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ABSTRACT: In this study, polydopamine@phosphotungstic acid
composite microspheres for efficient uranium adsorption were
successfully prepared through the in situ copolymerization of dopamine i T ovdave  PDA@PW,,
and phosphotungstic acid. Characterization results showed that the % @ — %
incorporation of phosphotungstic acid inhibited the agglomeration of PW ’ T
polydopamine and increased the specific surface area to 48.07 m%g
while simultaneously generating W*" active species through electron
transfer. The prepared material achieved a maximum uranium
adsorption capacity of 720.1 mg/g at pH = 5 and 318 K, with the
adsorption following the pseudo-second-order kinetic model and
Langmuir isotherm model, indicating spontaneous monolayer
chemisorption. Mechanistic investigations confirmed that uranium
adsorption occurred through the synergistic effect of surface
complexation with functional groups (-OH/-NH,) and the reduction of
U(VI) to U(IV) by W* species. The composite maintained 93.3%
desorption efficiency after five adsorption—desorption cycles and
exhibited excellent selectivity toward U(VI). Thus, this work provides a
promising strategy for the development of high-performance uranium
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1 Introduction

Global energy demand steadily rises alongside the accelerated
transition to carbon neutrality, positioning nuclear power as an
increasingly prominent strategic, clean, and efficient base-load
energy source [1]. Uranium serves as a key element for nuclear
power generation. However, uranium-containing wastewater
generated during the nuclear fuel cycle and nuclear accident
remediation poses serious threats to ecosystems and human health
because of its radioactivity and chemical toxicity [2].
Simultaneously, seawater contains approximately 4.5 billion tons of
uranium resources, making their efficient extraction strategically
important for ensuring the sustainable development of nuclear
energy [3]. Therefore, the development of highly efficient and
selective uranium adsorption technologies is crucial for
environmental remediation and resource recovery [4].
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Among various uranium separation methods, adsorption has
been extensively studied because of its operational simplicity, low
cost, and high efficiency [5, 6]. An ideal adsorbent must possess
abundant active sites, excellent mass transfer efficiency, good
selectivity, and practical applicability [7]. Polydopamine (PDA), a
biomacromolecule inspired by mussel adhesive proteins, has shown
promise in heavy metal adsorption owing to its universal substrate
modification capability, mild synthesis conditions, and abundant
catechol/amino functional groups on the surface [8]. Different PDA-
based adsorbents have already been developed through various
strategies. For instance, Huang et al. [9] have synthesized a
phosphorylated composite (U6N@phos-PDA) via the secondary
modification of PDA for uranium adsorption, whereas Hu’s team
[10] utilized PDA-modified fly ash composite electrodes to
considerably enhance uranium electrosorption capacity, achieving
uranjum adsorption capacities of 42323 and 416.96 mg/g,
respectively. These works indicate the promising application value
of PDA in uranium adsorption. However, pristine PDA materials
or their conventional composites still suffer from notable
limitations, including finite specific surface area, aggregation
tendency, and a single adsorption mechanism, which are
performance improvement bottlenecks [11].

Polyoxometalates (POMs, such as phosphotungstic acid) are a
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class of metal-oxo cluster anions with well-defined structures
[12-14]. Their high negative charge density and reversible redox
properties result in their strong coordination and reduction
capabilities toward uranyl ions (UO,*) [15, 16]. Nevertheless, the
inherent drawbacks of POMs, such as leaching in aqueous phases
and difficult recovery, remain major obstacles for their application
as adsorbents [17, 18]. Notably, although both PDA and POMs
exhibit unique advantages in uranium adsorption, to the best of our
knowledge, no studies have been reported on the preparation of
high-performance uranium adsorbents from PDA and POMs to
leverage their synergistic effects.

Herein, a novel composite material integrating PDA with POMs
is proposed for uranyl ion adsorption. The prepared adsorbent
synergistically combines the benefits of PDA and POMs, with PDA
serving as a stable carrier for POMs, preventing their leaching and
addressing recovery challenges, and providing functional groups as
additional adsorption sites [19, 20]. The incorporation of POMs
inhibited PDA agglomeration, increased specific surface area, and,
owing to their unique electron “sponge” character, potentially
induced the reductive immobilization of U(VI) via electron
transfer, thereby overcoming the limitations of conventional
adsorption mechanisms relying solely on surface complexation [21,
22]. Herein, a series of PDA@POM composite microspheres was
successfully prepared through the in situ copolymerization of
dopamine and phosphotungstic acid (H;PW,0,; PW,,), with
PDA@PW,, identified as the optimal material. Multiple
characterization techniques confirmed strong electron interactions
between PDA and PW,, with PW, acting as an “electron sponge”
to induce p-type doping in PDA and the partial reduction of W* to
W=, The U(VI) adsorption performance, selectivity, and cyclic
stability of the proposed material under various conditions were
systematically evaluated. Furthermore, adsorption experiments, X-
ray photoelectron spectroscopy (XPS), and density functional
theory (DFT) calculations revealed a dual mechanism of U(VI)
adsorption via synergistic “surface complexation” and “in situ
reduction.” Thus, the present work not only provides a new
strategy for the design of high-performance uranium adsorbents
but also fills the research gap regarding PDA-POM composites in
uranium adsorption, elucidating their interfacial electronic effects
and role in environmental remediation.

2 Materials and methods

2.1 Chemicals

Unless otherwise specified, all reagents were used as received
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Figure1 Diagrammatic sketch of the PDA@PW, fabricated.
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without further purification. Dopamine hydrochloride (98%),
PW,, uranyl nitrate hexahydrate, potassium hydroxide (KOH),
ethanol (C,H;OH), nitric acid (HNO;), hydrochloric acid (HCI),
and Arsenazo III were purchased from Macklin.

2.2 Preparation of PDA

A solution of dopamine hydrochloride (150 mg) in water (10 mL)
was prepared in a 25-mL beaker. To this solution, an aqueous
solution of KOH (42 mg in 10 mL, prepared separately in another
25-mL beaker) was added, followed by stirring for 12 h at ambient
temperature. The resulting black precipitate was collected through
filtration, thoroughly washed with deionized water and ethanol, and
dried under vacuum at 60 °C.

2.3 Preparation of PDA@PW,,

As shown in Fig. 1, dopamine hydrochloride (150 mg) was
dissolved in 10 mL of deionized water in a 25-mL beaker. To this
solution, 10 mL of an aqueous solution containing varying amounts
of PW, (37.5, 64.0, 100.0, and 150.0 mg) was added, followed by
the addition of 10 mL of an aqueous KOH solution (42 mg)
prepared separately in another 25-mL beaker. The mixture was
stirred for 12 h under a nitrogen atmosphere. The resulting green
precipitate was collected through filtration, thoroughly washed with
deionized water and ethanol, and dried under vacuum at 60 °C.
The obtained products with different PW, loadings were
designated as PDA@20%PW,,, PDA@30%PW ,, PDA@40%PW,,
and PDA@50%PW ,, respectively. Additionally, PDA composites
with different POMs were synthesized: PDA@PMo,,, PDA@P,W g,
and PDA@SiW,.

24 Batch adsorption experiments

A stock solution of U(VI) (500 mg/L) was prepared by dissolving
0.105 g of uranyl nitrate hexahydrate (UO,(NO;),6H,0O) in
approximately 20 mL of deionized water, followed by dilution to
100 mL in a volumetric flask. The solution was stored in the dark
prior to use. Working solutions of desired concentrations were
obtained via further dilution with deionized water. In batch
adsorption experiments, 10.0 mg of PDA@PW,, was added to 50.0
mL of U(VI) solution with initial concentrations of 25.0-1275.0
mg/L for adsorption kinetics tests. The solution was then
thoroughly shaken at 298 K and 150 rpm to ensure that the
adsorption equilibrium was reached. Adsorption isotherms were
measured at 298, 308, and 318 K. To investigate the effect of pH on
adsorption performance, the initial pH of the U(VI) solution was
adjusted through the addition of 0.1 mol/L HNO; or NaOH
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solutions. In the adsorption kinetics and isotherm tests, the initial
pH of all U(VI) solutions was adjusted to 5.0. Various competing
ions were quantitatively introduced into the system to study their
impact on adsorption performance and selectivity. The equilibrium
adsorption capacity for U(VI) was accurately determined by
measuring the residual concentration of U(VI) post-adsorption.

3 Results and discussion

3.1 Characterization of PDA@PW;,,

The structure and morphology of the optimized PDA@PW,,
composite (with a PW, loading of 40.0 wt.%) were characterized.
The results of scanning electron microscopy (SEM) indicated that
pristine PDA consisted of uniform agglomerated irregular particles
with an average size of approximately 300 nm (Fig. 2(a)), whereas
PDA@PW,, formed nanospherical structures with diameters of
around 4 pum (Fig. 2(b)). In this composite system, PDA functioned
as a coupling agent, providing both surface coating capability and
the ability to link PW, molecules [23]. The composite material was
synthesized through the in situ polymerization of dopamine and
PW, under stirring, where the amino and hydroxyl groups of
dopamine molecules formed hydrogen bonds with the oxygen
atoms in PW,, [24]. Despite the considerable increase in particle
size, the specific surface area of PDA@PW,, did not decrease.
Brunauer-Emmett-Teller measurements revealed specific surface
areas of 13.876 m?/g for PDA, 17.359 m*/g for PW,, and 48.069
m’/g for PDA@PW, (Fig. S1 in the Electronic Supplementary
Material (ESM)). These results were primarily attributed to the
introduction of PW ,, which effectively inhibited the agglomeration
of PDA, considerably increasing the specific surface area of the
composite material and providing more active sites for U(VI)

adsorption [25]. Furthermore, elemental maps of PDA@PW,,
indicate a homogeneous distribution of C, O, N, W, and P, further
confirming the successful preparation of the composite material
(Fig. 2(c)).

The synthesized samples were characterized using powder X-ray
diffraction (PXRD) for phase analysis. As shown in Fig. 3(a), the
characteristic diffraction peaks of PW,, agree well with both
simulated and experimental results, confirming its high phase
purity [26]. In the XRD pattern of the PDA@PW,, composite
microspheres, the characteristic peaks of PW, are clearly visible
without notable changes in position or intensity, indicating that the
crystalline structure of PW, maintained during the composite
formation, confirming the successful integration of PDA with
PW,,.

The functional group composition of the PDA@PW,, composite
material was analyzed using Fourier transform infrared (FTIR)
spectroscopy (Fig. 3(b)). The obtained spectrum indicates that the
introduction of PW,, substantially improved the infrared
absorption band profile of PDA. With increasing PW, loading, the
intensity and resolution of the characteristic PDA peaks gradually
increased, indicating that PW, promoted the formation of PDA
during composite preparation. In the FTIR spectrum of
PDA@PW ,, a series of characteristic absorption peaks for PDA are
observed at 3412 cm™ (O-H stretching of phenol and N-H
stretching), 1630 cm™ (aromatic ring stretching and N-H bending),
1518 cm™ (N-H scissoring), 1395 and 1291 cm™ (C-O-H bending
and stretching of phenol, respectively), and 1120 cm™ (C-O
vibration) [27]. These observations confirm the presence of
abundant oxygen-containing functional groups and aromatic ring
structures on the surface of PDA@PW,,. Additionally, FTIR
characterization was performed on PDA composites with different
POMs (Fig. S2 in the ESM). Characteristic absorption peaks for

Figure2 SEM images of (a) PDA and (b) PDA@PW,,. EDS mapping images of PDA@PW .
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Figure3 (a) PXRD patterns of PDA and PDA@PW . (b) FTIR spectra of PDA and PDA composites with different PW , loadings.

POMs typically appear in the region below 1150 cm™, with the
relevant peak positions clearly marked in the figure [28].

To investigate the changes in the chemical states of elements and
electronic structure during the composite formation between PDA
and PW,,, the materials were systematically characterized using
XPS. The XPS survey spectrum (Fig. S3 in the ESM) confirms the
presence of C, N, O, P, and W in PDA@PW,,, indicating the
successful preparation of the composite material. Deconvoluted C
Is spectrum (Fig. 4(a)) reveals that the characteristic peaks of
pristine PDA at 284.80, 285.98, and 289.02 eV correspond to C-C,
C-N/C-0, and C=0 bonds [29]. After composite formation, the
corresponding peaks in PDA@PW, all shifted to lower binding
energies (C-C: 284.78 eV; C-N/C-0: 285.95 eV; C=0: 288.95 eV).
Similarly, in the N 1s spectrum (Fig. 4(b)), the original PDA peaks
for =N- (399.35 eV), -NH- (400.19 eV), and -NH, (400.95 eV)

() [ros
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shifted to 398.87, 400.16, and 401.13 eV, respectively, after
compositing [30]. The O 1s spectrum (Fig. 4(c)) further indicates
the coexistence of characteristic peaks from both components in the
composite: W-O/P-O (531.31 eV) derived from PW,, and C=0
(532.20 eV) and C-O (533.45 eV) originating from PDA [21]. All
these peaks are observed at lower binding energies than those of the
individual components. The systematic decreases in the binding
energies of C, O, and N were attributed to the injection of electrons
into PW),, which functioned as an “electron sponge” storing
charge. These electrons would otherwise be released through the
reaction with oxygen during the polymerization of PDA. This
increased the electron cloud density of the PDA framework,
thereby reducing the binding energies of its core electrons. The W
4f spectrum (Fig. 4(d)) provides direct evidence for this electron
transfer: pristine PW, exhibits only W* doublets (4f;, 35.46 €V,

(b) PDA -NH-

Intensity (a.u.)
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Binding energy (eV)

@
PW,,  37.62eV/

Intensity (a.u.)
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Figure4 The XPS spectra of PDA, PW, and PDA@ PW;: (a) C 1s, (b) N 1s, (c) O 1s,and (d) W 4£.
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45, 37.62 eV), whereas PDA@PW,, shows additional distinct
peaks of W** (4f,, 34.90 eV, 4f;;, 37.08 eV), confirming the partial
reduction of W* during composite formation [31]. Thus, XPS
results consistently show that the interactions between PDA and
PW, involved physical compositing and considerable electron
transfer. These findings provide important mechanistic insights at
the microscopic level for understanding the enhanced uranium
adsorption performance of the composite material.

3.2 Adsorption performance

The present study systematically evaluated the adsorption behavior
of PDA@PW/, in uranium solutions of different concentrations. By
comparing the changes in uranium concentration under dark and
illuminated conditions, we confirmed that the proposed material
exhibits good adsorption performance but no notable
photocatalytic activity (Fig. S4 in the ESM). Thus, four composite
materials (PDA@PW,,, PDA@PMo,,, PDA@PW,, and
PDA@SIW,,) were further synthesized, and their U(VI) extraction
performance under identical conditions was systematically
compared. As shown in Fig. S5 in the ESM, at an initial uranium
concentration of 100 mg/L, pH = 5, and a solid-to-liquid ratio of 0.2
g/L, PDA@PW,, exhibits the optimal extraction capability, with an
extraction rate of 90%. In contrast, PDA, PDA@PMo,,,
PDA@PgW,q, and PDA@SiW,, exhibit extraction rates of 29.12%,
46.82%, 63.45%, and 66.91%, respectively.

A series of PDA@PW,, materials with PW,, loadings of
20%-50% (w/w) was further prepared. As shown in Fig. 5(a), at a
PW,, loading of 40.0%, the U(VI) extraction rate reached 100%.
Further increasing the loading of PW,, resulted in a decline in
extraction efficiency, which was attributed to excessive PW,
covering or occupying the effective adsorption sites on the PDA
surface, thereby reducing their utilization efficiency. Under the
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(B) 6]

same experimental conditions, the U(VI) extraction rate of
PDA@40%PW , is approximately 3.1 times that of unmodified
PDA, indicating that compositing with PW,, substantially
enhanced the uranium adsorption performance of the material.

3.3 Adsorption kinetics and isotherms

The kinetics of U(VI) adsorption on PDA@PW,, were investigated
using adsorption kinetics models and the Weber-Morris
intraparticle diffusion model. As shown in Fig. 5(b), during the
initial rapid adsorption phase (30 min), the abundant active sites on
the PDA@PW , surface facilitated the fast diffusion of U(VI) from
the solution to the material surface. As the reaction progressed, the
surface adsorption sites gradually became saturated, and U(VI)
further migrated to the PDA matrix. Subsequent adsorption
primarily occurred within the internal pore structure of the
material, eventually reaching equilibrium [32]. As summarized in
Table 1, the pseudo-second-order kinetic model exhibits a high
correlation coefficient (R* > 0.998) with the experimental data, and
the calculated equilibrium adsorption capacity (g.) agrees well with
the measured value, indicating that adsorption was predominantly
controlled by chemisorption. Further analysis using the
Weber-Morris model (Fig. 5(c)) reveals that the adsorption of
U(VI) on PDA@PW,, could be divided into two distinct stages.
The mesopores in the material, with an average pore diameter of
3.363 nm (Fig. S1 in the ESM), are substantially larger than the
hydrated diameter of the uranyl ion. This confirms that the pore
channels are readily accessible for intraparticle diffusion, supporting
their role in adsorption. The thickness of the boundary layer (C) is
an important parameter reflecting the mass transfer characteristics
in the surface region of the adsorbent in the initial diffusion stage.
Typically, C > 0 indicates the presence of a considerable boundary
layer effect, whereas geometrically irregular adsorbent surfaces may
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Figure5 (a) Adsorption properties of PDA at different PW , ratios (C, = 50 mg/L, pH = 5, m/V = 0.2 g/L), (b) pseudo-first-order and pseudo-second-order kinetics, and
(c) Weber—Morris models for the adsorption process of PDA@PW,, toward U(VI) (pH = 5, m/V = 0.2 g/L). (d) The adsorption isotherms of PDA@PW, at 298-318 K

and fitted results of Langmuir and Freundlich models (pH = 5, m/V =02 g/L).
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Table 1 Pseudo-first-order, pseudo-second-order kinetic models and Weber-

Table2 Adsorption capacities toward U(VI) of some composite adsorbents

Morris model fitting parameters of PDA@PW , toward U(VI) adsorption Materials q. (mg/g) References
U(VI) concentration (mg/L) PDA@PW , 720.1 This work
Model Parameter
25 75 125 mPDA-oxime 553.03 [37]
k; (min™) 0.346 0.154 0.117 PDA/b-CD/CFA 537.6 [38]
Pse‘;crlgfm_ 7. (mg/g) 121315 347224 512281 GO/PDA/PAO 502.5 (39]
R 0.996 0.986 0.971 PDA polymer 500 [40]
k, (g/(mgmin)) 1.45x 107 1.17x10° 5.84 x 10* U6N@phos-PDA 423.23 (]
Pse“ior;;:fond' q. (mg/g) 122701 357975  533.844 CFA/PDA 416.96 [10]
Ts@H-PDA-A 18. 41
R 0.998 0.998 0.999 CNTs@ © 318.98 [41]
. PDA/CNT 309.65 [42]
k; (g/(mg-min)"?) 28.463 72.737 107.390
c AM/PDA 250.7 [43]
6.395 13.638 16.299
! HNTs@PDA 72.5 [44]
R 0.919 0.942 0.961
Weber-Morris . ) Fe;0,@PDA 56.39 (45]
, (g/(mg-min)) 2.182 2.448 15.027 MWCNTs@PDA@TNS 26.7 [46]
C, 109.539 328.022 392.720
R 0.753 0.985 0.986 speciation indicates that under acidic conditions (pH < 5), U(VI)
EX;"—(YILTEZ)M 125224 354375 532237 exists predominantly as UO,* ions. The abundant H* ions in the

exhibit negative C values, reflecting non-uniform distributions of
solution flow velocity and concentration gradients [33]. The non-
zero intercepts observed in the fitted curves for each stage (Table 1),
combined with the results of pore size analysis, suggest that, in
addition to intraparticle diffusion, the adsorption rate is affected by
other mass transfer processes.

The effects of temperature on the U(VI) adsorption performance
of PDA@PW, and its adsorption thermodynamics were further
investigated. The experimental data were fitted and analyzed using
the Langmuir and Freundlich models (Fig. 5(d)). As summarized in
Table S1 in the ESM, the Langmuir model exhibits a higher
correlation  coefficient (R?), indicating the homogeneous
distribution of adsorption sites on the PDA@PW, surface and the
monolayer adsorption of U(VI). According to the fitted Langmuir
model, the saturated adsorption capacity of PDA@PW , for U(VI)
is 750.28 mg/g at 318 K. The experimentally measured saturated
adsorption capacity is 720.13 mg/g, which is higher than the values
reported for most similar adsorbents (Fig. S6 in the ESM and
Table 2). The adsorption capacity gradually increases with
temperature, suggesting that adsorption is endothermic. The results
of thermodynamic analysis based on the Van’t Hoff equation
(Table S2 in the ESM) show that the absolute value of the standard
Gibbs free energy (AG°) increases with temperature, whereas the
standard enthalpy change (AH®) is positive [34]. These results
indicate that elevated temperatures favor the spontaneity of the
adsorption reaction and further confirm the endothermic nature of
the process. Furthermore, the positive value of the standard entropy
change (AS°) suggests an increase in disorder at the solid-liquid
interface during adsorption.

34 Influencing factors

Solution pH considerably affects the U(VI) adsorption behavior of
PDA@PW , by regulating both the uranium speciation and the
surface properties of the adsorbent [35]. The adsorption
performance of PDA@PW,, for U(VI) was systematically
investigated in the pH range of 2-9. The results (Fig. 6(a)) indicate
that the adsorption capacity initially increases and then decreases
with rising pH, reaching a maximum value at pH = 5. Uranium
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solution at this stage compete with UO,* for the active sites on the
material surface, suppressing U(VI) adsorption and thereby
reducing removal efficiency. As the pH increases to 5, the H*
concentration decreases, and the surface charge properties of the
material change. This facilitates the approach and occupation of
adsorption sites by UO,* ions, leading to the formation of stable
surface complexes, maximizing the adsorption capacity. When the
pH was further increased (pH > 5), U(VI) underwent gradual
hydrolysis, generating hydroxylated species such as (UO,);(OH)s",
(U0,),(OH),", and UO,(OH), [36]. These hydrolysis products
exhibit low solubility, large hydrated radii, weak diffusion mobility,
and reduced affinity toward the adsorbent, complicating their
effective capture and ultimately causing a decline in adsorption
capacity.

Considering the complex composition of actual wastewater,
which may affect the interactions between the adsorbent and U(VI)
ions, the present study systematically investigated the effects of
coexisting metal ions on the adsorption behavior (Fig. 6(b)). The
U(VI) adsorption performance of PDA@PW , in multicomponent
solutions shows that the presence of concomitant metal ions slightly
reduces U(VI) adsorption. This was attributed to the partial
coordination of metal ions with the abundant hydroxyl groups on
the PDA surface, which occupied some adsorption sites and
consequently reduced the U(VI) adsorption capacity. Considering
the adsorption selectivity of PDA@PW,, for U(VI), we observed
that in mixed solutions, both the adsorption capacity and
distribution coefficient for U(VI) are considerably higher than those
for other metal ions (Fig. 6(c) and Table 3). This indicated the
highly selective adsorption of U(VI). This selectivity likely resulted
from the preferential binding of uranyl ions by surface functional
groups through electrostatic attraction and chelation, whereas the
adsorption of other metal ions was suppressed because of
differences in their hydrated radii, charge, or coordination ability
[47].

3.5 Practical application and regeneration capacity

To evaluate the practical application potential of PDA@PW ,, we
systematically investigated its chemical stability and regeneration
performance. First, the stability of the material was tested under
strongly acidic conditions (pH = 1) to examine whether PDA
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Figure6 (a) The adsorption capacities of PDA@PW , at different pH (C, = 50 mg/L, m/V = 0.2 g/L), (b) influences of various cations in solution on U(VI) adsorption
performance (C, = 10 mg/L, pH = 5, m/V = 0.2 g/L), (c) adsorption distribution coefficients K of various cations by PDA@PW |, in a mixture of different ions, and (d)

cyclic stability experiments of PDA@PW , (G, = 25 mg/L, pH = 5,m/V =02 g/L).

Table3 The adsorption distribution coefficients K4 and adorption capacities of
various cations by PDA@PW , in a mixture

Metal ions q. (mg/g) K4 (mL/g)
U 46.73 7.1 x 10*
A 14.88 2.1x10°
Cr* 13.01 1.7 x 10°
Ni* 11.46 1.4 x 10*
Li* 8.23 9.8 x 107

Ca™ 13.57 7.8 x 107
Cu* 6.28 7.1 x 10?
Mg 5.98 6.8 x 107
Co™ 5.94 6.7 x 107
Mn* 4.24 4.6 x 10*
Cd* 2.08 2.0 x 107
Na* 3.59 1.5 x 10*

K* 2.18 1.0 x 10*

decomposition or PW, leaching occurred. FTIR and XRD results
(Fig. S9 in the ESM) indicate that the material maintained its
structural integrity and composition under these conditions,
without notable decomposition or loss of active components.
Subsequently, using 0.1 M HCI solution as the desorption agent,
adsorption—desorption cycling experiments for uranium were
conducted to further evaluate the reusability of the material. After
five cycles, the U(VI) adsorption capacity of the material decreased
only slightly, whereas the desorption efficiency remained at 93.3%
(Fig. 6(d)), demonstrating its excellent regeneration capability. The
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thermal stability of the materials was systematically evaluated via
thermogravimetric analysis (Fig. S7 in the ESM). The results
indicate that pure PDA underwent gradual decomposition with
increasing temperature, exhibiting poor thermal stability. In
contrast, PW, shows only a minor mass loss caused by the release
of crystal water while maintaining an intact framework structure,
which indicates excellent thermal stability, consistent with Ref. [48].
At the same time, PDA@PW,, exhibits notably better thermal
stability owing to the incorporation of PW,,, which helped retain
the structural integrity and performance of the material below 350
°C. These results collectively indicate that the regenerated
PDA@PW,, maintained excellent uranium adsorption
performance. The favorable adsorption performance, thermal
stability, and recyclability of the proposed material suggest its
promising potential for practical applications in uranium extraction
from seawater and uranium resource recovery.

3.6 Adsorption mechanism

To elucidate the adsorption mechanism of U(VI) on PDA@PW,,
its morphology and elemental distribution after U(VI) adsorption
were investigated using scanning electron microscopy and energy-
dispersive X-ray spectroscopy (EDS). As shown in Fig. S8(a) in the
ESM, no notable changes are observed in either the macroscopic
morphology or the crystalline structure of the material after
adsorption, indicating the excellent structural stability and practical
application potential of PDA@PW,,. The elemental maps further
reveal a homogeneous distribution of uranium on the material
surface, confirming the effective capture of U(VI) (Fig. S8(b) in the
ESM). The adsorption mechanism was further investigated using
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FTIR and XPS. The FTIR spectrum (Fig. S10(a) in the ESM) shows
that a new absorption peak at 917 cm™ emerges after adsorption,
which was attributed to the U-O bond vibration, indicating
coordination between U(VI) and the surface functional groups in
the material [49]. The XRD pattern (Fig. S10(b) in the ESM)
exhibits the diffraction peaks of PDA@PW,, before and after
uranium adsorption. The intensity of the peaks is slightly lower
after adsorption, while the overall peak profile is unchanged,
indicating that the crystalline structure did not change during
adsorption.

The adsorption mechanism of U(VI) on PDA@PW,, was
investigated in depth using XPS. The XPS survey spectrum of the
material after adsorption (Fig. 7(a)) shows characteristic peaks of U
4d, U 4f, and U 5d, confirming the successful accumulation of
U(VI) on the material surface [1]. Comparison of the high-
resolution spectra before and after adsorption (Figs. 7(b)-7(e))
reveals systematic shifts of the characteristic peaks to higher
energies in the C 1s, O 1s, N 1s, and W 4f spectra, indicating the
stable coordination between U(VI) and the surface functional
groups of PDA@PW ,. Notably, the peak area of the C-O group in
the O 1s spectrum is considerably lower after adsorption, indicating
the direct participation of surface hydroxyl functional groups in the
coordination of U(VI) [50]. The U 4f high-resolution spectrum
(Fig. 7(f)) further reveals changes in the valence state: the peaks at
382.13 and 393.03 eV were assigned to U(VI), whereas the peaks at
380.17 and 391.24 eV confirmed the presence of U(IV), indicating
the partial reduction of U(VI) to U(IV) during adsorption [51].
Combined with the detection of W(V) species in the W 4f
spectrum, this indicates that W(V) in PDA@PW,, acted as an
electron donor to reduce U(VI) to U(IV). Notably, the redox
reaction mediated by W(V) was non- regenerative under the given
experimental conditions, meaning that W(V) was irreversibly
oxidized to W(VI) upon the reduction of U(VI) to U(IV).
Consequently, the redox capacity was finite and limited by the
initial content of W(V) in the composite. Therefore, this redox

pathway mainly contributed to the initial rapid removal, working in
synergy with the persistent coordination/complexation with the
PDA matrix. In summary, the adsorption of U(VI) on PDA@PW,
proceeded through multiple synergistic mechanisms involving
surface coordination and redox reactions (Fig. 8), which together
substantially improved the overall uranium adsorption
performance of the material.

3.7 DFT calculations

To verify the excellent adsorption performance of PDA@PW, for
uranyl ions (UO,*), DFT-based first-principles calculations were
performed to systematically compare the binding energies of UO,*
with PDA and PDA@PW, (Figs. 9(a) and 9(b)). The calculations
were performed using the Vienna ab initio simulation package with
the Perdew-Burke-Ernzerhof form of the generalized gradient
approximation for the exchange-correlation functional. To
eliminate interactions between adjacent fragments under periodic
boundary conditions, lattice parameters g, b, and ¢ were all set to 30
A. The plane-wave cutoff energy was set to 450 €V, with an
electronic self-consistent iteration convergence criterion of 10° eV.
Atomic structures were optimized until the Hellmann-Feynman
forces were less than 0.01 eV/A. A 1 x 1 x 1 k-point mesh was used
for Brillouin zone sampling. The calculation results indicate that the
binding energy of UO,* with PDA is —3.17 eV, whereas the binding
energy with PDA@PW/, is —10.87 eV (Table S3 in the ESM). This
result theoretically confirms that the introduction of PW,
substantially strengthened interactions between the material and
uranyl ions, providing a theoretical basis at the microscopic level for
the superior uranium adsorption performance of PDA@PW .

4 Conclusions

Herein, a series of PDA@POM composites was successfully
synthesized through in situ polymerization, with PDA@PW,,
showing superior U(VI) adsorption performance. Systematic
characterization and experimental results revealed that the
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Figure7 The XPS spectra of PDA@ PW,, and PDA@ PW ,-U: (a) survey, (b) C 1s, (c) N Is, (d) O 1s, (e) W 4f, and (f) U 4f.
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Figure8 Schematic diagram of the mechanism for synergistic adsorption-
reduction of U(VI) by PDA@PW , composite microspheres.
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Figure9 Adsorption and detailed model of (a) PDA with U(VI) and (b)
PDA@PW,, with U(VI).

incorporation of PW, inhibited PDA agglomeration, substantially
increasing the specific surface area (48.069 m’/g), and introduced
abundant active sites. The adsorption of U(VI) on PDA@PW , was
determined to be monolayer chemisorption following the pseudo-
second-order kinetic model, with a maximum saturation
adsorption capacity of 720.1 mg/g at 318 K according to the
Langmuir model. The adsorption mechanism involved the
synergistic effects of surface complexation and redox reactions:
surface functional groups (-OH and -NH,) complexed with U(VI),
whereas W™ species within the composite acted as electron donors,
partially reducing U(VI) to U(IV). DFT calculations further
confirmed that the binding energy between PDA@PW , and UO,*
is higher than that between PDA and UO,* (-10.87 and —-3.17 €V,
respectively). Moreover, the composite exhibited excellent
regeneration capability (93.3% desorption efficiency after 5 cycles),
thermal stability (stable up to 350 °C), and selectivity for uranium.
Thus, the present work provides a mechanistic understanding of
the synergistic adsorption and reduction of U(VI) by PDA@PW,,
and highlights its potential for practical applications in uranium
extraction and recovery.

Electronic Supplementary Material: Supplementary material
(characterization techniques, data analysis, N, adsorption-
desorption isotherms, FTIR, XPS survey spectra, adsorption
capacities toward U(VI) of some composite adsorbents, TGA
curves, SEM images, the constants of Langmuir and Freundlich
model) is available in the online version of this article at
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