejection steadily falls 
below 10 %, whereas uranium rejection stabilizes at a high level (75–96 
%), with the exact value dictated by the chelator’s binding density and 
affinity. For example, I-B and II-A maintain >90 % U rejection and < 5 
% salt rejection after 3.5 h, reflecting their strong phosphonate and 
alendronic acid functionalities, whereas lower-density polymers (e.g., I- 
A, IV) show a gradual decline in U retention as binding sites saturate or 
polymers shear from the membrane surface. This two-stage behavior 
underscores the necessity of at least 1.5–2 h of operation to achieve good 
uranium selectivity, highlighting the critical role of high-affinity, high- 
molecular-weight chelators in overcoming seawater’s ionic complexity. 
In an open-cycle UF/NF industrial setup, where feed continuously enters 
and permeate and retentate streams are drawn off without being recycle 
back to the feed tank, U(VI) bound to the polymer is completely rejected 
by the membrane and accumulates in the retentate. Conversely, 
uncomplexed salts freely permeate and are collected in the permeate 
stream. Over time, this separation mechanism progressively enriches U 
in the retentate, achieving significantly elevated U concentrations while 
maintaining low salt content.

3.3. Sorption capacity

It is particularly important to evaluate the sorption capacity of the 
polymers in order to scale up the filtration process to an industrial scale. 
However, on a laboratory scale, it is challenging to continuously pump 
seawater through a small filtration system with a feed tank of 1 L. 
Despite the limitation, sorption capacity can be estimated by filtering 
seawater with a fixed quantity of polymer while continuously doping U 
into the feed seawater to simulate the introduction of U from a new 
seawater source. This filtration procedure has various advantages. 
Firstly, the continuous filtration mimics real industrial conditions where 
sea waves come to the filtration membrane. Secondly, maintaining a 
fixed polymer concentration throughout thefiltration process is benefi
cial to economize polymer.

Fig. 4 presents representative sorption-capacity experiments, 
showing uranium rejection and corresponding sorption capacity as a 
function of initial U concentration. Complete datasets for all sorption- 
capacity trials are available in the Supporting Information (Tables S.9, 
S.10, S.11 and Figs. S.8 to S.12). Under seawater conditions, yellow- 

Table 2 
Rejection of U with each polymer at the steady state of filtration in the kinetics study with seawater spiked with U at 20 mg L− 1.

Polymer Without polymer [44] I-A I-Ba I-B II-A II-B III IV

Molar mass (g mol− 1) – 31,400 36,300 36,300 42,200 47,150 2200–2285 2000–2100
[Polymer] (g L− 1) – 1 1 1 1 0.1 2 2
tmax (h) – 1.5 1 3.5 3.5 1.5 2 2
RE (U) (%) 0 52.1 96.3 95.7 72.9 72.6 93.2 77.6
RE (Na) (%) 0 3.0 5.7 0.3 0.7 4.4 4.5 0.7
RE (K) (%) 0 2.3 – 3.2 3.5 5.6 3.9 1.2
RE (Mg) (%) 0 40.6 – 1.8 6.4 0.4 10.7 1.6
RE (Ca) (%) 0 6.9 – 4.8 4.7 8.4 5.6 0.2
SFmax (U/Na) 1 35 432 6856 363 61 289 488
SFmax (U/K) 1 45 – 665 75 47 341 280
SFmax (U/Mg) 1 2 – 1223 39 790 114 215
SFmax (U/Ca) 1 15 – 438 54 31 234 1603

tmax denotes the filtration time at which the U/Na separation factor reaches its maximum.
RE represents the rejection efficiency of the specified metal ion at tₘₐₓ.
SFmax is the highest separation factor achieved during the filtration experiment.

a Experiment was conducted with the solution 1; all the other experiments were conducted with seawater doped with U at 20 mg L− 1.
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Fig. 4. (a) Rejection of U and sorption capacity Qe(U) by UF/NF assisted by polymer I-B (C = 1 g L− 1) as a function of uranium concentration (20 to 75 mg L− 1); (b) 
Rejection of U and sorption capacity Qe(U) by UF/NF assisted by polymer I-B (C = 0.06 g L− 1) as a function of uranium concentration (2 to 50 mg L− 1); (c) Rejection 
of U and sorption capacity Qe(U) by UF/NF assisted by polymer II-A (C = 0.5 g L− 1) as a function of uranium concentration (20 to 75 mg L− 1); (d) Rejection of U b 
and sorption capacity Qe(U) y UF/NF assisted by polymer II-B (C = 0.06 g L− 1) as a function of uranium concentration (2 to 50 mg L− 1); (e) Rejection of U and 
sorption capacity Qe(U) by UF/NF assisted by polymer III (C = 0.5 g L− 1) as a function of uranium concentration (2 to 50 mg L− 1); (f) Rejection of U and sorption 
capacity Qe(U) by UF/NF assisted by polymer IV (C = 1.0 g L− 1) as a function of uranium concentration (20 to 75 mg L− 1).
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green precipitation showed when U concentration surpassed 75 mg L− 1. 
However, in the experiment with II-B, no precipitation occured even 
when Cf reached to 175 mg L− 1. When precipitates were present, sorp
tion capacity was no longer measurable. These precipitates could consist 
of various minerals such as UO2CO3, (Na, Ca, Mg)-UO2-CO3⋅xH2O, 
including Liebigite (Ca2(UO2)(CO3)3⋅10H2O), Swartzite (CaMg(UO2) 
(CO3)3⋅12H2O), Bayleyite (Mg2(UO2)(CO3)3⋅18H2O), or Andersonite 
(Na2Ca(UO2)(CO3)3⋅6H2O) [94].

The sorption capacity is calculated with the following formula: 

Qe =
mr

mp
(4) 

where mr is the mass of uranium rejected (uranium complexed with 
polymer) in the filtration experiment, and mp is the mass of polymer 
added to the seawater.

Figs. S.8 to S.12 gather the uranium uptake (Qe) versus residual 
concentration (Ce) plots for every polymer–dose combination and su
perimposes the Langmuir (L) and Freundlich (F) regressions. The fit 
statistics are compiled in Tables S. 9, S. 10 and S. 11, only one set of 
values is quoted when R2

L and R2
F differ by <0.03, otherwise the better 

model is highlighted.
Both I-B and II-B complex U(VI) through the same alendronate 

(ALNAm) groups, which allows complexation through coordination 
(P––O functions) or ion exchange (hydroxyl functions carried by the P- 
O-H through a proton exchange against a metal cation) [95], but their 
distinct architectures yield markedly different sorption behaviors. In II- 
B, the alendronate (ALNAm) units are sequestered within a hydrated, 
brush-like shell that remains fully accessible under crossflow, enabling 
sustained, high-capacity uranium uptake. The high local ligand density 
and full hydration minimise steric hindrance, giving the highest vali
dated capacity (496 mg g− 1 at 0.50 g L− 1) with matching Langmuir/ 
Freundlich quality (RL

2 = 0.94, RF
2 = 0.96), indicating a quasi- 

homogeneous population of bis-phosphonate sites in the NAM/ 
ALNAm hydrated shell, achieving the best experimentally confirmed 
capacity in this study. At 0.08 g L− 1 the shell is still unsaturated, Qe 
climbs from 113 to 382 mg g− 1 while Ce increases only four-fold, forcing 
the Langmuir asymptote out to 2.7 g g− 1. This value therefore represents 
the theoretical potential rather than a practical design figure. A dose of 
0.06 g L− 1 gives a lower plateau (289 mg g− 1) and poorer fits (R2

L =

0.76), because the last two points were still approaching equilibrium at 
the 4 h mark. In I-B, the same ALNAm units are randomly distributed 
along the NAM backbone. Random NAM/ALNAm scatters the ligand 
along the chain, the spatial density is lower and after a few phosphonate 
groups chelate UO₂2+ the coil collapses locally, the macromolecule 
collapses around the metal ion, sterically shielding the remaining sites. 
Consequently, I-B saturates at ≈310 mg g¡1 even with 1 g L− 1 polymer, 
though the affinity remains excellent (b = 2.5 × 10− 2 L mg− 1), con
firming that statistical dispersion of ALNAm lowers the site density yet 
leaves the intrinsically strong U–phosphonate bond intact. Reducing the 
dose to 0.06 g L− 1 inflates the apparent affinity to 1.8 L mg− 1 but drops 
R2

L to 0.46, clear evidence that 4 h are insufficient for full equilibration at 
such a low polymer/U ratio. Compared to II-B, the superior experi
mental capacity of I-B arises from its higher bis-phosphonate site density 
(0.364 vs. 0.280 g site g− 1 polymer) and the additional amide func
tionalities in II-B, which further stabilize U(VI) via solvation and met
al–oxygen coordination. The amide function in II-B also contributes to U 
complexation through solvation [96] and coordination metal-O bond 
[97], similar to alendronic acid. However, the primary complexing 
properties of these polymers are due to alendronate [98]. The perfor
mance divergence between II-B and I-B underscores the importance of 
micro-segregation of binding sites. II-A, identical to II-B except for a 
shorter NIPAAm block, reaches only 73 mg g− 1. The high Freundlich 
exponent (n = 4.4) indicates a narrow distribution of high-energy sites 
that saturate early. Increasing dose, not extending chain length, is 
therefore required to create new available sites. Polymer III presents its 

chelating ligands exclusively at the chain termini. Its plateau was 32, 65, 
and 139 mg g− 1 when the dose was respectively 0.5, 1 and 0.1 g L− 1. The 
affinity b follows the opposite trend, falling from 0.97 to 0.025 L mg− 1 as 
the few high-energy end groups become titrated. IV remains strictly 
linear over 6–25 mg L− 1 (n = 0.88), the catechol population is evidently 
too small to reveal a plateau in this concentration window.

Overall, sorption isotherms exhibiting true plateaus—namely II-A, 
II-B at 0.50 g L− 1, and III at 1 g L− 1—are best described by the Langmuir 
model, indicating a largely uniform population of high-affinity binding 
sites. In contrast, Freundlich behavior dominates at lower polymer doses 
for II-B and III, where the highest-energy sites are occupied first and 
progressively weaker interactions emerge as Cₑ increases. The equiva
lent R2 values observed for II-B at 0.08 g L− 1 and I-B at 1 g L− 1 suggest 
that, in these cases, a single sorption mechanism prevails but is super
imposed upon a modest degree of site heterogeneity.

3.4. Desorption

A pH-driven desorption step with UF/NF was implemented to 
remove uranium from the U-polymer complexes by adjusting the pH of 
the seawater retentate. In these trials, seawater retentate containing 
U–polymer complexes was acidified with 0.1 M HNO₃ (Table 3), which 
protonated the phosphonate and amide binding sites and shifted the 
complexation equilibrium, releasing UO₂2+ into solution, as evidenced 
by the reduced rejections. The acidic medium allows on one hand the 
reprotonation of the complexing functions of the hydrophilic polymers 
and on the other hand shifts the thermodynamic equilibrium of 
complexation. During the subsequent UF/NF stage, the oversized poly
mer chains were sterically retained, while liberated uranium and the 
background salts permeated the membrane (Fig. 5(a)). High seawater 
ionic strength surpassed electrical effect, ensuring that permeation was 
governed solely by molecular size.

By adding concentrated HNO3 and adjusting the concentration to 
0.1 mol L− 1 for the retentate with II-B, the rejection of U decreased to 
12.6 %, compared to its initial rejection of 97 % in the filtration- 
complexation step. For IV, U rejection dropped from 75 % to 5.9 % 
during desorption. For II-A and III, approximately 15 % of U remained 
complexed with the polymer. The U rejection of U with I-B during 
desorption was notably high at 67 %, compared to 86.1 % in the 
filtration-complexation step, indicating that only 19.5 % of the com
plexed U was released from the complex under this acidic environment 
of HNO3 at 0.1 mol L− 1. This stability suggests that increasing the acidity 
or using different acidic solutions might be necessary to dissociate more 
U from I-B.

The acid dissociation constants (pKa) of each polymer are summa
rized in Table S.5 [99–101]. The main complexing functional group for 
I-B, II-B, and II-A is alendronic acid, while phosphonic acid and catechol 
are the functional groups for III and IV, respectively. Compared to other 
polymers, the PEG-catechol system (IV) facilitates easier desorption of 
uranium, as the hydroxyl functional groups complexed with uranium are 
protonated at higher pH values, making decomplexation more efficient. 
However, these pKa values are only indicative of each polymer’s 

Table 3 
Rejection of uranium in desorption filtration of seawater spiked with HNO3 at 
0.1 mol L− 1.

Hydrophilic 
polymer

[polymer] (g 
L− 1)

[U] (mg 
L− 1)

R_ini 
(%)

R_back 
(%)

I-B 0.06 50 86.1 66.6
II-A 0.5 75 49.7 15.9
II-B 0.06 50 97.0 12.6
III 1 75 70.6 14.7
IV 2 20 75.0 5.9

R_ini: the rejection of U in the filtration experiment of kinetics or sorption ca
pacity study.
R_back: the rejection of U in the desorption filtration experiment.
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desorption ability and do not account for modifications introduced by 
grafting these functional groups onto a polymer.

To improve uranium release from I-B, desorption was performed 
across a range of nitric acid concentrations. Fig. 5(b) shows the variation 
of U rejection with [HNO₃] during desorption of a 50 mg L− 1 U solution 
at 0.06 g L− 1 I-B loading. As acidity increased, U rejection declined 
markedly, from 66 % at 0.10 M HNO₃ to 6 % at 0.86 mol L− 1—reflecting 
progressive decomplexation of UO₂2+ and effective liberation of ura
nium from the polymer matrix. The observed dependence of desorption 
efficiency on acid strength further underscores that efficient decom
plexation requires sufficient reprotonation of I-B’s alendronic acid sites. 
The same experiment was carried out on II-A, II-B and III to assess the 
impact of nitric acid concentration on U desorption. The results, 
depicted in Fig. 5(c) and detailed in Table S.7, indicate that II-A and II-B 
exhibited no significant change in U rejection even at the highest acid 
concentrations tested, indicating complete destabilization of their 
U–polymer complexes at 0.1 M HNO₃. Polymer III showed a non- 
monotonic trend, with minimum U rejection at 0.64 mol L− 1 and a 
rebound at 0.86 mol L− 1, likely an artifact of measurement variability. 
Overall, these results confirm that the I-B–uranium complex is the most 

acid-stable of those studied, requiring elevated [HNO₃] (>0.8 mol L− 1) 
for efficient decomplexation, whereas II-A, II-B, and III achieve near- 
complete U desorption at 0.1 M HNO₃.

Sulfuric acid was also assessed as an alternative desorption agent, 
whereas hydrochloric acid was avoided due to corrosion concerns with 
our stainless-steel filtration hardware [102]. Desorption trials were 
performed on seawater retentates using the polymer loadings listed in 
Table S.6 and across H₂SO₄ concentrations of 0.10 to 0.50 mol L− 1. As 
shown in Fig. 5(d) and Table S.7, U rejection by I-B declined from its 
complexation-step value as [H₂SO₄] increased to 0.25 mol L− 1, then 
plateaued between 0.25 and 0.50 mol L− 1. II-B exhibited a similar initial 
decrease in rejection up to 0.25 mol L− 1, followed by a slight rebound at 
0.50 mol L− 1. Both acids proved highly effective for uranium release 
from polymer III, yielding consistently low rejection (~10 %) regardless 
of [H₂SO₄]. Overall, sulfiuric-acid desorption (0.10–0.50 M) produced 
higher U rejections—and hence lower apparent desorption effi
ciencies—than nitric-acid elution over the comparable molarity range 
(0.32–0.86 M). From these data, we identify 0.1 M H₂SO₄ as the most 
efficient desorption condition for II-A, while II-B and I-B require 
stronger eluents: 0.32 M HNO₃ and 0.86 M HNO₃, respectively, to 
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achieve maximal uranium recovery.
Sulfuric acid was expected to facilitate U(VI) release more effectively 

than nitric acid, given the strong formation constants of uranyl–sulfate 
species (see Supporting Information). However, desorption trials 
revealed consistently higher uranium rejection, and thus lower apparent 
release with H₂SO₄ than with HNO₃ at comparable molarities. This un
expected result could be attributed to the salting out effect caused by the 
high concentration of SO4

2− . As a strong kosmotrope in the Hofmeister 
series, sulfate promotes water structuring and stabilizes intramolecular 
interactions in macromolecules, inducing collapse of the PNIPAm 
backbone in II-B [103–106]. This folding restricts access to alendronic 
acid sites, impeding their reprotonation and the subsequent liberation of 
UO₂2+. In contrast, chaotropic anions would tend to swell the polymer 
network and enhance site accessibility. Therefore, kosmotropic condi
tions, while beneficial for certain protein-stabilization applications, 
undermine the efficiency of sulfate-based desorption by reinforcing 
polymer collapse and inhibiting the decomplexation necessary for ura
nium release.

The distribution of uranium (U) species in seawater spiked with 20 
mg L− 1 U with 0.1 mol L− 1 of HNO3 and the same solution with 0.1 M 
H2SO4, simulated with PHREEQC software, is depicted in Fig. S.23(a) 
and (b), respectively. The speciation plots, although limited to inorganic 
equilibria, nevertheless offer valuable mechanistic insight. In 0.1 M 
HNO₃ (Fig. S.23(a)), approximately 59 % of dissolved uranium is pre
dicted to exist as free UO₂2+, with only ~12 % as UO₂Cl+ and ~27 % as 
UO₂SO₄. Because nitrate forms negligible uranyl complexes, these data 
imply that HNO₃ desorption proceeds primarily via protonation of the 
polymer’s phosphonate sites, releasing true UO₂2+ (or weakly coordi
nated UO₂Cl+) that then permeates the membrane. By contrast, in 0.1 M 
H₂SO₄ (Fig. S.23(b)), <15 % of uranium remains as UO₂2+, while the 
majority (~82 %) partitions into UO₂SO₄ and UO₂(SO₄)₂2− complexes. 
These small sulfate species readily traverse the membrane and indicate 
that competitive ligand substitution by SO₄2− contributes substantially 
to uranium release under acidic sulfate conditions. Moreover, the high 
sulfate concentration likely induces PNIPAm chain collapse via kosmo
tropic salting-out, further impeding proton-only decomplexation. 
Although these simulations do not include polymer–uranyl binding, 
they robustly support the conclusion that nitric-acid desorption is 
dominated by site reprotonation, whereas sulfuric-acid desorption 
combines protonation with significant uranyl–sulfate ligand exchange. 
Future work coupling inorganic speciation models with simple polymer 
binding terms, as well as post-desorption quantification of polymer- 
bound uranium (e.g., by size-exclusion chromatography), would 
enable full deconvolution of these pathways and guide optimized eluent 
design.

3.5. Blank experiments

Blank experiments were carried out to demonstrate that the high 
rejection of U under acidic conditions arises from polymer decom
plexation rather than electrostatic exclusion with polymer in seawater. 
Filtration of seawater spiked with 20 mg L− 1 UO₂2+ was performed for 4 
h on a 1 kDa membrane in the presence of either 0.1 M HNO₃ or 0.1 M 
H₂SO₄, but without polymer. Both acids yielded similar rejection: 9.2 % 
for HNO₃ and 10.5 % for H₂SO₄. These low, nearly identical values 
demonstrate that membrane charge effects are fully screened at high 
ionic strength and that residual uranium retention under acidic pH is 
negligible in the absence of polymer.

As shown in the species distribution diagram of uranium (U) species 
in seawater spiked with 20 mg L− 1 U with 0.1 M HNO3 and the same 
solution with 0.1 M H2SO4 (Fig. S.23(a) and (b)), In the nitric-acid 
system, ~60 % of dissolved uranium exists as UO₂2+, whereas in the 
sulfate system >80 % is present as UO₂SO₄ and UO₂(SO₄)₂2− . If elec
trostatic exclusion played a role, one would expect high U rejection in 
the UO₂2+-dominated nitric-acid feed and negligible rejection in the 
sulfate feed. Instead, blank filtrations yielded similarly low U rejections, 

confirming that charge effects are fully screened at seawater ionic 
strength. This indicates that any electrical effect is effectively shielded, 
consistent with findings on seawater’s high ionic strength reported 
previously [44]. In seawater adjusted to 0.1 M HNO₃ or H₂SO₄, the 
addition of polymer elevates uranium rejection (>60 % for I-B), 
compared to only ~10 % rejection in polymer-free controls under 
identical conditions. This stark contrast confirms that electrostatic ef
fects are negligible at high ionic strength, and that uranium retention 
arises from steric exclusion of the high-molecular-weight U–I-B 
complex.

In summary, uranium desorption from the U–polymer complex is 
achieved by acidifying the retentate with a concentrated acid. While 
both HNO₃ and H₂SO₄ can effectively reprotonate binding sites and 
release U(VI), the choice of acid requires careful consideration of 
operational constraints. In particular, HNO₃ is generally favored in 316 L 
stainless-steel systems due to its substantially lower long-term corrosion 
risk relative to H₂SO₄ [107–109]. Importantly, the strong acid eluent 
does not compromise membrane integrity or polymer functionality. 
However, preliminary polymer-regeneration trials (Supporting Infor
mation) have highlighted corrosion issues in our 316 L stainless-steel 
filtration rig, likely exacerbated by repeated exposure to seawater, 
ageing materials, and the use of highly acidic desorption solutions.

4. Conclusions and perspectives

This study explores the feasibility of using inorganic membranes for 
separating or concentrating uranium from seawater through ultra/ 
nanofiltration-complexation processes facilitated by hydrophilic poly
mers featuring different complexing functional groups (alendronic acid, 
bis(phosphonic acid), catechol). It encompasses investigations into 
rejection kinetics, sorption capacities, and the subsequent desorption of 
uranium. Key findings include the identification of steric repulsion as 
the primary mechanism driving uranium rejection in complexation- 
assisted filtration. At seawater ionic strength (35 g L− 1), electrostatic 
exclusion is negligible. Instead, high-molecular-weight U–polymer as
semblies are sterically retained (up to 96 % U rejection), while Na+, K+, 
Ca2+ and Mg2+ pass through (<5 % rejection). The selection of hydro
philic polymers with high uranium sorption capacities proves crucial for 
effective separation. Among the six polymers tested, I-B and II-B, exhibit 
exceptional performance, achieving maximum sorption capacities 
exceeding 200 mg U/g polymer and remarkably high uranium-to-salt 
separation factors (SF(U/Na) > 6000 for I-B). Polymers III and IV also 
demonstrate high uranium-to-salt separation factors. Concentrated 
HNO₃ (0.1–0.86 M) or H₂SO₄ (0.1–0.5 M) reprotonates the chelating 
sites and release UO₂2+ into the permeate without damaging the integ
rity of the inorganic membrane. HNO₃ is preferred in 316 L stainless 
steel systems due to lower corrosion risk. While our laboratory results 
demonstrate the technical feasibility and high selectivity of polymer- 
assisted UF/NF for uranium recovery from seawater, comprehensive 
techno-economic and environmental assessments are still needed. 
Future work will include pilot-scale trials to gather real-world data on 
polymer and membrane consumption, energy and acid usage, and pro
cess yields. In summary, with its high efficiency and easy feasibility, the 
complexation-assisted filtration process is promising for uranium pre- 
concentration from seawater due to its high efficiency and ease of 
implementation, thereby streamlining subsequent concentration steps.

Despite the promising results obtained under controlled laboratory 
conditions, several critical challenges must be addressed before the 
technology can be considered viable for industrial-scale 
implementation.

One of the foremost challenges is demonstrating trace-level perfor
mance in natural seawater. While laboratory experiments often rely on 
artificially spiked uranium concentrations at the milligram-per-liter 
level, real-world applications must contend with the much lower natu
ral uranium concentration of approximately 3.3 μg L− 1. Therefore, it is 
essential to conduct adsorption trials across a realistic concentration 
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range (1–100 μg L− 1), using inductively coupled plasma mass spec
trometry (ICP-MS) for precise quantification. These trials will provide 
more accurate adsorption isotherms, including maximum adsorption 
capacity (Qₘₐₓ) and binding affinity, as well as separation factors (SF) in 
the presence of competing ions such as calcium, magnesium, iron, mo
lybdenum, vanadium, and various organic fragments. This approach 
will help identify any overestimations of selectivity that may have 
occurred under simplified laboratory conditions.

Another key consideration is the long-term operational stability of 
the system. Continuous ultrafiltration (UF) and nanofiltration (NF) ex
periments extending beyond 24 h are necessary to evaluate the dura
bility of the polymer materials, the extent of flux decline, and the 
susceptibility of membranes to fouling under realistic feed conditions. 
Monitoring the retention of adsorption capacity and any drift in rejec
tion performance over multiple days will provide critical insights into 
the frequency of cleaning cycles, the need for polymer re-dosing, and the 
design of filtration modules for sustained operation.

The purity of the recovered uranium is also a major concern, 
particularly with respect to downstream processing. During acid elution, 
it is important to quantify the co-desorption of vanadium, iron, and 
organic fragments using ICP-MS and total organic carbon (TOC) anal
ysis. To achieve nuclear-grade uranium purity, it may be necessary to 
integrate secondary purification steps such as selective precipitation, ion 
exchange, or a tightly configured NF/reverse osmosis (RO) cascade 
following the initial desorption process.

Cyclability and material durability must also be rigorously tested. 
Performing at least five consecutive adsorption–desorption cycles under 
seawater conditions will help assess the retention of adsorption capacity 
and rejection efficiency. Complementary analytical techniques such as 
Fourier-transform infrared spectroscopy (FTIR), thermogravimetric 
analysis (TGA), and scanning electron microscopy (SEM) should be 
employed to detect any chemical or mechanical degradation of the 
polymer and membrane materials over time.

Environmental and regulatory compliance is another essential 
aspect. The biodegradability of the polymer should be evaluated ac
cording to OECD 301B guidelines, which require at least 60 % miner
alization within 28 days. In addition, both acute (48-hour LC₅₀) and 
chronic ecotoxicity tests should be conducted across multiple trophic 
levels to assess the environmental impact of polymer residues. Identi
fying and tracking the major breakdown products of the polymer will be 
crucial for defining safe discharge limits and obtaining regulatory 
approval.

From an economic perspective, a comprehensive techno-economic 
model must be developed to compare the UF/NF–complexation 
approach with alternative uranium recovery methods, such as 
amidoxime-functionalized fibers and electrochemical extraction. This 
model should account for all relevant cost factors, including polymer 
synthesis, acid consumption, membrane replacement, energy re
quirements, and waste treatment. Identifying the primary cost drivers 
and benchmarking against the target cost of $80–100 per kilogram of 
uranium will be essential. Additionally, life cycle cost (LCC) modeling 
and life cycle assessment (LCA) studies should be conducted to quantify 
resource consumption, emissions, and the overall environmental foot
print of the process.

Scaling up the process presents further challenges, particularly in 
ensuring homogeneous polymer dispersion and efficient mass transfer in 
large volumes ranging from 10 to 100 tons. Computational fluid dy
namics (CFD) simulations and pilot-scale trials should be used to opti
mize mixing strategies, contact times, and the configuration of 
continuous feed–permeate–retentate loops. In-situ polymer recovery 
methods, such as thermally triggered gelation, should also be explored 
to enhance process efficiency.

Finally, the risk of biofouling must be thoroughly assessed. Real 
seawater trials should be conducted to monitor microbial colonization 
and biofilm formation on UF/NF membranes. Quantifying the resulting 
losses in flux and rejection performance will inform the development of 

mitigation strategies, which may include periodic backwashing, ultra
violet (UV) pretreatment, or the application of antimicrobial coatings.

By systematically addressing these multifaceted challenges, 
complexation-assisted UF/NF technology can progress from a promising 
proof-of-concept to a robust, scalable, and sustainable solution for ura
nium recovery from seawater. Moreover, the insights gained through 
this development process may also facilitate the extraction of other 
critical metals from high-salinity streams.
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seawater: fractionation of mono-and multi-valent cations, Desalination 140 
(2001), https://doi.org/10.1016/S0011-9164(01)00355-1.

[50] S. Mimoune, F. Amrani, Experimental study of metal ions removal from aqueous 
solutions by complexation-ultrafiltration, J. Membr. Sci. 298 (2007) 92–98, 
https://doi.org/10.1016/j.memsci.2007.04.003.

[51] B.Ya. Spivakov, K. Geckeler, E. Bayer, Liquid-phase polymer-based retention — 
the separation of metals by ultrafiltration on polychelatogens, Nature 315 (1985) 
313–315, https://doi.org/10.1038/315313a0.

[52] B.L. Rivas, E.D. Pereira, M. Palencia, J. Sánchez, Water-soluble functional 
polymers in conjunction with membranes to remove pollutant ions from aqueous 
solutions, Prog. Polym. Sci. Oxf. 36 (2011) 294–322, https://doi.org/10.1016/j. 
progpolymsci.2010.11.001.

[53] B.L. Rivas, S.A. Pooley, E.D. Pereira, R. Cid, M. Luna, M.A. Jara, K.E. Geckeler, 
Water-soluble amine and imine polymers with the ability to bind metal ions in 
conjunction with membrane filtration, J. Appl. Polym. Sci. 96 (2005) 222–231, 
https://doi.org/10.1002/app.21425.

[54] S. Verbych, M. Bryk, M. Zaichenko, Water treatment by enhanced ultrafiltration, 
Desalination 198 (2006) 295–302, https://doi.org/10.1016/j.desal.2005.12.029.

C. Xing et al.                                                                                                                                                                                                                                     Desalination 613 (2025) 119083 

13 

https://doi.org/10.1515/ract-2016-2643
https://doi.org/10.1039/c3dt50863c
https://doi.org/10.1021/acs.chemrev.7b00355
https://doi.org/10.1021/acs.chemrev.7b00355
https://doi.org/10.1016/j.eneco.2015.01.016
https://doi.org/10.1016/j.eneco.2015.01.016
https://doi.org/10.1016/j.jhazmat.2024.135784
https://doi.org/10.1016/j.jhazmat.2024.135784
https://doi.org/10.1016/j.ijbiomac.2023.124074
https://doi.org/10.1016/j.ijbiomac.2023.124074
https://doi.org/10.1021/acs.iecr.5b03742
https://doi.org/10.1016/j.jcis.2018.09.009
https://doi.org/10.1021/acs.iecr.5b03210
https://doi.org/10.1021/acs.iecr.5b03210
https://doi.org/10.1016/j.pnucene.2019.103170
https://doi.org/10.1039/c9cc09936k
https://doi.org/10.1039/c5ta02863a
https://doi.org/10.1021/ie4039828
https://doi.org/10.1021/acs.iecr.5b03267
https://doi.org/10.1021/acs.iecr.5b03267
https://doi.org/10.1016/j.seppur.2023.125721
https://doi.org/10.1021/acs.iecr.0c01573
https://doi.org/10.1021/acs.iecr.0c01573
https://doi.org/10.1021/acs.iecr.6b05006
https://doi.org/10.1021/acs.iecr.6b05006
https://doi.org/10.1007/s41365-019-0543-0
https://doi.org/10.1007/s41365-019-0543-0
https://doi.org/10.1039/c9ta14082d
https://doi.org/10.1039/c9ta14082d
https://doi.org/10.1081/SS-200042529
https://doi.org/10.1081/SS-200042529
https://doi.org/10.1016/j.jenvman.2021.112925
https://doi.org/10.1016/j.jiec.2019.01.045
https://doi.org/10.1016/j.seppur.2022.122161
https://doi.org/10.1016/j.seppur.2022.122161
https://doi.org/10.1016/j.jclepro.2018.05.077
https://doi.org/10.1016/j.desal.2018.01.007
https://doi.org/10.1016/j.desal.2018.01.007
https://doi.org/10.1007/s11157-021-09570-4
https://doi.org/10.1016/j.desal.2021.115510
https://doi.org/10.1081/SS-100102949
https://doi.org/10.1016/j.memsci.2009.10.034
https://doi.org/10.1016/j.memsci.2009.10.034
https://doi.org/10.1023/A:1015075101632
https://doi.org/10.1023/A:1015075101632
https://doi.org/10.1016/J.CRCI.2007.01.012
https://doi.org/10.1016/j.memsci.2005.05.022
https://doi.org/10.1016/j.memsci.2005.05.022
https://doi.org/10.1080/07366299.2014.974449
https://doi.org/10.1016/j.watres.2007.08.034
https://doi.org/10.1021/ie030157a
https://doi.org/10.1016/j.seppur.2023.123543
https://doi.org/10.1016/0376-7388(96)00007-5
https://doi.org/10.1016/S0376-7388(02)00387-3
https://doi.org/10.1016/S0376-7388(02)00387-3
https://doi.org/10.1016/j.memsci.2010.11.069
https://doi.org/10.1016/j.memsci.2010.11.069
https://doi.org/10.1016/j.memsci.2020.118452
https://doi.org/10.1016/j.memsci.2020.118452
https://doi.org/10.1016/S0011-9164(01)00355-1
https://doi.org/10.1016/j.memsci.2007.04.003
https://doi.org/10.1038/315313a0
https://doi.org/10.1016/j.progpolymsci.2010.11.001
https://doi.org/10.1016/j.progpolymsci.2010.11.001
https://doi.org/10.1002/app.21425
https://doi.org/10.1016/j.desal.2005.12.029


[55] S. Verbych, M. Bryk, A. Alpatova, G. Chornokur, Ground water treatment by 
enhanced ultrafiltration, Desalination 179 (2005) 237–244, https://doi.org/ 
10.1016/j.desal.2004.11.070.

[56] R. Molinari, S. Gallo, P. Argurio, Metal ions removal from wastewater or washing 
water from contaminated soil by ultrafiltration-complexation, Water Res. 38 
(2004) 593–600, https://doi.org/10.1016/j.watres.2003.10.024.

[57] R. Molinari, P. Argurio, T. Poerio, Ultrafiltration of polymer-metal complexes for 
metal ion removal from wastewaters, Macromol. Symp. 235 (2006) 206–214, 
https://doi.org/10.1002/masy.200650325.

[58] S. Mimoune, R.E. Belazzougui, F. Amrani, Purification of aqueous solutions of 
metal ions by ultrafiltration, Desalination 217 (2007) 251–259, https://doi.org/ 
10.1016/j.desal.2007.01.016.

[59] A. Kryvoruchko, L. Yurlova, B. Kornilovich, Purification of water containing 
heavy metals by chelating-enhanced ultrafiltration, Desalination 144 (2002) 
243–248, https://doi.org/10.1016/S0011-9164(02)00319-3.

[60] A. Sorin, S. Pellet-Rostaing, A. Favre-Reguillon, M. Lemaire, Cs+/Na+ separation 
by nanofiltration-complexation with resorcinarene, Sep. Sci. Technol. 39 (2004) 
2577–2595, https://doi.org/10.1081/SS-200026721.

[61] S. Pellet-Rostaing, F. Chitry, J.A. Spitz, A. Sorin, A. Favre-Réguillon, M. Lemaire, 
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