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TiO2 Nanowire Arrays in situ Grown on Ti Foil Exhibiting Superior Uranyl-Adsorption Properties
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TiO2 nanowire arrays in situ grown on Ti foil (TiO2/Ti) were prepared to remove uranium (VI) from aqueous solution. As the Ti foil serves as a carrier for TiO2, the TiO2/Ti adsorbent can be effortlessly retrieved from aqueous solutions by tweezers after adsorption. The presence of TiO2 nanowire arrays on Ti foil was verified by X-ray diffraction and scanning electron microscopy. Parameters in the adsorption process were fully evaluated, including solution pH, contact time, temperature, and uranium (VI) concentration. The adsorption was most efficient in the pH range of 5.0 to 9.0. The maximum uranium (VI) adsorption capacity of TiO2/Ti, based on the Langmuir model, was 354.5 mg g–1 at pH 5.0 and T = 323 K. Thermodynamic parameters showed that the adsorption of uranium (VI) on TiO2/Ti is endothermic and spontaneous. The adsorption capacity of TiO2/Ti remained essentially unchanged after three adsorption–desorption cycles in uranium (VI) solutions. Our results support the application of this adsorbent to removal of uranium (VI) from diversified aqueous samples.
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INTRODUCTION

With the rapid development of nuclear power, environmental pollution by uranium has raised global concerns. For example, uranium mining and hydrometallurgical processes are known to cause serious water contamination. Uranium contamination is harmful and long-lasting because of its radiotoxicity and chemotoxicity (Basheer, 2018a,b). The potential radiation damage and chemotoxicity of uranium pose serious threats to human health (Kurttio et al., 2006; Prat et al., 2009; Schnug and Lottermoser, 2013; Manigandan and Chandar Shekar, 2014). Meanwhile, uranium resources for nuclear power face potential depletion in the near future and cannot meet the urgent industrial demands. Therefore, the removal and recovery of uranium from waste and natural water are critically important for environmental protection and conservation of energy resources (Xie et al., 2019). Conventional methods for the treatment of water containing uranium include chemical precipitation, adsorption, solvent extraction, electrocoagulation, membrane filtration, and biological methods (Shi et al., 2009; Santos and Ladeira, 2011; Stylo et al., 2013; Tripathi et al., 2013; Azari et al., 2014, 2017, 2019; Beltrami et al., 2014; Karami et al., 2017; Li et al., 2017; Zhu et al., 2019; Zhong et al., 2021). Among various methods, adsorption techniques are relatively efficient, cost-effective, and easy to implement, exhibiting great potential for removing uranium (VI) from aqueous solutions (Ali et al., 2019; Xie et al., 2019; Azari et al., 2020; Liu et al., 2021).

To date, assorted types of adsorbents have been developed for uranium, such as activated carbon, oxides, graphene, nanocomposites, and polymers (Nair et al., 2014; Xu et al., 2015; Zhang et al., 2015; Wang et al., 2016; El-Maghrabi et al., 2017). Among these adsorbents, metal oxides, especially titanium dioxide, have attracted considerable attention because of its high adsorptive capacity for uranium (VI), good radiochemical stability, and negligible solubility in both acidic and alkaline solutions (Comarmond et al., 2011; Tatarchuk et al., 2019; Wang et al., 2019). However, the separation of TiO2-based adsorbents from aqueous solutions after adsorption is usually complicated and time-consuming. To solve this problem, methods based on external magnetic field or coprecipitation have been explored (Tan et al., 2015; Wen et al., 2018).

In this study, we prepared TiO2 nanowire arrays (NWAs) on Ti foil (TiO2/Ti) via in situ growth. The TiO2 nanowires provide abundant active surface sites for uranium adsorption. The Ti foil serves as a carrier for TiO2 and can be removed from the solution with tweezers, achieving simple and effective separation of the adsorbent. The chemical components and structure of TiO2/Ti were characterized by X-ray diffraction (XRD) and scanning electron microscope (SEM), and the uranium (VI) adsorption process by TiO2/Ti was comprehensively evaluated. The results reveal that the TiO2/Ti adsorbent has superior uranium adsorption capacity (VI) and excellent reusability.



MATERIALS AND METHODS

Ti foil, NaOH, HCl, ethanol, and sodium citrate were purchased from Alfa Aesar. The purity of Ti foil is > 99.9%, and other reagents are analytically pure. Uranyl nitrate was provided by Dingtian Chem. Corp. (Xi’an). All chemical reagents were used without further purification.

The fabrication method of TiO2 NWAs on Ti foil is as follows. A piece of Ti foil was ultrasonically cleaned in deionized (DI) water for 10 min and in ethanol for 10 min. It was placed in a 50-mL Teflon-lined stainless-steel autoclave with 30 mL 1 M NaOH and 0.01 M sodium citrate aqueous solution. The hydrothermal reaction was performed at 220°C for 24 h. The Ti foil covered with TiO2 NWA was immersed in 1 M HCl solution for 5 min to replace Na+ with H+. Then, the Ti foil with TiO2 NWAs was rinsed with DI water and ethanol. Finally, the obtained TiO2/Ti was sintered at 450°C for 30 min.

In a typical adsorption experiment, a given amount of TiO2/Ti was mixed with 20 mL UO2(NO3)2⋅6H2O solution in a conical flask. The conical flask was placed in a thermostatic water shaker at a speed of 150 revolutions/min. In this process, the experimental parameters were adjusted, including solution concentration, solution pH, adsorption time, and temperature. The solution pH was adjusted by adding 0.1 M HNO3 or NaOH solution. After the adsorption processes, the VIU-TiO2/Ti samples were collected with tweezers. The adsorption capacity (Qe) and adsorption removal efficiency were calculated according to the following equations (Tan et al., 2015):
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where, C0 and Ce (mg L–1) are concentrations of uranium (VI) at the initial and equilibrium states, respectively; m (g) is the weight of TiO2/Ti adsorbent, and V (L) is the volume of the solution. The distribution coefficient (KD) was obtained according to Eq. (3) (Wang et al., 2019):
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The phase constitution of TiO2/Ti was analyzed by XRD on a Tongda TD-3500 diffractometer at a scanning rate of 4°/min. The microstructure was studied by an SEM (Helios NanoLab 600i, ZEISS).

Desorption was carried out by soaking the VIU-TiO2/Ti samples in 20 mL 0.1 mol L–1 HCl solution for 60 min, followed by thorough washing with DI water. The desorbed TiO2/Ti adsorbents were then reused.



RESULTS AND DISCUSSION


Characterization of Samples

The XRD patterns of TiO2/Ti are shown in Figure 1. All characteristic peaks of TiO2 were observed (Anatase, JCPDS #71-1166). The peaks of Ti were marked with stars in Figure 1. This result indicated successful fabrication of crystalline TiO2 on the Ti foil. As shown in Figure 2, the peaks that appeared in 600 and 1,040 cm–1 were Ti-O bending vibration, which further proved the TiO2 has been successfully fabricated. The broad bands in the range of 3,000–3,600 cm–1 and 1,600–1,645 cm–1 were H–O–H bending vibration. It indicated that the fabricated TiO2 nanowires adsorbed water while they were exposed to the air. In Figure 3, homogenous TiO2 NWAs were observed on the Ti foil. The length of TiO2 NWs is greater than 10 μm, and the thickness of the TiO2 film on Ti foil substrate is approximately 15 μm. The large specific surface area can potentially provide superior adsorption performance.
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FIGURE 1. XRD pattern of TiO2/Ti. *Peaks of Ti.
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FIGURE 2. FTIR spectrum of TiO2/Ti.
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FIGURE 3. (a–f) Are all SEM images of TiO2/Ti. Oriented TiO2 NWAs are assembled on the Ti foil.




Effect of Solution pH

Solution pH plays an important role in the adsorption process owing to its influences on the aqueous chemical properties of uranium and the adsorbent (Lamb et al., 2016; Song et al., 2017). Figure 4 depicts the effect of initial pH in aqueous solution on uranium (VI) removal efficiency. The removal of uranium (VI) by TiO2/Ti was tested by varying pH from 1.5 to 9.0. The removal efficiency sharply increased as pH increased from 3.0 to 5.0 and remained almost unchanged from 5.0 to 9.0. At pH < 3.0, the binding sites on TiO2/Ti surface become positively charged, and the adsorption of uranyl cations is negligible. At pH > 3.0, the surface of TiO2/Ti becomes deprotonated, resulting in sharp increase of uranium (VI) adsorption. Further increase in pH may lead to the formation of anionic uranyl complexes, which suppress the adsorption of uranium (VI) onto TiO2/Ti materials (Tatarchuk et al., 2019; Wang et al., 2019).
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FIGURE 4. Effect of pH on the removal of uranium (VI) (C0 = 8 mg L–1, t = 1 h, T = 298 K).




Effect of Contact Time and Adsorption Dynamics

Figure 5 shows the effect of contact time on uranium (VI) removal by TiO2/Ti. Contact times from 5 min to 24 h were evaluated.
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FIGURE 5. The relationship between uranium removal efficiency by TiO2/Ti and contact time (T = 298 K, pH 5.0, C0 = 40 mg L–1, mixing time 1–1,440 min, and amount of TiO2/Ti 0.025 g).


As shown in Figure 5, uranium (VI) removal increases with the increase of contact time, and the adsorption process reaches equilibrium after 1 h. To probe the kinetic mechanism of uranium adsorption on TiO2/Ti, the adsorption data were analyzed using pseudo–first-order and pseudo–second-order models. The pseudo–first-order and pseudo–second-order kinetic equations are (Ho and McKay, 1999; Ho, 2006):
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where, k1 (min–1) represents the pseudo–first-order adsorption rate constant, t (min) is time. Qe and Qt (mg g–1) are adsorption capacity of uranium at equilibrium and at time t, respectively. k2 (g mg–1 min–1) is the pseudo–second-order adsorption rate constant. The pseudo-first-order and pseudo-second-order fitting curves are shown in Figures 6A,B, respectively. The relevant kinetics data are presented in Table 1. The adsorption of uranium (VI) on TiO2/Ti more likely follows the pseudo–second-order model (R2 = 0.99) than the pseudo–first-order model (R2 = 0.39). The pseudo–second-order kinetic model further indicates that the dominant mechanism for uranium (VI) adsorption on TiO2/Ti is chemical adsorption or strong surface complexation rather than mass transport (Ho and McKay, 2000; Kamari et al., 2009).
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FIGURE 6. The fitting of pseudo–first-order (A) and pseudo–second-order (B) kinetic models for uranium (VI) adsorption on TiO2/Ti.



TABLE 1. Kinetic parameters of different models for uranium (VI) adsorption on TiO2/Ti (temperature 298 K, pH 5.0, mixing time 60 min, and amount of TiO2/Ti 0.025 g).
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Adsorption Isotherms of Uranium

According to Figure 7, the adsorption capacity increases with elevating temperature. The adsorption data were analyzed using the Langmuir and Freundlich isotherm models (Freundlich, 1906; Langmuir, 1918). The linearized form of the Langmuir equation is:
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FIGURE 7. Adsorption isotherms of TiO2/Ti for uranium (VI) at different temperatures (temperature 298–323 K, pH 5.0, amount of TiO2/Ti 0.025 g, and mixing time 60 min).
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where, KL (L mg–1) is the Langmuir constant; Qe and Qm (mg g–1) are the equilibrium adsorption capacity and maximum adsorption capacity, respectively. Qm and KL can be calculated from the linear regression of Ce/Qe against Ce (Figure 8A).
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FIGURE 8. Langmuir (A) and Freundlich (B) plot for the adsorption of uranium (VI) on TiO2/Ti (temperature 298–323 K, pH 5.0, amount of TiO2/Ti 0.025 g, and mixing time 60 min).


The Freundlich isotherm is applicable to the adsorption on heterogeneous surfaces and multilayer adsorption. The linear form of Freundlich isotherm is:
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where, KF is the Freundlich constant, and n is adsorption intensity. KF and n constants can be calculated from the linear regression of lnQe versus lnCe (Figure 8B).

The parameters of Langmuir and Freundlich equations are summarized in Table 2. The correlation coefficients (R2) indicate that the Langmuir model better accounts for the behavior of uranium (VI) adsorption by TiO2/Ti. According to the Langmuir isotherm, the monolayer saturation capacity of TiO2/Ti is about 354.5 mg g–1 for uranium (VI) at 323 K. The comparison of uranium (VI) adsorption capacity onto different TiO2 and its composites at 298 K is listed in Table 3.


TABLE 2. Isotherm constants and values of R2 for TiO2/Ti.
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TABLE 3. The comparison of uranium (I) adsorption capacity onto different TiO2 and its composites at 298 K.
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Effect of Temperature and Adsorption Thermodynamics

The effect of temperature on the uranium (VI) adsorption by TiO2/Ti was investigated at 298, 308, 318, and 323 K. Based on Figure 7 and Table 2, the adsorption capacity of uranium (VI) increases from 204.2 to 354.5 mg g–1 as the temperature rises from 298 to 323 K, suggesting that higher temperature is advantageous for uranium (VI) adsorption.

To understand the thermodynamic aspect of the adsorption process, the standard free energy change (ΔG°), standard enthalpy change (ΔH°), and standard entropy change (ΔS°) are calculated from the adsorption data at different temperatures via the following equations:
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where, KD is the distribution coefficient (mL g–1), R is the ideal gas constant (8.314 J mol–1 K–1), and T is the temperature (K). The ΔH° and ΔS° values are determined from the slope and intercept of the linear regression of lnKD versus 1/T, respectively (Figure 9). The thermodynamic parameters are in Table 4. The positive ΔH° indicates an endothermic adsorption process of uranium on TiO2/Ti. The negative ΔG° indicates a spontaneous adsorption process. Moreover, the absolute value of ΔG° increases with elevating temperature, suggesting higher temperature is conducive to the adsorption of metal ions. The positive ΔS° indicates an increase of randomness on the adsorbent surface during the adsorption process. Therefore, the adsorption of uranium (VI) on TiO2/Ti is endothermic and spontaneous.
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FIGURE 9. Linear regression of lnKD and 1/T.



TABLE 4. Thermodynamic parameters for uranium adsorption on TiO2/Ti.
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Desorption and Reusability Study

We performed two desorption experiments to assess the reusability of TiO2/Ti adsorbent. First, as depicted in Scheme 1, 20 mL uranium (VI) solution was used as the target solution. A piece of TiO2/Ti was immersed in the target solution for 60 min. After adsorption, the adsorbents were removed from the solution with tweezers and treated with 0.1 mol L–1 HCl solution for 60 min. Then, the desorbed TiO2/Ti adsorbents were reused in an identical target solution. The above adsorption–desorption cycle was repeated nine times. The initial uranium (VI) amount exceeded the maximum adsorption capacity of TiO2/Ti. The adsorption capacity of uranium (VI) and the residual uranium (VI) in target solution after every cycle were recorded. As shown in Figure 10, the adsorption capacity (Qe) was approximately 355 mg g–1 in the first cycle and decreased to 45 mg g–1 in the ninth time. This could be attributed to the continuous decrease of uranium (VI) concentration after each adsorption cycle. The residual uranium (VI) in the target solution was approximately 8% after nine cycles.
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SCHEME 1. The adsorption–desorption process of TiO2 nanowires grown on Ti foil.
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FIGURE 10. The reusability of TiO2/Ti adsorbents in the target solution (temperature 298 K, pH 5.0, amount of TiO2/Ti 0.025 g, mixing time 60 min, and C0 = 200 mg L–1).


Second, three identical uranium (VI) solutions (I, II, and III) were tested with the same piece of TiO2/Ti. It was first immersed in solution I for 60 min. After adsorption, it was retrieved from the solution with tweezers and treated with 0.1 mol L–1 HCl solution for 60 min. Next, the recovered TiO2/Ti piece underwent the same adsorption–desorption procedure in solution II and then in solution III. According to Figure 11, the adsorption capacity (Qe) of TiO2/Ti remained essentially unchanged during three successive adsorption cycles.
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FIGURE 11. The reusability of TiO2/Ti adsorbents evaluated in three identical uranium solutions (temperature 303 K, pH 5.0, amount of TiO2/Ti 0.025 g, mixing time 60 min, and C0 = 100 mg L–1).




CONCLUSION

TiO2 NWAs in situ grown on Ti foil were constructed to recover uranium (VI) from aqueous solutions. The uranium (VI) adsorption capacity was affected by solution pH, contact time, temperature, and uranium (VI) concentration. The adsorption was most efficient in the pH range of 5.0 to 9.0. The adsorption process was found to follow pseudo–second-order kinetics and the Langmuir model, and the maximum uranium (VI) adsorption capacity was 354.5 mg g–1. Thermodynamic parameters suggest that the adsorption of uranium (VI) on TiO2/Ti is endothermic and spontaneous. Meanwhile, the TiO2/Ti material showed remarkable reusability, effectively removing 92% uranium (VI) after nine adsorption cycles. In addition, the TiO2/Ti adsorbents can be rapidly retrieved from aqueous solutions by tweezers. The ease of operation, superior adsorption performance, and excellent reusability indicate that the TiO2/Ti adsorbent could be potentially applied to the removal of uranium (VI) from water in diverse practical applications.
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