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Abstract
Nuclear energy as a key low-carbon, sustainable, and clean energy source, it's proportion in the global energy structure continues to
increase. However, the rapid development of nuclear energy inevitably leads to the generation of a large amount of uranium-containing
wastewater, posing serious risks to environment and health. Uranium in aqueous systems predominantly exists in the form of mobile and
toxic U(VI) (UO2

2⁺), while U(IV) has very low solubility in water and is easier to remove. Photocatalytic reduction of highly soluble U(VI) to
sparingly soluble U(IV) offers a promising route for uranium recovery. However, conventional photocatalysts with typically powder material
that suffer from low activity, aggregation, and poor recyclability. Therefore, we developed a TiO2 fiber membranes with a high aspect ratio,
self-supporting, and non-agglomerating, demonstrating excellent performance in photocatalytic reduction of U(VI). The experimental results
indicated that 400°C was the optimal heat treatment temperature, and the TiO2 fiber membranes heat-treated at this temperature exhibited

the highest photocatalytic reduction efficiency. At pH 5, the membranes achieved 99.0% uranium removal within 180 minutes without
sacrificial agents, which 2.47 times higher than commercial Anatase TiO2 powder. Moreover, the TiO2 membranes still demonstrates a high
removal efficiency for U(VI) after five reacting cycles. In photoluminescence spectroscopy, the emission intensity of TiO2 fiber films was
significantly reduced compared to that of Anatase TiO2 powder, indicating effective suppression of the recombination of photogenerated
electron-hole pairs. This was attributed to its one-dimensional structure, which provides a continuous path for charge transport, thereby
minimizing charge recombination and enhancing reaction efficiency.

1. Introduction
As global energy systems shift towards low-carbon alternatives, nuclear power has emerged as a crucial option for ensuring energy security
and sustainable development, owing to its high energy density and low carbon emissions[1–4]. However, the entire nuclear fuel cycle from
uranium mining, fuel fabrication, reactor operation to spent fuel reprocessing generates substantial amounts of uranium containing
wastewater[5, 6]. Uranium poses persistent environmental risks due to both its radioactivity and significant chemical toxicity, threatening

aquatic ecosystems and human health[7–10]. This challenge is further underscored by increasingly stringent regulatory frameworks.
Concurrently, the World Health Organization stipulates a maximum permissible concentration of 30 µg L⁻1 for U(VI) in drinking water[11].
Consequently, developing efficient and environmentally friendly technologies for the immobilization and separation of U(VI) is of paramount
importance[12].

Various conventional methods have been employed for uranium removal from aqueous environments, including precipitation[7, 13], solvent
extraction[14, 15], adsorption[9, 10, 16, 17], ion exchange[18, 19] and electrocatalysis[20–22]. While these techniques offer certain advantages in
specific contexts, they are generally limited by the inherent drawbacks of the technology. Precipitation generates large volumes of
radioactive sludge and performs poorly at low uranium concentrations. Solvent extraction relies on toxic and volatile organic reagents,
leading to secondary pollution and high operational complexity. Adsorption materials often suffer from poor selectivity and stability in real
water matrices due to interference from common coexisting ions. Ion exchange resins are prone to fouling and require energy with intensive
regeneration processes that produce high salinity waste streams. Electrocatalytic reduction, although effective in promoting U(VI) reduction,
is heavily dependent on external power, incurs high electrode costs, and exhibits performance variability with water conductivity.

In contrast, photocatalytic reduction offers a sustainable, low-energy, and environmentally alternative. Uranium exists in natural environment
two dominant oxidation states, U(IV) and U(VI). In uranium-containing wastewater, U(IV) is mainly present in the form of uranyl ions (UO2

2+)

in high environmental mobility. In contrast, U(IV) generally exists as uranium dioxide (UO2), which is slightly soluble in water and thus easier
separable from aqueous. By utilizing light-driven carriers generated in semiconductor materials, the reduction of soluble U(VI) to insoluble
U(IV) species offers a promising strategy for immobilizing uranium from wastewater[23, 24].This approach eliminates the need for chemical
reductants or external electrical input, thereby minimizing secondary waste generation while improving operational simplicity and scalability.

TiO2 photocatalysts have garnered significant attention due to their high chemical stability and low cost. Since Amadelli et al. first utilized

TiO2 as a photocatalytic material and successfully demonstrated the photocatalytic reduction of U(VI) in 1991[25], the number of reports on

U(VI) photocatalytic reduction catalysts has steadily increased [26, 27].Traditional TiO2 powder suffer from several practical limitations.
Particles readily agglomerate, which reduces the accessible surface area and consequently the catalytic activity. Moreover, photogenerated
electrons and holes recombine at a high rate, limiting the number of charge carriers that can drive redox reactions. TiO2 powder optical

response is predominantly ultraviolet, so visible‑light utilization is poor. Finally, the powder is difficult to recover and recycle, unfavorable to
environmental sustainability.
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By loading TiO2 onto the substrate, its agglomeration problem can be solved, thereby improving the utilization, recovery, and recycling
performance of the photocatalyst. While numerous studies have focused on immobilizing photocatalysts onto polymer matrices to improve
recyclability, the inherent poor conductivity of organic materials often leads to a substantial reduction in electron transfer efficiency[28].
Furthermore, during photocatalytic reactions, the valence band of photocatalytic materials is prone to hole accumulation, a phenomenon
that further impedes the transition of photogenerated electrons[29]. To mitigate hole accumulation and suppress charge carrier
recombination, researchers commonly introduce sacrificial agents like methanol into the reaction system. However, this approach inevitably
narrows the application scope of photocatalytic materials and incurs unnecessary resource consumption, compromising the economic
viability and environmental friendliness of photocatalysis[30].

By fiberizing the photocatalyst, we can prepare a fiber membranes, which can effectively solve the aforementioned problems. The resulting
fibrous network offers a large specific surface area and abundant accessible active sites, which are critical for enhancing light harvesting
and interfacial charge transfer. The one-dimensional nanostructure facilitates rapid charge carrier transport along the fiber axis, reducing
recombination losses and promoting photogenerated electron-hole separation. The flexibility and mechanical strength of TiO2 fiber
membranes facilitate the easy recovery and reuse of catalysts from the reaction system that the key advantages for practical deployment.
The successful fabrication of TiO2 fiber membranes hinges on precise control over material architecture and morphology. Electrospinning

has proven to be a highly effective technique for producing continuous, high aspect ratio TiO2 nanofibers with uniform diameter distribution

and tunable porosity[31].

In this study, TiO2 fiber membranes were synthesized via the electrospinning technique and employed for the efficient photocatalytic
reduction of U(VI). The one‑dimensional fibrous structure promotes rapid migration of photogenerated carriers and effectively suppresses
charge‑carrier recombination. Its large specific surface area enhances the accessibility of active sites, thereby boosting photocatalytic
performance. By systematically comparing the effects of various calcination temperatures on the material’s structure, morphology,
mechanical strength, and photo‑electrochemical properties, the TiO2 fibrous membrane calcined at 400°C was identified as exhibiting the
highest photocatalytic efficiency. Notably, the photocatalytic system reduces U(VI) to U(IV) directly via electron transfer, achieving an
impressive 99.0% conversion within 180 min without the addition of any sacrificial agent. Moreover, the macroscopic fiber structure enabled
convenient recovery and reuse of the catalyst. Optical and photoelectrochemical analysis revealed that, compared to Anatase TiO2 powder,

the bandgap of TiO2 fiber membranes was reduced by 1.14 eV, and the light absorption range was extended by 14 nm, indicating a reduction
in the reaction activation energy barrier, an increase in the light absorption range that enhance the efficiency of photocatalytic reduction of
U(VI). These findings provide a novel and sustainable photocatalytic material for the green treatment of uranium wastewater, contributing to
the advancement of nuclear environmental management.

2. Experimental section

2.1 Materials
Titanium isopropoxide (TTIP, C12H28O4Ti, 95%) was purchased from McLean Biochemical Technology Co.Ltd(Shanghai, China).
Polyvinylpyrrolidone (PVP, (C6H9NO)n, average molecular weight of 1,300,000) was procured from Shandong Keyuan Biochemical Co., Ltd.
(Shandong, China). Uranyl nitrate hexahydrate (UO2(NO3)2, ≥ 99%) was purchased from Shanghai Yien Chemical Technology Co., Ltd.

(Shanghai, China). Reagents including glacial acetic acid (CH3COOH, 99.5%), formic acid (HCOOH, ≥ 99%), anhydrous ethanol (CH3CH2OH,
99.7%), sodium hydroxide (NaOH, ≥ 99.9%), and sulfuric acid (H2SO4, ≥ 98%) were obtained from Chengdu Kelong Chemical Co., Ltd.
(Chengdu, China).

2.2 Synthesis of TiO2 fiber membranes
A solution was prepared by dissolving 0.60 g of polyvinylpyrrolidone in 6.20 g of ethanol, and then heated and stirred at 40°C until complete
dissolution. Subsequently, 5.40 g of glacial acetic acid was added, followed by 4.40 g of titanium isopropoxide. The mixture was stirred
uniformly to form a yellow, transparent spinning solution. The spinning solution was transferred into a syringe equipped with a stainless-
steel needle for electrospinning to prepare TiO2 precursor fiber membranes. The electrospinning parameters were set as follows: flow rate of

1.5 mL·h− 1, applied voltage of 14 kV, and a needle-to-collector distance of approximately 15 cm. The process was conducted under
controlled ambient conditions of 20–30°C and 40%-55% relative humidity. The TiO2 precursor fiber membranes were collected and then

subjected to thermal treatment in a muffle furnace. The heating rate was set at 2°C·min− 1, and the membranes was held at the target
temperature for 60 minutes before being naturally cooled to room temperature to obtain the desired TiO2 fiber membranes.

2.3 Photocatalytic reduction of U(VI) experiments
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The photocatalytic experiments were carried out in a 100 mL jacketed quartz cell equipped with a circulating water bath maintained at 25 ± 
1°C. Aqueous U(VI) solutions of varying concentrations were added to the cell, either with 2 mL of formic acid or without any additive. The
pH of the solution was adjusted to the desired level using either 10 mol·L-1 NaOH or 1 mol·L-1 H2SO4. Subsequently, 40 mg of the

synthesized TiO2 fiber membranes was added to the solution. The reaction mixture was then irradiated for 2 hours under an air atmosphere
using a 300 W continuous-wave xenon lamp (Beijing Zhongjiao Jinyuan Technology Co., Ltd., Beijing, China) with a wavelength cutoff filter
(λ > 420 nm). During the irradiation, 1 mL of the reaction solution was withdrawn at regular intervals. The withdrawn samples were filtered
through a 0.22 µm PES syringe filter to remove the photocatalyst and obtain clear solutions for analysis. After the photocatalytic reaction,
the residual uranium concentration in the sample solution was determined using an inductively coupled plasma-emission spectrometer
(ICP-OES, ICAP 7400).

2.4 Material characterization
Phase analysis was performed using X-ray diffraction (XRD) on a PANalytical Empyrean diffractometer (PANalytical, Almelo, Netherlands)
operating at 40 kV and 40 mA with Cu Kα radiation (λ = 1.5418 Å). The microstructure of the materials were examined using a Hitachi
SU8100 scanning electron microscope (SEM). Elemental composition analyses were conducted using a Kratos AXIS Ultra DLD X-ray
photoelectron spectrometer (XPS) with an Al Kα X-ray source. Binding energies (BE) were calibrated using the C 1s peak at 284.8 eV. Optical
and optoelectronic properties were investigated using a Shimadzu UV-2802 UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan) equipped
with an integrating sphere, using barium sulfate (BaSO4) as a reflectance standard, over a wavelength range of 200–800 nm.
Electrochemical measurements were performed using a CHI 660E electrochemical workstation (Shanghai Chenhua, Shanghai, China) with a
three-electrode system. The system consisted of the TiO2 fiber membranes as the working electrode, a saturated Ag/AgCl electrode as the

reference electrode, and a platinum (Pt) electrode as the counter electrode, under simulated solar irradiation from a 300 W xenon lamp. The
chemical structure of the materials was analyzed using Fourier transform infrared (FT-IR) spectroscopy with a PerkinElmer ThermoNicolet
Smart-380 instrument, scanning from 4000 to 400 cm⁻1. Thermal stability was investigated by simultaneous thermogravimetric and
differential scanning calorimetry (TGA-DSC) using a TGA/DSC instrument. Samples were heated from 25°C to 1000°C at a rate of 5°C·min⁻1

under an air atmosphere. The Brunauer-Emmett-Teller (BET) surface areas of the ffbers were tested using speciffc surface area instrument
(JW-BK112,JWGB Sci & Tech).

3. Results and discussion

3.1. Structure characterization
Figure 1(a) shown the FT-IR spectra of TiO2 fiber membranes heat-treated at different temperatures. The broad and strong absorption band

at 2900–3600 cm-1 in the precursor fiber corresponds to O-H stretching vibrations, attributed to adsorbed water molecules and hydroxyl
groups from ethanol, acetic acid, and the hydrolysis of titanium isopropoxide. As the temperature increases, the intensity of this band
decreases significantly, indicating the desorption of water and the condensation of hydroxyl groups. The peak at 1650 cm-1 was assigned to
C = O stretching from acetic acid. The peaks at 1541 cm-1 and 1438 cm-1 are respectively attributed to the asymmetric and symmetric

stretching vibrations of carboxylate (-COO⁻), confirming the coordination between carboxylate groups and Ti ions[32, 33]. The separation (Δν)
between these two peaks was 103 cm-1, which suggested a chelating bidentate coordination mode of carboxylate to Ti[34, 35]. The absorption
at 442 cm-1 corresponded to Ti-O-Ti stretching, indicating the onset of crystallization into the Anatase phase at 400°C.

Table 1
The major FT-IR absorption bands and assignments.

Assignment v(O-H) v(C = O) vas(COO−) vs(COO−) v(Ti-O-Ti)

Band (cm− 1) 3412 1650 1541 1438 442

As shown in Fig. 1(b), the thermal decomposition of the precursor fibers in air proceeded in three stages. The first stage below 150°C shown
a mass loss of about 15.69% in the TG curve, due to the evaporation of solvents such as ethanol and water. This was consistent with the
reduced intensity of the FT-IR absorption band at 2900–3600 cm-1 after heating at 150°C. The second stage between 150°C and 400°C
exhibited a mass loss of about 24.31% and a distinct exothermic peak appeared at 339°C in the DSC curve, corresponding to the further
decomposition of organic components and the crystallization of TiO2. Accordingly, the organic peaks at FT-IR spectra gradually disappear by
300°C, and the Ti-O-Ti vibration emerges at 400°C. Above 400°C, a further mass loss of about 13.09% and multiple exothermic peaks are
observed, associated with residual organic decomposition and continued crystallization.
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The XRD patterns in Fig. 1(c) revealed the phase evolution of the material. No distinct diffraction peaks were observed at 300°C, indicating
that the fiber membrane was an amorphous structure at this temperature. At 400°C, diffraction peaks the fiber membrane appeared at 25.3°,
37.8°, 48.0°, 53.9°, and 55.1°, indexed to the (101), (004), (200), (105), and (211) planes of Anatase TiO2 (PDF#75-1537), confirming
crystallization into the Anatase phase. This aligns with the appearance of the Ti-O-Ti vibration in the FT-IR spectrum at 400 ℃. With
increasing temperature from 400°C to 600°C, the Anatase peaks intensify, indicating that TiO2 fiber membrane was improved crystallinity. At
700°C, new peaks emerged at 27.5°, 36.1°, 41.3°, 44.1°, 54.4°, and 56.7°, corresponding to the (110), (101), (111), (210), (211), and (220)
planes of the Rutile phase (PDF#87–0710), demonstrating a partial phase transformation from Anatase to Rutile in the TiO2 fiber membrane.

The BET surface area and pore volume of TiO2 fiber membranes (Fig. 1d and 1e) decreased continuously from 400°C to 600°C, which were
related to crystal growth, particle agglomeration, and densification of the fibers. The sample treated at 400°C possesses the highest specific
surface area and pore volume. SEM images (Fig. 1f–1h) illustrated the morphological evolution. At 400°C, the fibers exhibited a rough
surface and uniformly distributed pores, resulting from the incomplete decomposition of organics and the release of gaseous products. This
porous structure favors high surface area and efficient mass transport. At 500°C, the fibers became smoother with reduced porosity due to
further organic removal and crystal growth. At 600°C, the fibers appeared denser with a smoother surface and significantly diminished
porosity, indicating advanced sintering and densification. EDS mapping of the sample treated at 400°C (Fig. 1f1–f3) shown a homogeneous
distribution of Ti and O, along with detectable C signals from residual organic carbon. Combined with the XRD results, which confirmed the
formation of a uniform Anatase phase at this temperature.

In summary, the thermal treatment temperature critically influenced the chemical composition, crystal structure, porosity, and morphology of
the TiO2 nanofibers. The sample treated at 400°C exhibited an Anatase phase, a porous fibrous structure, and the highest specific surface
area, which were favorable properties for photocatalytic applications.

3.2 Optical and electrochemical properties
The light absorption capability is a fundamental property of semiconductor materials. As shown in Fig. 2(a), the UV-Vis absorption spectra
of TiO2 fiber membranes calcined at different temperatures revealed distinct absorption edges. The sample treated at 400°C exhibited an

absorption edge at approximately 398 nm with its light absorption range expanded by 10 nm compared to Anatase TiO2 powder[36]. As the
calcination temperature increases to 500°C and 600°C, a slight blue shift of the absorption edge was observed, reaching 392 nm for the
600°C sample. As the heat treatment temperature of TiO2 fiber membranes increased, the light absorption range of the photocatalyst
gradually decreased. However, a slight red shift back to 393 nm occured for the sample calcined at 700°C. This reversal was attributed to a
phase transformation from pure Anatase to a mixed Anatase/Rutile phase, which altered the band structure. We can clearly observe that
TiO2 fiber membranes heat treatment at 400°C and 500°C exhibited broader visible light absorption in the UV-Vis spectra, with ranges of

390–600 nm and 390–500 nm, respectively. In contrast, TiO2 fiber membranes heat treatment at 600°C and 700°C did not display similar
behavior.The corresponding optical band gaps (Eg) were determined using the Tauc plot method (Fig. 2b). Consistent with the absorption
edge shift, the band gap of TiO2 fiber films increased from 3.31 eV for the 400°C sample to 3.34 eV for the 600°C sample, which was about

0.05 eV less than that of Anatase TiO2 powder[36]. The blue shift and associated band gap widening imply a higher activation energy barrier
for photo-induced redox reactions. Conversely, the sample treated at 700°C shown a reduced band gap of 3.33 eV, again due to the phase
change of TiO2. Overall, the 400°C sample possessed the narrowest band gap and the best light-harvesting ability among the samples.

The efficiency of charge carrier separation and transport critically influences photocatalytic performance. Electrochemical impedance
spectroscopy (EIS) was employed to evaluate the charge transfer resistance, as presented in the Nyquist plots (Fig. 2c). A smaller arc radius
corresponded to lower charge transfer resistance. The 400°C sample exhibited the smallest semicircle, indicating the most efficient charge
separation and transport which minimized the recombination of photogenerated electron-hole pairs and promoted their rapid migration to
the surface for redox reactions. The flat-band potentials (Efb) of the samples were estimated from Mott-Schottky (M-S) plots measured at
frequencies of 800, 900, and 1000 kHz (Fig. 2d). The positive slopes of all M-S curves confirmed the n-type semiconductor nature of the TiO2

fibers membranes. The Efb values became more positive with increasing calcination temperature, shifting from − 0.26 V for the 400°C
sample to -0.17 V (vs. Ag/AgCl) for the 700°C sample. Combining the optical band gap (Eg) from Tauc plots and the flat-band potential (Efb)
from M-S analysis, the energy band structures were constructed (Fig. 2e). For n-type semiconductors, the conduction band minimum (CBM)
is approximately equal to Efb. Consequently, the CBM positions were determined as -0.26, -0.21, -0.18, and − 0.17 eV (vs. Ag/AgCl) for TiO2

fiber membranes treated at 400, 500, 600, and 700°C, respectively. A more negative CBM signifies stronger reducing power of
photogenerated electrons, which TiO2 fiber membranes heat-treated at 400 ℃ exhibited a lower conduction band value, indicating that its
photogenerated electrons possess stronger reducing capability. The valence band maximum (VBM) positions, calculated using the formula
EVBM = ECBM + Eg, were 3.05, 3.13, 3.16, and 3.16 eV (vs. Ag/AgCl), respectively. Figure 2 (f) displayed the photoluminescence (PL) spectra
of Anatase TiO2 powder and TiO2 fiber membranes heat-treated at 400 ℃-700 ℃, all excited with a 300 nm wavelength. The intrinsic
emission peak appeared at about 362 nm. Compared with the powder, the fiber membranes shown a markedly lower PL intensity, and this

Page 5/14



intensity diminished progressively as the sintering temperature rises. The membranes sintered at 400°C exhibited the weakest PL, indicating
that recombination of photogenerated electron–hole pairs was most effectively suppressed at this temperature[37].

In summary, the 400°C TiO2 fiber membranes displayed the most favorable electronic characteristics for photocatalysis. The 400°C TiO2

fiber membranes had the widest range of light absorption, thereby achieving maximum light absorption efficiency and had the most negative
conduction band minimum, indicating the strongest reducing power of photogenerated electrons. The sample also exhibited the lowest
charge transfer resistance, reflecting highly efficient carrier transport. Its photoluminescence intensity was the weakest among these TiO2

fiber membranes, suggesting a pronounced suppression of electron–hole recombination. Collectively, these attributed produce a synergistic
effect that was expected to translate into superior photocatalytic performance.

3.3. Photocatalytic reduction of uranium performances
Table 2

The different catalysts for U(VI) photoreduction in literatures.
Catalyst Conditions Sacrifice Removal ratio Ref.

TiO2 fiber

membranes

C0=20ppm, m/V = 0.5g/L, pH = 5 None 99.0% in 180 min This work

Ti1−xO2 C0=8ppm, m/V = 0.25g/L, pH = 7 None 38.5% in 120 min [27]

pristine TiO2 fiber

membranes

C0=50ppm, m/V = 0.2g/L, pH = 6 None 8.6% in 120 min [36]

P-g-C3N4 C0=30ppm, m/V = 0.5g/L, pH = 7 2.5% Methanol 90% in 20 min [38]

ZnO/rectorite C0=5ppm, m/V = 1.5 g/L, pH = 5 1.0 mol/L Methanol 99% in 240 min [39]

Figure 3(a) presented the photocatalytic U(VI) reduction efficiency of TiO2 fiber membranes treated at different temperatures was evaluated
under UV light. The membranes treated at 400°C exhibited the highest photocatalytic activity. With increasing treatment temperature, the
photocatalytic efficiency decreased, attributed to the increased in heat treatment temperature, which leaded to the growth of TiO2 grain size
and subsequent phase transformation. The structural changed affecte the light absorption and photoelectrical properties, resulting in an
increase in charge transfer resistance, a decrease in electron reduction ability, and an increase in the recombination rate of photogenerated
carriers. These factors had a negative impact on the catalytic performance. Notably, the 400°C membranes achieved a U(VI) removal rate of
99.9% within 120 minutes. This superior performance was primarily due to its advantageous structural characteristics at 400°C. The fiber
membranes heat-treated at 400°C Celsius possessed a porous structure with uniform pores and a large specific surface area, which
provided abundant active sites for the photocatalytic reaction, significantly enhancing the contact between U(VI) and the catalyst surface.
To further assessed the photocatalytic capability of the 400°C treated membranes and determined optimal operating conditions,
subsequent experiments were conducted.

Figure 3(b) presented the photocatalytic reduction of U(VI) by the 400°C treated membranes was investigated under various pH conditions.
The results shown that, at pH values of 0 and 1, the TiO2 fiber membranes exhibited no photocatalytic activity for U(VI) reduction. This was

attributed to the high concentration of H+ ions in strongly acidic aqueous solutions, which competed with U(VI) ions for photogenerated
electrons. This competition significantly reduces the efficiency of photocatalytic reduction. As the pH increased, the photocatalytic reduction
efficiency of U(VI) gradually enhanced. At pH = 5, a U(VI) removal rate of 99.9% was achieved within 120 minutes. Figure 3(c) presented the
effect of different U(VI) concentrations on the photocatalytic reduction by the 400°C treated membranes was examined. For U(VI)
concentrations below 20 mg L⁻1, removal rates of 99.9% were observed within 120 minutes. However, as the substrate concentration
increased, the photocatalytic efficiency of the TiO2 nanofiber membranes decreased. This was likely because at excessively high U(VI)
concentrations, the adsorption of U(VI) on the TiO2 surface becomes supersaturated, and the excess U(VI) occupied a significant number of
active sites.

Figure 3(d) presented the influence of formic acid (HCOOH) as a sacrificial agent on the photocatalytic reduction of U(VI) was investigated.
Formic acid, an excellent hole scavenger, rapidly consumes photogenerated holes, promoting the separation of electron-hole pairs and
enabling more photogenerated electrons to participate in the U(VI) reduction reaction, thereby enhancing photocatalytic activity. Under
formic acid was added at a volume ratio of 4% conditions, the removal efficiency of U(VI) from a 20 mg·L⁻¹ solution reached 99.9% within
120 minutes. In the absence of formic acid, the U(VI) removal efficiency reached 95.7% within 120 minutes and 99.0% after 180 minutes
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which 2.47 times higher than commercial Anatase TiO2 powder[36]. This indicated that the TiO2 fiber membranes exhibited a high

photocatalytic reduction rate for U(VI) even without the addition of formic acid.

Figure 3(e) presented the influence of common interfering metal ions on the photocatalytic reduction of U(VI). The presence of 100ppm Sr2+,
K⁺, and Na⁺ exhibited a slight inhibitory effect on U(VI) removal, likely attributed to competition for active sites on the TiO2 composite fiber
membranes. Nevertheless, even under these competitive conditions, the membranes achieved a U(VI) removal efficiency exceeding 97%
within 2 hours of irradiation. This underscores the material's robust and stable uranium extraction capability in complex aqueous matrices.
Figure 3(f) illustrates the effect of inorganic anions. The addition of 100ppm Cl⁻, NO3⁻, and SO4

2- had a negligible impact on the

photocatalytic reduction of U(VI). This observation highlights the excellent resistance of the TiO2 composite fiber membranes to anionic
interference, suggesting its potential for selective and efficient U(VI) removal in real water bodies.

Figure 3(g) presented the role of different scavengers in the photocatalytic reduction of U(VI) was investigated. Ag⁺ as a potent electron
scavenger, resulted in a high concentration of residual U(VI) after 120 minutes of illumination, as the captured electrons severely limited the
reduction reaction. This visually confirmed that photogenerated electrons were the decisive active species driving the reduction of U(VI) to
U(IV). In contrast, HCOOH as a hole scavenger, lead to an enhanced U(VI) reduction efficiency. This was attributed to the suppression of
electron-hole recombination by hole scavenging, prolonging the electron lifetime and allowing more electrons to participate in U(VI)
reduction. C3H8O role as a hydroxyl radical scavenger, exhibited the fastest curve decline, suggesting that hydroxyl radicals might negatively
impact the reduction process by competitively consuming photogenerated electrons or oxidizing the generated U(IV) species. By quenching
·OH, photogenerated electrons were more selectively and efficiently utilized for U(VI) reduction, significantly accelerating the reaction rate.
Collectively, these scavenger studies unequivocally demonstrated that photogenerated electrons were the dominant active species for U(VI)
reduction. The mechanism of photocatalytic reduction of U(VI) by TiO2 fiber membranes was the direct reduction of U(VI) by these electrons,
while the scavenger just promotes this process.

Fig. (h) exhibited the recyclability of the TiO2 composite fiber membranes was assessed over five cycles of U(VI) removal. Recyclability is a
crucial metric for evaluating the practical application potential of photocatalysts. The material maintained exceptionally high catalytic
activity during the first two cycles, comparable to the initial activity with removal rates of 98.9% and 98.2%, respectively, which reflected
good structural stability. A noticeable decline in the removal rate was observed starting from the third cycle. After the fifth cycle, the removal
rate was 80.8%. This reduction may be attributed to slight loss of active components or structural damage on the fiber membrane surface
caused by fluid flushing during repeated cycling. These results indicated that the TiO2 composite fiber membranes possesses good practical
application potential, offering a viable technological solution for the continuous treatment of uranium-containing wastewater. As shown in
Fig. (i) there was no significant change in the concentration of titanium ions during the photocatalytic process, indicating the good stability
of the photocatalytic material.

3.4 Analysis of reduction products
X-ray photoelectron spectroscopy (XPS) was employed to characterize the TiO2 nanofiber membranes, investigating the elemental changes
on the membranes surface before and after photocatalysis. The survey XPS spectrum of the pristine TiO2 nanofiber membranes (Fig. 4a)
clearly shown prominent peaks corresponding to O 1s, Ti 2p, and C 1s. This confirmed that the primary elemental constituents of the fiber
membranes were Ti and O, with a minor presence of C, and no other impurity elements were detected. Following photocatalytic reduction,
the XPS survey spectrum still exhibited the original Ti 2p, O 1s, and C 1s peaks without significant shifts. This further validated the structural
stability of the TiO2 nanofiber membranes as a photocatalyst. Importantly, the post-photocatalysis survey spectrum revealed the appearance

of U 4f characteristic peaks. As shown in Fig. 4(c), distinct peaks for U 4f 5/2 and U 4f 7/2were observed at binding energies of 391.70 eV
and 380.99 eV, respectively. The energy separation of 10.71 eV between these peaks is characteristic of U(IV) valence states[40]. It was
suggested that aqueous U(VI) was reduced to U(IV) by the TiO2 photocatalyst. Figure 4(b) presented the high-resolution O 1s XPS spectra.
The peak at 529.82 eV was attributed to lattice oxygen, corresponding to the Ti-O-Ti bonds within the TiO2 crystal structure. The peak at
531.38 eV was assigned to surface hydroxyl oxygen, which originates from adsorbed water or surface hydroxyl groups. The presence of
hydroxyl oxygen reflected the surface hydrophilicity and potential active sites. Deconvolution of the O 1s spectrum allowed for the
quantitative analysis of the relative areas of these oxygen species. The peak area of hydroxyl groups increased after photocatalysis
compared to before photocatalysis. This enhancement was attributed to the photocatalytic reaction, where the generation of hydroxyl
radicals (·OH) from water (H2O + h⁺ → ·OH + H⁺) leaded to an increased proportion of surface hydroxyl oxygen[41, 42].

Figure 4(d) displayed the X-ray diffraction (XRD) patterns of the TiO2 fiber membranes, before and after the photocatalytic reduction of U(VI).
The standard card PDF#75-1537 for Anatase TiO2 was used as a reference for phase identification. The XRD results demonstrated that the
TiO2 fiber membranes maintained its pure Anatase phase even after the photocatalytic reaction. However, no new characteristic peaks of
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the product appeared, which may be due to the formation of amorphous U(IV) precipitate. TiO2 fiber membranes structural stability was
crucial and provided a strong foundation for the potential cyclic reusability of the material.

4. Conclusion
In this study, flexible TiO2 fiber membranes were successfully fabricated via electrospinning and demonstrated exceptional performance in
the photocatalytic reduction of U(VI) without the need for sacrificial agents. The U(VI) removal efficiency of 99.0% was achieved within 180
minutes with 2.47 times higher than that of conventional Anatase TiO2 powder that attributed to enhanced light absorption and improved
charge carrier dynamics. The light absorption range was extended by 10 nm, improving the utilization efficiency of light and thereby
enhancing the efficiency of the photocatalytic reduction reaction of U(VI). The extremely low conduction band position at -0.26 eV indicated
that strong reducing capability of photogenerated electrons provided sufficient driving force for the reduction of U(VI) to U(IV). The
macroscopic fibrous architecture facilitated rapid transport of photogenerated carriers that compared with the TiO2 powder, the fiber
membranes shown a markedly lower PL intensity which effectively suppresses charge recombination and consequently enhances
photocatalytic activity. Moreover, the flexible of the membranes allows for facile separation and recovery from aqueous solutions,
overcoming the inherent challenges associated with powder-based catalysts. After five consecutive cycles, the membranes retained
approximately 80.8% of removal efficiency, demonstrating excellent structural and catalytic stability.

Notably, the material maintained consistent performance under varying pH conditions and in the presence of common inorganic ions,
indicating stability in complex aqueous environments. These findings highlight the significant potential of TiO2 fiber membranes as a

practical, reusable, and sustainable photocatalytic material for the green remediation of uranium contaminated water.
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Figure 1

(a) FT-IR spectra of TiO2 fiber membranes. (b) TGA and DSC of the TiO2 precursor fiber membranes under an air atmosphere. (c) XRD
patterns of TiO2 fiber membranes. (d) & (e) Specific surface area and pore volume of TiO2 fiber membranes. (f)-(h) SEM images at 400°C,

500°C, and 600°C of TiO2 fiber membranes respectively. (f 1)-(f 3) EDS spectra at 400°C of TiO2 fiber membranes.
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Figure 2

(a) UV-Vis absorption spectra of TiO2 fiber membranes. (b) Tauc plots of TiO2 fiber membranes. (c) electrochemical impedance spectra (EIS)
of TiO2 fiber membranes. (d) Mott-Schottky plots (MS) of TiO2 fiber membranes. (e) band structure diagrams of TiO2 fiber membranes. (f) PL

spectra of TiO2 fiber membranes and powder.
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Figure 3

Effect of (a) thermal treatment temperature, (b) pH, (c) substrate concentration, (d) whether to added formic acid as a sacrificial agent, (e)
coexisting cations, (f) coexisting anions, (g) different scavengers on TiO2 fiber membranes photocatalytic reduction of U (VI), (h)
Recyclability of the photocatalyst on TiO2 fiber membranes photocatalytic reduction of U (VI), (i)Leaching of titanium (Ti) ions in the

photocatalytic process.
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Figure 4

(a) XPS survey spectra of TiO2 fiber membranes. (b, c) High resolution XPS spectra of O and U the corresponding characteristic peaks. (d)
XRD patterns on TiO2 fiber membranes.
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