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Abstract: Uranium extraction from seawater is essential for sustainable nuclear energy but remains kinetically limited by
ultralow concentration and slow ion diffusion. Inspired by the Stokes-Einstein equation, we can predict that the rise in local
temperature would increase the diffusion coefficient for uranyl ions. Here we report a generalizable photothermal strategy by
depositing amorphous Ta,0s/C-HoMS (hollow multishelled structure) onto amidoxime-functionalized polyethylene fibers. The
unique multi-shelled and compartmentalized architecture of HoMS facilitates both efficient solar-to-thermal conversion and
enhanced mass transport. Under solar irradiation, the composite generates localized heating, which accelerates uranyl diffusion
and raises the adsorption capacity by 27% compared to dark conditions, while maintaining over 91% capacity after seven
consecutive adsorption-desorption cycles. Systematic light-versus-dark comparisons demonstrate that the photothermal effect
is the key driver for enhanced kinetics for uranium uptake. This work provides a simple, universal and efficient platform for
solar-driven uranium recovery, paving a practical route toward sustainable nuclear fuel supply from the ocean.
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INTRODUCTION

Uranium is anticipated to become a primary fuel source by the mid—21st century as fossil fuels deplete, and
nuclear power offers a clean, low—carbon energy alternative [1,2]. Since the launch of ‘Project Oyster’ in the
1950s, extracting uranium from seawater has been pursued as a potentially sustainable nuclear fuel supply
[3-5]. The oceans contain an estimated 4.5 billion tons of uranium, primarily in the form of dissolved uranyl
ions, whose reserves are about 1000 times larger than terrestrial resources [5—10]. Over the past decades,
numerous adsorbents have been developed for this purpose, with amidoxime—based polymers showing
particularly high affinity and selectivity toward uranium in marine environments [9,11,12]. However, the
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practical implementation of uranium extraction from seawater remains constrained by several inherent
challenges in marine environments because of the slow adsorption kinetics [13—16]. Traditional adsorbent
modifications, such as optimizing pore structure, surface area, and ligand density, have partially mitigated
these limitations. Consequently, there is a pressing need for a universal approach that utilizes external stimuli
to actively enhance the adsorption process [17-20]. Heat, as a form of energy input, is particularly effective
in accelerating reaction kinetics and promoting ion diffusion. Converting abundant solar energy into loca-
lized heat through photothermal materials offers a sustainable route to provide this thermal stimulus. Among
various photothermal candidates, Ta,Os/C based hollow multishelled structures (HoMSs) stand out due to
their excellent chemical stability in marine environments and efficient light-to-heat conversion capability
[21,22]. The unique HoMS architecture offers excellent light absorption, efficient heat localization, and
favorable mass-transfer properties, making them ideal candidate for coupling photothermal effects with
uranium adsorption. Hollow multiple structures can significantly enhance the energy utilization and mass
transport due to their unique properties. HoMS offers multiple internal reflected interfaces, which promotes
repeated light scattering and increases the optical path length within the material. This effect significantly
increases the absorption and conversion of solar energy. The hierarchical hollow cavities help to store
thermal energy and prevent heat loss, which maintains the local temperature high and further promotes
uranium adsorption. Meanwhile, the hierarchical hollow cavities with porous shells minimize the mass
transfer pathways, offer a large number of easily accessible active sites and speed up the diffusion of
reactants and products. As a result, by maintaining a localized thermal field and minimizing the heat loss, the
interconnected empty spaces would improve reaction kinetics significantly. By integrating such light-re-
sponsive materials with amidoxime-functionalized fibers, it is possible to overcome the kinetic barrier
without requiring external electrical energy or bulk heating [23-25]. In this work, we select the well-studied
amidoxime-functionalized polyethylene fiber as the model substrate to explicitly reveal the influence of the
photothermal effect on uranium extraction. By facilely depositing Ta,Os/C-HoMS onto these fibers, we
fabricate a composite adsorbent. Under solar irradiation, the photothermal coating converts light into lo-
calized heat, which significantly enhances uranium adsorption kinetics and capacity (Scheme 1) [26-28].
Through systematic comparison between light and dark conditions, we demonstrate that this photothermal
strategy can increase the temperature not only at the irradiated zone but also in the localized regions under
water, thereby improving the uranium uptake, while exhibiting good stability and reusability. This study
provides a practical, universal and energy-efficient pathway toward enhancing seawater uranium extraction,

contributing to the sustainable supply of nuclear fuel in the future.

RESULTS AND DISCUSSION

The Ta,0s/C-HoMS were synthesized via a sequential templating approach, as reported previously [21].
Scanning electron microscopy (SEM) images reveal that the obtained HoMS particles exhibit a uniform
spherical morphology with an average diameter of approximately 1.3 um and a distinct wrinkled surface
(Figure la and Figure S1). Further structural details are provided by transmission electron microscopy
(TEM), which clearly shows the characteristic multishelled architecture with well-defined layers (Figure 1b).
This unique hollow and multilayered configuration, combined with the surface texturing, contributes to a
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Scheme 1 Schematic illustration of the composite adsorbent design and its proposed photothermal adsorption mechanism. The amidoxime
functionalization of the polyethylene fiber was achieved via radiation-induced grafting, creating selective binding sites for uranium. Under
solar irradiation, the loaded Ta,0s/C hollow multishelled structure efficiently converts light into localized heat. This heating promotes water
evaporation and elevates the interfacial temperature, which in turn accelerates the diffusion of uranyl ions toward the adsorbent surface
according to the Stokes-Einstein equation. The combined effects of thermally enhanced diffusion and selective chelation by amidoxime
groups lead to significantly improved uranium adsorption kinetics.

Overlap

Figure 1 (a) SEM and (b) TEM images of Ta,0s/C-HoMS. SEM images of (c) fiber and (d) Fiber@HoMS. Inset of (d) is the enlargement
of Fiber@HoMS. (i-iv) The corresponding EDS mapping images of (c) and (d).

high specific surface area and is expected to facilitate efficient light absorption and heat localization, which
are the key attributes for enhancing photo-thermal conversion and subsequent uranium adsorption perfor-
mance.

The pristine fiber is composed of carbon, nitrogen, and oxygen, has a smooth, uniform surface that is
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consistent with its polymeric nature, according to SEM with energy-dispersive X-ray spectroscopy (SEM-
EDX) (Figure 1c). The distribution of different elements within the fiber is shown in the relevant elemental
mapping images (Figure 1c-i to c-iv). In particular, the green signals in (Figure 1c-i) indicate that carbon (C-
K) is the predominant element in the fiber. The existence of the amidoxime functional groups, which are
essential for uranium capture, is confirmed by nitrogen (N-K) mapping in Figure 1c-ii. The oxygen con-
centration is revealed by oxygen (O-K) mapping in (Figure 1c-iii), most likely from the amidoxime func-
tional groups and any leftover groups on the fiber surface. The overlap image (Figure 1c-iv) verifies the
functionalization of the fiber by displaying the combined presence of carbon, nitrogen, and oxygen.
Moreover, the X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR)
analyses collectively verify the successful fabrication of the amidoxime-functionalized fiber, as evidenced by
the characteristic N-H (400.1 eV) and C=N (399.0 eV) species from the N 1s signal, and C=0 (531.5 eV)
and N-O-H (532.5 eV) species from the O 1s signal, along with the FTIR peaks at 3000-3500, 1650, and
930 cm™' corresponding to the amidoxime groups (Figures S2 and S3). Following deposition with Ta,0s/C-
HoMS, the fiber surface exhibits a markedly altered morphology characterized by increased roughness and a
uniform coverage of granular particles, as shown in the SEM images (Figure 1d and inset). The originally
smooth polymeric surface is transformed into a hierarchically structured interface. EDX elemental mapping
shows a strong Ta signal, which is consistently detected across the coated region (Figure 1d-iv), accompanied
by a correspondingly enhanced oxygen signal (Figure 1d-iii), while the underlying C and N signals from the
fiber remain present (Figure 1d-i, d-ii). The continuous spatial distribution of Ta and O confirms the
formation of a coherent and uniform Ta,Os/C-HoMS coating over the fiber surface.

The X-ray diffraction (XRD) pattern of the pristine polyethylene fiber presents the characteristic dif-
fraction peaks observed in the 26 range from 15° to 30° (Figure 2a), which corresponds to the ordered
packing of polymer chains within the crystalline regions, confirming the well-defined crystalline structure of
the base adsorbent material. In contrast, the XRD curve of Ta,0s/C-HoMS indicates the long-range disorder
feature, which plays a significant role in heat localization and mass transfer enhancement [21] during
subsequent uranium extraction. Notably, there is no distinguishable change in the diffraction curves after
uranium adsorption. It indicates the HOMS loading with ethyl acetate and the uranium adsorption did not
destroy the molecular chain of the fiber, showing the good stability of the fiber. Furthermore, there are no
new sharp peaks in the post-adsorption pattern, indicating that no crystalline uranium or its oxide was
formed, suggesting that uranium is adsorbed as a well-dispersed complex form on the fiber surface. The
ultraviolet-visible near-infrared (UV-vis-NIR) spectrum shows that the Ta,Os/C-HoMS has a broad ab-
sorption in the visible light range, while the fiber had a better performance in the range over 1800 nm (Figure
2b). Notably, the Fiber@HoMS exhibits stronger and broader absorption over the entire solar spectrum than
either the pristine Ta,Os/C-HoMS or the amidoxime-functionalized fiber. This enhanced and spectrally
complementary absorption of the Fiber@HoMS directly translates to superior photothermal conversion.
Under light irradiation, the dry composite rapidly reaches a surface temperature exceeding 90 °C. Even in a
wetted state under seawater conditions, the composite maintains a stable localized temperature of over 40 °C,
confirming efficient photothermal activity in increasing the localized temperature (Figure 2c). Side-view IR
thermal imaging after 30 min of irradiation further shows a sustained vertical temperature gradient from the
water surface downward, with the submerged fiber region remaining notably warmer than the ambient
solution (Figure 2d, e). The elevated temperature and established thermal gradient are driven by conductive
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Figure 2 (a) XRD patterns of fiber before and after uranium adsorption and Ta,Os/C-HoMS. (b) UV-vis-NIR absorption and (c) photo-

thermal performance for various samples. (d) Digital image of uranium absorption equipment under irradiation. (e) IR image of the
aforementioned adsorption equipment with temperature gradient during irradiation on Fiber@HoMS for 30 min.

and convective heat transfer. This localized heat reduces the kinetic viscosity of water and, according to the
Stokes-Einstein equation (D = kT/6mnr), enhances the diffusion coefficient of uranyl ions, thereby providing
a driving force for accelerated adsorption [29,30]. Uranium adsorption was conducted by immersing 10 mg
of composite adsorbent in uranium solution at a pH of 8.0, adjusted by Na,CO3. The Ta,Os/C-HoMS fiber

was tested under simulated solar irradiation with an intensity of 1000 W/m?

and all reported data are
averaged from triplicate experiments. The adsorption kinetics of uranium was studied by establishing the
time-dependent extraction profiles in a tank containing 25 L of solution (Figure S4). By comparing the
Fiber@HoMS composite under irradiation or in the dark (Figure 3a), both systems exhibited rapid adsorption
within the initial 10 h, achieving approximately 50% of the equilibrium capacity (Figure 3b). The adsorption
rate subsequently slowed as equilibrium was approached. Notably, the Fiber@HoMS consistently showed
higher uranium uptake under irradiation than its counterpart in the dark at each corresponding time point.
These adsorption data were well matched with the Langmuir isotherm model with a R” over 0.99, indicating
monolayer adsorption on a homogeneous surface [31-33]. The calculated maximum adsorption capacities
were 412 mg/g for the photo-thermal system and 324 mg/g for the dark one, which align closely with the
experimental values. The uptake increased with time until saturation was reached, demonstrating the ef-
fectiveness of the fiber for uranium adsorption. The slope of this plot at different stages provides insight into
the rate constants and the underlying adsorption mechanism. Kinetic analysis further revealed that the
adsorption process for both fibers follows a pseudo-second-order model, as evidenced by the linear plot of
t/q; versus time (Figure 3¢). This suggests that chemisorption is the rate-determining step [34], and the higher
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Figure 3 (a) UV-vis spectra in dark and irradiation after 1 h absorption. (b) Uranium uptake over time in dark and irradiation conditions.
(c) Thermal effect on absorbance across the measured range. The ratios are calculated from the data after absorption for 6 h. (d) Dynamic
adsorption behaviour of uranium adsorption.

temperature can promote the absorption kinetics.

To further investigate the influence of temperature on uranium adsorption, experiments were conducted at
varying temperatures from 20 to 60 °C under steady conditions within a 250 mL uranium solution. It was
found that the uranium adsorption capacity increased monotonically with increasing temperature in the first
6 h. Around 96% of uranium ions can be adsorbed in the solution around 60 °C, while it is only 58% when the
temperature decreases to 20 °C (Figure 3d). This trend further proves that the elevated temperature promotes
ion diffusion and accelerates the surface coordination, thereby improving both capacity and kinetics [35-37].
These results offer valuable implications for practical applications. On one hand, the positive temperature
dependence supports the use of focused sunlight to create localized heating at the adsorption interface, which
can further enhance uranium uptake kinetics without bulk solution heating. On the other hand, elevated local
temperature can also help suppress microbial colonization on the material surface, mitigating biofouling and
extending the operational lifetime of the adsorbent [38,39]. Future work can focus on quantitatively reg-
ulating the photo-thermal temperature rise, evaluating long-term cycling stability, and validating perfor-
mance under realistic seawater conditions. To probe the spatial distribution of uranium uptake, the adsorbed
fiber was analyzed by SEM-EDX at six defined locations (Figure 4a). These included: the center of the
floating section above water (resting on the insulating pad); the air-water interface (meniscus region, where
the fiber enters the water, termed the edge); and submerged points at 1, 2, 3, and 4 cm below the surface. The
uranium content is reported as the weight percentage (wt%) of U within the analyzed fiber segment (Figure
4b). In the dark, negligible uranium was detected in the center (above-water) section. At the air-water
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Figure 4 (a) SEM-EDX analysis of Fiber@HoMS after absorption. (b) Uranium adsorption (wt%) at various positions and depths.
(c) Uranium adsorption recycle performance over successive elution.

interface (edge), however, the uranium content reached 14.41 wt%, which is attributed to localized con-
centration enrichment driven by faster evaporation at the meniscus. Under light irradiation, the spatial
adsorption profile changed distinctly. A measurable uranium uptake (5.69 wt%) occurred even on the above-
water center section, indicating vapor-phase transport of hydrated uranyl ions activated by photo-thermal
evaporation. Interestingly, at the air-water interface, the uranium content (7.39 wt%) was lower than that in
the dark. This apparent reduction can be explained by a competition and interception effect that the photo-
thermal process not only intensifies evaporation at the edge but, more significantly, enhances uranium
adsorption in the submerged zone. As presented in Figure 2e, heat exchange and conduction occur between
Ta,0s/C-HoMS, fibers and water. Consequently, the water below the insulation pad was also heated under
irradiation, leading to enhanced adsorption capacity. The weight ratios reached 10.38%—15.34 wt%, uni-
formly exceeding those of 8.86%—12.48% in the dark. This improvement is governed by temperature-
activated ion transport. According to the Stokes-Einstein equation, the rise in local temperature (7) increases
the diffusion coefficient (D) of uranyl ions. The photo-thermally generated heat along the fiber thus ac-
celerates mass transfer, mitigates diffusion-limited kinetics at depth, and replenishes the uranium supply at
the adsorption interface more rapidly. Meanwhile, the Fiber@HoMS also shows good reusability through
seven consecutive adsorption-desorption cycles with 1.0 mol/L Na,COj; as the eluent (Figure 4c). Desorption
proceeded efficiently via the formation of soluble uranyl-carbonate complexes, achieving near-complete
uranium recovery in each cycle. The adsorbent exhibited excellent regeneration stability, retaining over 91%
of its initial adsorption capacity after the seventh cycle, which underscores its robust chemical stability and
practical reusability.
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CONCLUSIONS

This study demonstrates a photo-thermal strategy for enhancing uranium extraction from seawater, based on
the integration of Ta,Os/C hollow multishelled structures onto amidoxime-functionalized polyethylene fi-
bers. Under light irradiation, the Ta,Os/C-HoMS coating efficiently converts solar energy into localized heat,
which accelerates ion diffusion and thereby significantly improves uranium adsorption kinetics, compared to
a control experiment under dark conditions. The composite adsorbent exhibits a facile and robust fabrication
route along with excellent reusability across multiple adsorption-desorption cycles. It can be predicted that
combining this photo-thermal adsorption system with renewable energy-driven marine platforms or in-
tegrating it with desalination processes will offer a synergistic approach to resource recovery and freshwater
production. It also provides a promising pathway toward sustainable, energy-efficient uranium recovery from
the ocean, supporting the future supply of nuclear fuel.

MATERIALS AND METHODS

Materials

Fibers for the uranium extraction were fabricated by a radiation grafting approach [40]. Ta,Os/C-HoMS was
fabricated by the reported sequential templating approach [21,22]. Uranyl nitrate hexahydrate UO,(NOj3),
-6H,0 (99%), Arsenazo 111 Cy,Hg(As,) N4O14S; (99%) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. All the reagents were used without further purification.

Methods

Preparation of Ta,0s/C-HoMS via sequential templating approach

Carbon microspheres (CMSs) were synthesized by hydrothermal polymerization of sucrose, which were
initially prepared as a sacrificial template. Then the TaCls was gradually adsorbed and subjected to regular
heat treatment as a part of the sequential templating technique to prepare the HoMS samples. These CMSs
(0.6 g) were then added to a 30 mL solution of TaCls (0.1 mol/L in acetone) and ultrasonicated for 15 min,
followed by aging at 30 °C for 2 h. After filtration and drying at 50 °C for 12 h, the powders were calcined at

500 °C under a mixed N,/O, atmosphere (85:15, v/v) for 60 min with a heating rate of 4 °C min™".

Preparation of amidoxime-functionalized polyethylene fibers

Ultra-high molecular weight polyethylene (UHMWPE) fibers were immersed in an emulsion of 5% glycidyl
methacrylate (GMA) (2.5 mL GMA +47.5 mL water + 0.25 g Tween-20). Nitrogen was bubbled through the
emulsion for 15 min to remove oxygen. Fibers were irradiated with “°Co y-rays at 10 kGy with a dose rate of
1.67 kGy h™". After irradiation, fibers were Soxhlet-extracted with acetone for 24 h and dried at 60 °C. Then
these fibers were immersed in 50% (v/v) of ethylene diamine solution in 1,4-dioxane at 80 °C for 3 h. Fibers
were washed with ethanol and deionized water, then dried at 60 °C. Finally, the prepared fibers were
immersed in a solution containing 0.5 mol/L hydroxylamine hydrochloride in a 1:1 water/dimethyl sulfoxide
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(DMSO) mixture, and the pH was adjusted to 7 with Na,COs. The GMA-modified fiber was reacted with this
solution at 80 °C for 4 h. After the reaction, the fibers were washed with ethanol and deionized water, and

then dried at 60 °C. The amidoxime functionalized fibers were thus obtained.

Fabrication of Fiber@HoMS

Square pieces of amidoxime-functionalized polyethylene fiber (each 10 mg) were first immersed in ethyl
acetate and heated at 80 °C for 6 h to enhance surface accessibility. Subsequently, 0.16 mg of Ta,0s/C-HoMS
powder was dispersed in 5 mL of ethyl acetate under ultrasonication. The pretreated fiber was then immersed
in the dispersion and subjected to further ultrasonication to promote uniform coating. After deposition, the
fiber was removed, rinsed thoroughly with ethyl acetate to remove loosely adhered particles, and dried under
ambient conditions. The resulting Fiber@HoMS exhibited a visibly darkened surface. A pristine fiber piece
of the same dimensions was kept unmodified as the control adsorbent.

Adsorption experiments

Batch adsorption experiments were conducted to evaluate the U(VI) uptake performance of the adsorbents
under ambient pressure. In a typical procedure, 10 mg of adsorbent was immersed into a certain amount of
uranyl nitrate solution within a customized beaker, as shown in the figures. The initial U(VI) concentration
and solution pH were adjusted with trace amounts of 0.1 mol/L HCI or Na,COs as needed. To elucidate the
role of the photo-thermal effect, comparative tests were performed: the Fiber@HoMS was exposed to
simulated solar irradiation or kept under dark conditions as a control. All experiments were carried out in

triplicate, and the reported adsorption data represent the mean values from three independent runs.

Uranium quantification via arsenazo IlI spectrophotometry

A standard curve for uranium quantification was established using the Arsenazo III chromogenic method.
First, 500 mg/L Arsenazo III stock solution and 0.1 mol/L. HCI solution were prepared. For each calibration
point, 2 mL of the Arsenazo III solution and 0.5 mL of the HCI solution were added to a 10 mL volumetric
flask, followed by the addition of a known volume of uranium standard solution to obtain final U(VI)
concentrations of 0, 0.5, 1, 2, and 4 mg/L. After dilution to the mark and thorough mixing, the absorbance of
each solution was measured at 651 nm using a UV-vis spectrophotometer. A linear calibration curve was
plotted by correlating the absorbance with the corresponding uranium concentration (Figure S5). The for-
mula for the standard curve is as follows: 4 = 0.22062C + 0.06994, where A4 represents absorbance, C
represents solution concentration, with R* of 0.9999.

Photothermal adsorption testing

The photothermal uranium adsorption performance was evaluated using the Fiber@HoMS under simulated
solar irradiation at an intensity of 1000 W/m?, while all other experimental parameters remained consistent

with the dark condition as a control (Figures S6). In a typical adsorption experiment, 10 mg of the adsorbent
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was added to a certain amount (from 250 mL to 2.5 L) of uranium solution with an initial concentration (Cy)
of 8 mg/L at room temperature (Figures S7 and S8). Samples were collected at predetermined time intervals
to determine the residual uranium concentration (C,). The adsorption capacity at time ¢, ¢, (mg U/g ad-
sorbent), was calculated using the following mass-balance equation:

¢, = (Co-C)x V/m
where V is the volume of the solution (L) and m is the mass of the adsorbent (g). When adsorption reached

equilibrium, the corresponding value was denoted as ¢., the equilibrium adsorption capacity.

Data availability

The original data are available from corresponding authors upon reasonable request.
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