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The efficient capture of radioactive iodine is critical for nuclear safety due to its high mobility and toxicity. Bismuth sulfide (Bi2S3) aerogel, synthesized via a one-step hydrothermal method, demonstrates exceptional iodine adsorption performance. Characterization by scanning electron microscopy (SEM) and BET confirmed the material’s porous structure, which facilitated iodine uptake. Batch experiments revealed a high adsorption capacity of 1,204 mg/g, with kinetics and isotherms well described by the pseudo-second-order model and Freundlich isotherm, respectively, indicating that the adsorption process is dominated by chemisorption. The adsorption mechanism involves iodine phase transfer and subsequent formation of stable BiI3 phases, ensuring long-term immobilization. The Bi2S3 aerogel demonstrates superior chemical and thermal stability, high capture efficiency, and cost-effectiveness, further highlighting its practical potential for nuclear waste management. This work advances the design of bismuth-based adsorbents by combining high capacity, stability, and scalable synthesis, thereby offering a sustainable solution for radioactive iodine capture.
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1 INTRODUCTION
Global energy demand has expanded dramatically over the past few decades. Benefiting from its high energy density, low carbon, no pollutant emissions, and other characteristics, nuclear energy is considered one of the most promising energy solutions to alleviate energy shortages and greenhouse effects (Parsons et al., 2019; Zhou et al., 2024). Nonetheless, radioactive nuclear waste is an inevitable product of nuclear power plant operation, which seriously endangers the ecological and environmental security, and it must be effectively managed to ensure the sustainable development of nuclear energy (Wang et al., 2019). Radioactive waste from nuclear power plants primarily contains radionuclides such as 3H, 85Kr, 90Sr, 99Tc, 129I, 131I, 133Xe, and 137Cs. Among these, iodine is particularly hazardous due to its volatility and bioaccumulation and poses great risks to human health and ecosystems. Notably, 129I has a half-life of 15.7 million years, meaning that even a single release could cause permanent radioactive contamination and therefore requires stringent containment during spent fuel reprocessing (Subrahmanyam et al., 2015; Zhang et al., 2023a). Therefore, the development of safe and efficient gaseous radioactive iodine removal technology is of great practical significance.
At present, the treatment of gaseous radioactive iodine can be divided into two categories: wet scrubbing and solid adsorption (Riley et al., 2016). Contrary to wet scrubbing, solid absorption has the advantages of simple process equipment, mild reaction conditions, and almost no secondary pollution, and it is the most popular method of iodine treatment in current research (Moore et al., 2020). Solid iodine adsorbent materials have evolved from early limited types, such as silver-coated silica gel (Liao et al., 2025; Wang et al., 2022) and silver-containing zeolites (Nan et al., 2018; Chapman et al., 2010), rapidly expanding to diverse material categories including activated carbon (Hirota et al., 2021; Tang et al., 2025), zeolites (Zhao et al., 2022; Zhao et al., 2024), graphene (Liu et al., 2019; Wang et al., 2024), macroporous resins (Zhang et al., 2025a), aerogels (Yang et al., 2025; Cao et al., 2023; Wang et al., 2025; Fang et al., 2022), layered hydrides (Ma et al., 2014), porous organic polymers (Xie et al., 2019), metal–organic frameworks (Chen et al., 2025; Zhang et al., 2025b), and covalent organic frameworks (He et al., 2024; Zhang et al., 2023b). Among the above materials, the aerogels demonstrate the best adsorption performance due to their large specific surface area, high porosity, and easily controllable structure. Moreover, aerogels are widely available in various raw material forms and can be prepared using simple procedures, making them highly promising for large-scale application in engineering practices of iodine adsorption during spent fuel reprocessing (Yuvaraja et al., 2025).
Bismuth-based materials not only have good affinity for iodine but also have the advantages of low price and low environmental toxicity, so approaches utilizing these materials have been rapidly emerging in the research field of iodine adsorbents in recent years (Reda et al., 2021). Xiao et al. developed three bismuth-based carbon nano-membranes through electrospinning technology to coat carbon nano-membranes with bismuth or bismuth oxide (Chee et al., 2020). All materials demonstrated exceptional iodine adsorption performance, with the elemental bismuth-coated membrane achieving the highest iodine adsorption capacity of 732 mg/g. This remarkable result is attributed to the coating process significantly enhancing bismuth atom utilization efficiency, thereby accelerating the adsorption process. Luan et al. synthesized a 3D-ordered macroporous bismuth-loaded silica aerogel material which achieved an adsorption capacity of 696 mg/g for gaseous iodine, which is more than three times that of commercial silver-containing zeolite (Chang et al., 2022). It has been shown that bismuth-based materials have unique advantages in iodine adsorption and separation. Al-Mamoori et al. (2025) synthesized a type of bismuth-SBA-15 derived from rice husk exhibiting an iodine capture capacity of as much as 3,956 mg/g at 200 °C. Extensive research demonstrates that bismuth-based materials hold significant potential for the adsorption of radioactive iodine, offering a promising approach for nuclear waste remediation.
Herein, we developed a type of bismuth sulfide (Bi2S3) aerogel using chitosan as a 3D template agent. Through a combination of freeze-drying and subsequent calcination, we successfully obtained bare Bi2S3 aerogel with enhanced production efficiency and yield. The morphology, pore structure, and chemical composition of the prepared aerogel were systematically characterized. The iodine capture performance was evaluated under various conditions, demonstrating exceptional adsorption capacity and chemical stability. The adsorption mechanism and potential applications for radioactive iodine removal in harsh environments were further investigated.
2 MATERIALS AND METHODS
2.1 Materials
In this work, bismuth nitrate pentahydrate (Bi(NO3)3⋅5H2O, AR), thiourea (CH4N2S, AR) and iodine (I2, AR) were purchased from Aladdin (Shanghai). Cyclohexane (C6H12, AR) was purchased from Macklin. Polyvinylpyrrolidone (PVP, K30) was purchased from Chron Chemicals (Chengdu), and chitosan was purchased from Shanghai Chemical Reagent Co. Ltd. (China). All chemicals were of analytical reagent grade and used without further purification.
2.2 Preparation of Bi2S3 aerogel
Bi2S3 aerogel was prepared using the hydrothermal method (Li et al., 2023). First, 0.485 g Bi(NO3)3·5H2O was added to 30 mL of deionized water and stirred for 1 h; then, 0.6 g thiourea and 0.15 g chitosan were added to the solution with continuous stirring for 30 min. Subsequently, 0.2 g polyvinylpyrrolidone was added to the solution and stirred until completely dissolved. Afterward, the mixture was transferred to the reaction kettle and heated in the oven at 200 °C for 200 min. After the reactor cooled to room temperature, the solution was transferred to a centrifuge tube, mixed thoroughly, and then subjected to quick-freeze pretreatment by liquid nitrogen before being placed in a freeze dryer for 3 days to obtain the Bi2S3/chitosan aerogel sample. Finally, the lyophilized samples were placed in a crucible for calcination to remove chitosan. Four groups of samples were calcined at 180 °C, 200 °C, 250 °C, and 300 °C, respectively. Supplementary Figure S1 shows a schematic diagram of the synthesis process of Bi2S3 aerogel.
2.3 Characterization
The powder X-ray diffraction (XRD) pattern was performed on DMAX1400 with the range of 3°–80° (2θ), and the scan rate was set to 8°/min. An ultraviolet-visible absorption spectrum on UV2600A was used to record the absorbance of the sample. Fourier-transform infrared (FT-IR) spectroscopy was recorded on a Nicolet-5700 FT-IR spectrometer with a range of 400–4,000 cm−1. Morphological characterization and energy-dispersive X-ray (EDX) spectroscopy element mapping of the samples were performed using scanning electron microscopy (SEM, Ultra 55). The specific surface area and pore size information of the sample were obtained using a gas sorption analyzer (Quantachrome, Autosorb iQ).
2.4 Iodine adsorption
2.4.1 Iodine vapor adsorption
The iodine vapor adsorption experiments were conducted according to the following procedure. Approximately 1 g of solid iodine (I2) was placed in a large corundum crucible. A small corundum crucible containing 50 mg of the Bi2S3 aerogel sample was then positioned inside the large crucible, after which the assembly was sealed with a lid and transferred to a dedicated adsorption oven. The system was maintained at 75 °C under ambient pressure for predetermined time intervals. After the completion of the heating process, the samples were allowed to cool to room temperature, removed, and weighed to determine the amount of iodine captured. Each adsorption test was performed in duplicate, and the average value was used for data analysis. The capture amount of iodine vapor by the sample is calculated as following Equation 1:
Q=m2−m1 m1×100 wt%,(1)
where Q (wt%) is the iodine absorption amount and m1 (mg) and m2 (mg) are the weights of the sample before and after adsorption, respectively.
2.4.2 Adsorption of iodine in an organic solution
According to a certain solid–liquid ratio, 10 mg of Bi2S3 aerogel was added to glass bottles containing iodine in cyclohexane solutions of different concentrations (50, 100, 200, 400, 600, 800, and 1,000 ppm). The mixtures were then stirred at ambient temperature for 24 h. After a certain period of time, solid-liquid separation was performed via filtration through a 0.22 µm microporous organic membrane, and then the iodine concentration in the adsorption solution was measured using a UV2600A ultraviolet spectrometer (λ = 522 nm). The equilibrium adsorption capacity as following Equation 2:
qemgg=c0−ceVm,(2)
where C0 (mg/L) and Ce (mg/L) are the initial I2 concentration and the I2 concentration after adsorption, respectively. V is the volume of the solution in milliliters, and m is the weight of the adsorbent in milligrams.
3 RESULTS AND DISCUSSION
3.1 Characterization of Bi2S3 aerogel
The SEM images of Bi2S3 aerogel calcined at 200 °C are shown in Figure 1. A typical 3D network structure is presented in Figure 1a, which coincided with the aerogel structure characteristics and preliminarily confirmed the successful synthesis of Bi2S3 aerogel (Riley et al., 2013). Moreover, the SEM image with higher resolution, shown in Figure 1b, more clearly showed that Bi2S3 nanoparticles are self-assembled into a 3D network structure through cross-linking stacking (Zhou et al., 2023).
[image: SEM images and X-ray diffraction patterns of Bi\(_2\)S\(_3\) aerogels. Panel (a) shows a microstructure at 1 micrometer scale, and (b) at 200 nanometer scale. Panel (c) presents XRD patterns of aerogels heated at two temperatures, while (d) shows XRD patterns across different pH levels. Panels (e) and (f) depict adsorption isotherm and pore size distribution of the aerogel, respectively.]FIGURE 1 | SEM images of Bi2S3 aerogel (a,b). (c) XRD patterns of Bi2S3 aerogel treated at different temperatures. (d) XRD patterns of Bi2S3 aerogel immersed in various pH solutions. (e) N2 adsorption/desorption isotherms. (f) Pore size distribution curves of Bi2S3 aerogel.XRD was used to analyze the effects of different calcination temperatures and immersion in various pH solutions on the structure of Bi2S3 aerogel. As shown in Figure 1c, the XRD patterns of Bi2S3 aerogels calcined at 200 °C and 250 °C are almost identical, and significant diffraction peaks belonging to the (210), (021), (230), and (431) crystal planes of Bi2S3 (JCPDS no. 75–1360) were observed at 17.87°, 27.43°, 28.65°, and 46.81°, respectively (Ouyang et al., 2018). Further comparison revealed that the intensity of some characteristic peaks of Bi2S3 aerogel calcined at 250 °C was reduced, which may be attributed to the decrease in crystallinity caused by the increase in calcination temperature (Ananthakrishnan and Goswami, 2024). The XRD patterns of Bi2S3 aerogel before and after soaking in solutions across a wide pH range (2–12) show negligible shifts in characteristic peaks (Figure 1d), confirming its excellent acid–base stability under extreme conditions (Jiang et al., 2022).
Figures 1e,f depict the N2 adsorption/desorption isotherms and the BJH pore size distribution of Bi2S3 aerogel. Figure 1e shows a sharp rise in the nitrogen adsorption curve within the relative pressure range of 0.8–1.0 exhibiting type-IV isotherms, which indicated abundant meso-macroporous structure in Bi2S3 aerogel (Thommes et al., 2015). This could be confirmed by the pore size distribution curves (Figure 1f). Calculations reveal an average specific surface area of 4.6942 m2/g, a pore volume of 0.0103 cm3/g, and an average pore diameter of 9.3038 nm, which further confirmed that the structure of Bi2S3 aerogel is mesoporous along with the presence of some macroporous structures (Hu et al., 2024).
3.2 Adsorption performance
The influence of different calcination temperatures on the iodine adsorption performance of Bi2S3 aerogel during synthesis was investigated. Bi2S3 aerogels prepared by calcination at different temperatures (180 °C, 200 °C, 250 °C, and 300 °C) were placed in iodine vapor for 24 h to obtain saturation adsorption at 75 °C. As shown in Figure 2a, Bi2S3 aerogels obtained by calcination at 180 °C and 200 °C exhibited high iodine vapor adsorption capacities of 1,006 mg/g and 1,204 mg/g, respectively, demonstrating excellent adsorption performance for gaseous iodine. However, when the calcination temperature was increased further, the adsorption capacity of the samples decreased sharply. The adsorption capacity of the samples calcined at 300 °C decreased by 67% to 463 mg/g for iodine vapor.
[image: Four graphs depict adsorption data for Bi2S3 aerogels. (a) Bar chart shows adsorption capacity at various temperatures, peaking at 200°C. (b) Line graph shows increasing adsorption capacity over 50 hours. (c) Line graph compares pseudo-first-order and pseudo-second-order models for adsorption over 1000 minutes. (d) Line graph compares Freundlich and Langmuir models for adsorption capacity versus concentration, with data points following the models' curves.]FIGURE 2 | (a) Iodine adsorption capacity of Bi2S3 aerogel calcined at different temperatures. (b) Adsorption of iodine vapor by Bi2S3 aerogel calcined at 200 °C. (c) Effect of contact time on the iodine vapor adsorption performance of Bi2S3 aerogel. (d) Effect of iodine concentrations in cyclohexane on the adsorption performance of Bi2S3 aerogel.The Bi2S3 aerogel calcined at 200 °C exhibited a maximum iodine adsorption capacity of 1,204 mg/g when tested in iodine vapor at 75 °C. The adsorption process is shown in Figure 2b. The mass of iodine adsorbed by the sample increased steadily during the initial stage, and the adsorption rate gradually declined in the later stage. It was inferred that the rapid increase in adsorption during the initial stage was attributed to surface reaction, whereas the slow adsorption rate in the later stage was dominated by pore filling controlled by mass transfer diffusion (Al-Mamoori et al., 2019; Al-Mamoori et al., 2025). The adsorption process reached equilibrium in 16 h, and the maximum iodine adsorption capacity of the sample reached 1,204 mg/g, indicating a good performance among the reported iodine adsorbents (Supplementary Table S1). Following this, the adsorption capacity decreased slightly because of the desorption of part of the physically adsorbed iodine. To further investigate the iodine adsorption behavior of Bi2S3 aerogel, the pseudo-first-order model and pseudo-second-order model (Figure 2c; Supplementary Equations S1,S2) were exploited to fit the experimental data. The fitting results and calculations are shown in Figure 2c and Supplementary Table S2, respectively, which indicate that the adsorption kinetics of iodine by Bi2S3 aerogel fit the pseudo-second-order model better, with a higher R2 value (0.84) compared to the pseudo-first-order model (0.72). The results indicate that the adsorption of iodine by Bi2S3 aerogel was dominated by the chemisorption process (Wang and Guo, 2020).
To investigate the adsorption capacity of Bi2S3 aerogel for liquid iodine, we carried out isothermal adsorption experiments with iodine in a cyclohexane solution at room temperature and fitted the experimental data with Langmuir and Freundlich models (Supplementary Equations S3,S4). As shown in Figure 2d, with the increase in the equilibrium concentration of iodine in the cyclohexane solution, the adsorption capacity of iodine per unit mass of adsorbent gradually increases until it reaches the maximum adsorption capacity for liquid iodine. According to the parameters fitted by the two adsorption models (Supplementary Table S3), the Freundlich model (R2 > 0.80) is more suitable than the Langmuir model (R2 > 0.76) (Pham et al., 2016), and the maximum adsorption capacity of Bi2S3 aerogel for iodine in cyclohexane is 186 mg/g.
3.3 Adsorption mechanism
As shown in Figure 3a, electron image and elemental mapping of Bi2S3 aerogel after iodine adsorption can be used for the preliminary analysis of its capture mechanism. The mapping images of Figure 3(a-1, a-2, a-3) showed that the adsorbed iodine was evenly distributed in the sample, and the distribution was completely consistent with that of bismuth, indicating that bismuth plays a major role in the iodine adsorption process (Al-Mamoori et al., 2020). The FT-IR spectra of the samples before and after iodine adsorption (Figure 3b) showed that the characteristic vibration peaks corresponding to Bi–S bonds at 1,623, 1,372, and 718 cm-1 either disappeared or exhibited significant shifts after iodine adsorption (Cao et al., 2012), indicating that the bond was cracked to generate new adsorbed products during the adsorption process. Furthermore, XRD analysis (Figure 3c) showed that the characteristic peaks of Bi2S3 disappeared in the samples after iodine adsorption, whereas the new characteristic peaks corresponding to BiI3 were detected at 2θ values of 12.8°, 26.9°, 35.2°, 41.5°, 46.2°, and 50.3° (JCPDS no. 48–1795) (Chen et al., 2024). Based on the peaks, it is speculated that the product was BiI3 after iodine adsorption and that Bi2S3 and I2 reacted to form BiI3. Therefore, as depicted in Figure 4, the mechanism of iodine adsorption by Bi2S3 aerogel involves the chemical reaction: Bi2S3 + 3I2 → 2BiI3 + 3S (Jiang et al., 2022).
[image: An arrangement of images and graphs displaying characteristics of a Bi₂S₃ aerogel. Panel (a) shows a microscopic image of the aerogel. Panels (a-1) to (a-3) display elemental mappings for Bismuth (Bi), Iodine (I), and Oxygen (O) using red, green, and blue colors, respectively. Graph (b) illustrates transmittance spectra comparing Bi₂S₃ aerogel with its iodine variant over wavenumbers ranging from 4000 to 500 per centimeter. Graph (c) presents X-ray diffraction patterns for Bi₂S₃ aerogel at different temperatures, highlighting peaks for Bi₂S₃ and BiI₃ phases.]FIGURE 3 | Electron image (a) and elemental mapping (a-1, a-2, and a-3) of Bi2S3 aerogel after iodine adsorption. FT-IR (b) and XRD (c) of Bi2S3 aerogel before and after iodine adsorption.[image: Aerogel diagram depicting iodine vapor capture by Bi2S3 aerogel. It illustrates the chemical reaction: Bi2S3 and iodine transform into BiI3 and sulfur. Molecular structures and aerogel microscopy images are shown. Arrows indicate the process from iodine vapor to iodine capture, resulting in Bi2S3 aerogel-I2.]FIGURE 4 | Possible adsorption mechanism of I2 on Bi2S3 aerogel.4 CONCLUSION
In summary, this study demonstrates the successful synthesis of Bi2S3 aerogel via a template removal method, with optimal structural integrity and iodine adsorption performance achieved at a calcination temperature of 200 °C. The aerogel exhibits exceptional adsorption capabilities, including a gaseous iodine adsorption capacity exceeding 1,204 mg/g and a solution-phase-removal efficiency of 186 mg/g. It also outperforms conventional adsorbents such as activated carbon. Mechanistic studies confirm that the adsorption process is dominated by chemisorption, where iodine reacts with Bi2S3 to form stable BiI3. The Bi2S3 aerogel’s robust stability across a wide pH range (2–12) and its resistance to structural degradation under acidic/alkaline conditions highlight its suitability for nuclear waste reprocessing, which involves the capture of volatile iodine in complex environments. Furthermore, the formation of thermodynamically stable BiI3 ensures long-term iodine immobilization. These results position porous Bi2S3 aerogel as a promising candidate for spent nuclear fuel treatment, combining high capacity, chemical stability, and sustainable synthesis.
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