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Abstract

:

Amidoxime-functionalized hydrogels are one of most promising adsorbents for high-efficiency uranium (U) extraction from seawater, but bioadhesion on their surface seriously decreases their adsorption efficiency and largely shortens their service life. Herein, a semi-interpenetrating zwitterion–poly(amidoxime) (ZW-PAO) hydrogel was explored through introducing a PAO polymer into a poly [3-(dimethyl 4-vinylbenzyl amino) propyl sulfonate] (PDVBAP) polyzwitterionic (PZW) network via ultraviolet (UV) polymerization. Owing to the anti-polyelectrolyte effect of the PZW network, this ZW-PAO hydrogel can provide excellent super-hydrophilicity in seawater for high-efficiency U-adsorption from seawater. Furthermore, the ZW-PAO hydrogel had outstanding anti-biofouling performance for both highly enhanced U-adsorption and a relatively long working life in natural seawater. As a result, during only 25 days in seawater (without filtering bacteria), the U-uptake amount of this ZW-PAO hydrogel can reach 9.38 mg/g and its average rate can reach 0.375 mg/(g∙day), which is excellent among reported adsorbents. This work has explored a promising hydrogel for high-efficiency U-recovery from natural seawater and will inspire new strategy for U-adsorbing materials.
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1. Introduction


Because of the growing global energy demand, nuclear power has been increasing in the energy mix due to low consumption and environmental protection [1]. However, nowadays the main raw material for nuclear reactors, onshore uranium (U) deposits can only supply the nuclear industry for around 100 years, which poses a severe threat to global energy security [2]. Fortunately for mankind, researchers have found that seawater contains rich U-resources, which are more than 103 times those of proved onshore deposits and can meet human needs for a long time [3]. U-recovery from seawater is therefore essential for the sustainable development of the nuclear energy industry [3]. At present, the strategies of U-extraction include chemical/electrochemical deposition [4], ion exchange [5], membrane separation [6], photocatalysis [7], adsorbing materials [8,9], and so on. However, it is still very difficult to extract U from natural seawater with high efficiency, due to the ultralow U-concentration and many kinds of competitive ions in seawater [10,11].



Among the diverse U-adsorbents including inorganic materials [12,13], organic materials [14], polymers [15], nanoporous-structure materials [16,17], and artificially modified proteins/polypeptides [18], amidoxime-functionalized materials [19] have outstanding overall performance for large-scale U-extraction from seawater in the future. In recent years, various amidoxime (AO)-functionalized adsorbents have been developed (such as fibers [20], membranes [21], porous materials [22,23], and hydrogels [24,25]) for highly efficient U-recovery from seawater, owing to their integration of excellent U-adsorption selectivity and high U-adsorption capacity.



However, nowadays, amidoxime-functionalized materials still cannot achieve large-scale U-extraction from seawater. There main reasons are as follows: besides extremely trace U-concentration and diverse competitive ions in seawater, another important reason is that microorganisms, shellfish, and many other marine organisms in the ocean can adhere onto most kinds of U-adsorbents, resulting in severe biological fouling which reduces U-extraction and even destroys the adsorbent [26,27]. Indeed, although most high-efficiency adsorbents can provide a high U-adsorption capacity from seawater without bacteria and other marine organisms, they cannot maintain a high-efficiency U-adsorption performance from natural seawater without filtering bacteria for a long time [28]. Most recently, to deal with this problem, a few antifouling amidoxime-functionalized U-adsorbents have been explored based on bacteria-killing mechanisms [29,30]. Notwithstanding, these strategies above are just in the early stages of research, and they can only crack microbial cells to kill them and the dead microbes can still adhere onto the surface of adsorbents and hinder the U-extraction process. Therefore, it is still a great challenge to further explore new strategies (such as those based on marine antiadhesion mechanisms [31]) to endow amidoxime-functionalized U-adsorbents with a better antifouling property than before.



In this study, on the basis of our reported semi-interpenetrating polyacrylamide–poly(amidoxime) (PAM-PAO) hydrogels [24] without anti-biofouling properties, a new semi-interpenetrating zwitterion–poly(amidoxime) (ZW-PAO) hydrogel adsorbent with excellent anti-biofouling and highly enhanced U-extraction ability has been developed. The PAO can be synthesized by the amidoxime-functionalization of polyacrylonitrile (PAN). The ZW-PAO hydrogel can be fabricated via UV polymerization through introducing PAO into a precursor solution containing zwitterionic monomer 3-(dimethyl 4-vinylbenzyl amino) propyl sulfonate (DVBAP) at room temperature (Scheme 1a). Firstly, the hydrophilic hydrogel network can effectively disperse and fix the PAO polymer, increasing the contact probability of uranyl ions and amidoxime groups. Furthermore, this semi-interpenetrating ZW-PAO hydrogel has a strong anti-polyelectrolyte effect, which means it can both swell when moved from water to seawater and provide excellent anti-biofouling performance, for highly enhanced U-extraction in real seawater. Most importantly, the outstanding anti-biofouling because of the polyzwitterionic (PZW) hydrogel network can provide both highly enhanced U-adsorption and a relatively long working life in natural seawater (Scheme 1b). This work will provide a hydrogel-based adsorbent with excellent anti-biofouling and U-extraction ability for large-scale U-adsorption from seawater, which will inspire a new strategy to design other kinds of high-efficiency U-adsorbents.




2. Results and Discussion


2.1. Characterizations of ZW-PAO Hydrogel


The synthesized PAO was dissolved under alkaline conditions and dispersed in a monomer solution before polymerization, forming a semi-interpenetrating network in the ZW-PAO hydrogel. The different materials of PAN, PAO, the ZW hydrogel, and the ZW-PAO hydrogel were tested by FT-IR. PAN had a specific peak of the nitrile group (-C≡N) at 2246 cm−1 (Figure 1a), which disappeared after the oximation and was replaced by two specific adsorption peaks at 1659 cm−1 (-C=N) and 941 cm−1 (-N-O). All these changes of specific peaks from PAN to PAO manifested that the PAO had been successfully prepared, indicating the conversion from PAN to PAO. In addition, the characteristic peaks of the benzene ring (1600–1700 cm−1), -S=O (1100–1200 cm−1), and PAO indicated the successful preparation of the ZW-PAO hydrogel. Polyacrylamide–poly(amidoxime) (PAM-PAO) hydrogels without anti-biofouling properties were prepared as anti-biofouling ZW-PAO hydrogel controls. The morphologies of both the ZW-PAO hydrogel and PAM-PAO hydrogel were further characterized by SEM and EDS mapping images. As shown in Figure 1b, both hydrogels have uniform pore structures, and the distribution of the S element in the ZW-PAO hydrogel proved the successful preparation of zwitterionic polymers. In addition, the average diameter of the ZW-PAO hydrogel was much smaller and denser than that of the blank PAM-PAO hydrogel, which can be explained as follows: the dry mass percentage of the ZW-PAO hydrogel (41.92 wt% in Table S1) was much higher than that of the blank PAM-PAO hydrogel (7.10 wt%) [24].




2.2. Swelling Performance of ZW-PAO Hydrogel


Unlike traditional polyelectrolyte hydrogels, this ZW-PAO hydrogel, as one of the zwitterionic hydrogels, had a strong anti-polyelectrolyte effect [32,33], which means it can swell in seawater and shrink in pure water (Figure 2a). Because of the strong anti-polyelectrolyte effect by paired positively charged -N+(CH3)2- and negatively charged -SO3− on the polymeric chain of DVBAP, this polyzwitterionic hydrogel network can become more hydrophilic when moved from pure water to seawater with high ionic strength. Therefore, compared with the ZW-PAO hydrogel in pure water, it can swell to a big size in seawater. In addition, when moved from pure water to seawater, the ZW-PAO hydrogel changed from being translucent white to transparent, because the hydrogel polyzwitterionic network became more and more hydrophilic and the network–water microphase separation gradually disappeared [33]. As a contrast, due to the influence of salt ions, the neutral PAM hydrogels could shrink in seawater. The swelling behavior of the ZW-PAO hydrogel in seawater indicated that it could have better hydrophilicity when moved from pure water to seawater, which was verified by comparison of the air/seawater contact angles between the ZW-PAO hydrogel and the PAM-PAO hydrogel (Figure S1). Compared with the ZW-PAO hydrogel in pure water, the swelling ratio of the ZW-PAO hydrogel in seawater was significantly higher, which further manifested that the hydrogel could be more conducive to U-adsorption in seawater. (Figure 2b, Table S1).




2.3. Qualitative U-Adsorption Performance of the ZW-PAO Hydrogel


The U-adsorption properties of the ZW-PAO hydrogel were qualitatively studied within a pure water solution containing 16 ppm U for 48 h. The U-uptake of the ZW-PAO hydrogel can be characterized by the XPS (Figure 3a and Figure S2). Compared with the original hydrogels, the hydrogels after U-extraction showed stronger U4f5/2 and U4f7/2 double peaks with bond energies of 392.7 eV and 381.8 eV, respectively. In addition, the SEM image also showed a clear difference after U-extraction. As shown in Figure 3b and Figure S3, owing to the further cross-linking of the ZW-PAO hydrogel after U-adsorption (based on the coordination between the adsorbed UO22+ and the PAO) [24], the pore structure of the hydrogel was significantly denser than that before U-extraction, which can also be verified based on the EDS mapping. In addition, the U-adsorption of the ZW-PAO hydrogel can be further confirmed based on the comparison of the FT-IR adsorption spectroscopy (Figure S4) or wide-angle X-ray diffraction (Figure S5) between the original ZW-PAO hydrogel and the U-uptake of the ZW-PAO hydrogel [34,35,36]. More importantly, a series of hydrogels with different proportions of DVBAP:PAO were prepared (Table S2), whose U-adsorbing performance was analyzed and compared within the seawater with a 16 ppm U-concentration for 24 h. The U-adsorbing capacity gradually increased with the mass ratio increase in DVBAP: PAO from 5:0 to 5:2, owing to the increased PAO content of the ZW-PAO hydrogel (Figure S6). However, with the further increase in DVBAP:PAO from 5:2 to 5:5, the U-adsorption capacity was almost unchanged, which may be due to the decrease in hydrophilicity by the added relatively hydrophobic PAO in the hydrogel. Therefore, the ZW-PAO hydrogel with 5:2 was selected as the optimal ratio to fabricate the ZW-PAO hydrogel for following experiments.




2.4. Adsorption Kinetics of U-Adsorption Properties of ZW-PAO Hydrogel


The adsorption kinetics of U-adsorption performances of this ZW-PAO hydrogel were systemically researched (Figure 4). An adsorption isotherm experiment was applied to evaluate the U-adsorbing process of this ZW-PAO hydrogel (Figures S7–S9). Based on the Freundlich model, the Langmuir model fitted the real U-adsorbing isothermal kinetics well, which confirmed that the U-adsorption of this ZW-PAO hydrogel was single-layer chemisorption [37]. In order to explore whether the swelling property of the ZW-PAO hydrogel in seawater is beneficial to the U-adsorption process, we further investigated the adsorption kinetics of the U-adsorption properties the ZW-PAO hydrogel. The adsorption kinetic curves of the ZW-PAO hydrogel were obtained in pure water with U-concentrations of 2, 4, 8, and 16 ppm (Figure 4a); the adsorbing capacities reached 52.1 ± 3.6, 104.2 ± 7.9, 192.7 ± 12.4, and 264.1 ± 15.7 mg/g after 24 h, respectively. After the adsorption equilibrium, the adsorption capacities were 72.7 ± 6.4, 142.9 ± 11.3, 267.4 ±11.8, and 347.6 ±17.4 mg/g, respectively. As a contrast, the U-adsorbing capacity of the ZW-PAO hydrogel was measured in seawater solution (Figure 4c), and reached 69.8 ± 6.0, 132.3 ± 10.5, 201.6 ± 11.6, and 267.2 ± 15.1 mg/g after 24 h within 2, 4, 8, and 16 ppm of U-concentration, respectively. After the adsorption equilibrium, the U-adsorption amounts were 103.6 ± 9.7, 184.5 ± 11.8, 270.2 ± 13.2, and 363.9 ± 18.1 mg/g, respectively. In addition, the adsorption kinetic curves of the ZW-PAO hydrogels were fitted with the quasi-second-order kinetic models (Figure 4b,d, Table S3), proving that the U-adsorbing process of the ZW-PAO hydrogel belonged to chemisorption.




2.5. pH Dependency of U-Adsorbing Property and Ion Selectivity


The form of U can change at different pHs, which can affect the adsorbing capacity of adsorbents. The pH dependency of the U-adsorbing property was measured (Figure 5a). The U-adsorbing capacity of the ZW-PAO hydrogel with a change in pH in pure water with 8 ppm U was investigated. With the increase in pH from 3 to 6, the U-adsorbing capacity increased and reached a maximum at pH = 6, and then decreased gradually with the further increase in pH from 6 to 9. Diverse competitive ions exist in real seawater environments, which can significantly disturb the U-adsorbing capacity of the ZW-PAO hydrogel. Therefore, an experiment was designed to evaluate the U-adsorption performance of the ZW-PAO hydrogel in the presence of interfering elements. A mixture solution was prepared with 100 times the concentrations of U(VI), V(V), Fe3+, Ni2+, Mn2+, Co2+, and Cu2+ as in real seawater and concentrations of Na+, K+, Ca2+, and Mg2+ set invariability as in natural seawater (Table S4). As shown in Figure 5b, the U-adsorption amount was 21.33 ± 2.2 mg/g after 48 h, which was much higher than for other metal ions except for vanadium (V). Vanadium is the biggest competitor for the selective U-adsorption of the ZW-PAO hydrogel, due to the fact that the amidoxime group can form more stable coordination bonds with vanadium ions than with UO22+ [38]. Therefore, this ZW-PAO hydrogel can be utilized to highly efficiently extract U from not only acidic uranium-containing waste freshwater but also alkaline uranium-containing natural seawater.




2.6. U-Adsorption–Desorption Recyclability of ZW-PAO Hydrogel


In order to verify the recyclability of U-adsorption by the ZW-PAO hydrogel, a cyclic adsorption–desorption experiment was conducted (Figure 6). After 10 mg of adsorbent was adsorbed in seawater with 16 ppm U for 48 h, rapid desorption of the hydrogel in eluent took place for 35 min. It is interesting that, after elution, the ZW-PAO hydrogel recovered from reddish to transparent (Figure 6a), which indicated the high desorbing rate. The desorbing rate of the first desorption reached 91.6 ± 3.8% (Figure 6b). The ZW-PAO hydrogel was subjected to five cyclic adsorption–desorption experiments (Figure 6c). Compared with the initial adsorption capacity of the hydrogel at 316.8 ± 11.2 mg/g, the regenerated hydrogel could maintain 251.2 ± 13.8 mg/g of U-adsorbing capacity, and the desorbing ratio could maintain 85.7 ± 2.8% after five cycles, which indicated that the ZW-PAO hydrogel had excellent U-adsorption reusability.




2.7. Anti-Biofouling Properties of ZW-PAO Hydrogel


The anti-biofouling of the ZW-PAO hydrogel was tested by using Escherichia coli, Staphylococcus aureus, and Vibrio alginolyticus. Firstly, both the ZW-PAO and PAM-PAO hydrogels were attached with a large number of bacteria on their surfaces. Then, they were oscillated in the filtered seawater solution for 10 min to remove the bacteria on the surface. According to the confocal laser microscopy in Figure 7a–c, only a few bacteria can adhere onto the ZW-PAO hydrogel, which indicates outstanding anti-biofouling properties. On the contrary, a great deal of bacteria still adhered onto the blank PAM-PAO hydrogel. The antibacterial rates of the ZW-PAO hydrogel against these three types of bacteria were 96.4 ± 2.29%, 95.1 ± 3.76%, and 99.2 ± 0.63%, respectively (Figure 7d), which indicated that the anti-biofouling performance of the ZW-PAO hydrogel was better than that of the PAM-PAO hydrogel in filtered seawater. The uranium adsorption performance of ZW-PAO can be improved by anti-biofouling (Figure 7e): ZW-PAO and PAM-PAO without anti-biofouling properties were put into U-added seawater, which was divided into filtered and without filtering bacteria/microorganisms. Bacteria and microorganisms would seriously interfere with the adsorption capacity of ZW-PAO for uranium, and it was seen that the adsorption capacity of ZW-PAO and PAM-PAO for uranium in natural seawater containing bacteria and microorganisms was substantially lower for both than the uranium adsorption of ZW-PAO in filtered seawater without bacteria and microorganisms (363.9 ± 18.1 mg/g). Meanwhile, in natural seawater, compared with the uranium adsorption performance of PAM-PAO without anti-biofouling, the uranium adsorption of ZW-PAO was dramatically increased by 31.9% from 235.8 ± 10.7 mg/g to 310.1 ± 14.9 mg/g. Therefore, the excellent anti-biofouling properties can substantially enhance the uranium adsorption capacity of the material, which can efficiently extract uranium from a natural seawater environment over a relatively long period of time. The mechanism of this excellent anti-biofouling performance of the ZW-PAO hydrogel can be explained by the anti-polyelectrolyte effect [32,33]: a large number of paired positive and negative charges of the hydrogel network can provide ion–dipole interactions with surrounding water molecules, forming a stable and condensed layer on the surface of the ZW-PAO hydrogel. Therefore, this ZW-PAO hydrogel demonstrated excellent anti-biofouling behavior, on account of this super-hydrophilic surface layer to prevent the adhesion of bacteria and microorganisms.




2.8. U-Extracting Ability of the ZW-PAO Hydrogel in Real Seawater


The above adsorption effect of adsorbents in a high-concentration U solution is often different from that in real seawater. In order to verify whether the ZW-PAO hydrogel has the prospect of large-scale U-extraction in real seawater without filtering bacteria, the long-term adsorbing capacity of the ZW-PAO hydrogel was tested using natural seawater with and without filtering bacteria. Meanwhile, the PAM-PAO hydrogel was used as a control to compare the anti-biofouling effect of the ZW-PAO hydrogel on the U-extraction performance in real seawater. The sea test experiments were carried out with 10 mg dry weight adsorbent in 100 L natural seawater without filtering bacteria. Seawater samples were taken every 5 days, to test the difference in U-concentration in seawater before and after adsorption to calculate the U-adsorbing capacity of the hydrogels.



The U-adsorbing capacity of the ZW-PAO hydrogel reached 9.38 ± 0.72 mg/g after 25 d in natural seawater without filtering bacteria, which was 36.9% higher than that of the blank PAM-PAO hydrogel (Figure 8a). This further proved that the anti-biofouling effect of the ZW-PAO hydrogel significantly improved the ability of U-extraction. In addition, the average adsorption rate of the ZW-PAO hydrogel was calculated as 0.375 mg/(g∙day). Finally, transverse comparison with the current hydrogel, membrane, and fiber U-adsorbents with the amidoxime group are shown in Figure 8b and Table S5. The ZW-PAO hydrogel had a high adsorption capacity and adsorption rate, superior to most existing uranium adsorbents. Therefore, the ZW-PAO hydrogel could be a promising U-adsorbent and will have application prospects in large-scale U-extraction from seawater in real ocean environments. In addition, this ZW-PAO hydrogel could also have potential applications in U-recovery from contaminated uranium-containing waste seawater.





3. Conclusions


In summary, we have developed a ZW-PAO hydrogel adsorbent with both high-efficiency U-extraction and biological fouling resistance in seawater. This adsorbent not only enhances the hydrophilicity of the hydrogel in seawater through the inherent “anti-polyelectrolyte effect” of zwitterions, but also forms a dense hydration layer on the surface of the hydrogel through ion–dipole interaction, which makes it have excellent resistance to the adhesion of microorganisms, so that it can maintain high-efficiency uranium extraction performance in seawater for a long time. The U-adsorbing capacity of the ZW-PAO hydrogel reached 9.38 ± 0.72 mg/g at 25 days, which was 36.9% higher than the PAM-PAO hydrogel, which is excellent in the existing adsorbents for U-extraction from seawater. This research has important scientific significance and broad application prospects. This ZW-PAO hydrogel will be a promising adsorbent for large-scale U-recovery from real seawater and will inspire the development of hydrogel-based and other types of U-adsorbents.




4. Materials and Methods


4.1. Materials


Polyacrylonitrile (PAN, Mw ≈ 150K, 97.0%), 3-(dimethyl 4-vinylbenzyl amino) propyl sulfonate (DVBAP, 98.0%), acrylamide (AM, 97.0%), N,N′-methylene bisacrylamide (BIS, 99.0%), photoinitiator I-2959 (99.5%), hydroxylamine hydrochloride (NH2OH·HCl, 97.5%), N,N-dimethylformamide (DMF, 99.0%), sodium carbonate (Na2CO3, 99.5%), sodium chloride (NaCl, 99.5%), sodium hydroxide (NaOH, 99.5%), sodium bicarbonate (NaHCO3, 99.7%) Arsine azo (III) (99.7%), hydrogen peroxide (H2O2, 98.5%), ethanol (99.5%), and potassium carbonate (K2CO3, 99.5%) were bought from Xilong Scientific Co., Ltd. (Shantou, China)The uranyl nitrate hexahydrate [UO2(NO3)2·6H2O] was purchased from Qifei Pharmaceutical Chemical Co., Ltd (Tianmen, China). All the materials above were used directly without further purification. The seawater used for the tests was taken from the sea area of Wenchang City, Hainan Province.




4.2. Characterization


Fourier transform infrared spectroscopy (FT-IR) was performed with a Nicolet 7199 spectrometer (Thermo Fisher Scientific, Madison, WI, USA). X-ray photoelectron spectroscopy (XPS) measurements were obtained with a Thermo Scientific (Waltham, MA, USA)Escalab 250 Xi spectrometer. Morphologies were researched via transmission electron microscopy (JOEL, JEM 2100 Tokyo, Japan) and scanning electron microscopy (Hitachi, S-4800 Ibaraki Prefecture Japan). The pH values of the U-added simulated seawater were detected via a pH meter (F2, Mettler Toledo Zurich, Switzerland). Ultraviolet–Visible (UV–Vis) spectra were obtained with a spectrophotometer (UV 1800 PC, AuCy Instrument, Shanghai, China). The adsorption capacity of the hydrogel in pure water and real seawater was measured by ICP-OES (iCAP 7600, Thermo Scientific, MA, USA). The contact angle tester was made by (PZ-80SD) Beijing Pinzhi Chuangsi. Comparison of the wide-angle X-ray diffraction (WAXD) (Brooke D8 Karlsruhe, Germany) between original PZW-PAO hydrogel and U-uptake PZW-PAO hydrogel.




4.3. Experimental Methods


4.3.1. Preparation of PAO


The PAO was prepared according to our reported method [24] (Figure S10a). Firstly, NaOH (1.60 g), Na2CO3 (4.12 g), and NH2OH·HCl (5.60 g) were dissolved in DMF (60 mL). After stirring at 45 °C for 1 h, PAN (4.00 g) was slowly added. The temperature was then increased to 65 °C for 24 h. After filtering, the supernatant was slowly dropped into ethanol to obtain a white flocculent precipitation. Finally, after filtration, the sediment was dried overnight at 60 °C and subsequently was ground into a fine powder to obtain the as-prepared PAO product.




4.3.2. Preparation of ZW-PAO Hydrogel


The synthesis of the semi-interpenetrating ZW-PAO hydrogel is illustrated in Figure S10b. A typical procedure for the preparation of the ZW-PAO hydrogel with the mass ratio of DVBAP:PAO = 5:2 was carried out as follows: the PAO powder (40 mg) was dissolved in sodium hydroxide solution (0.3 mol/L, 0.6 mL), and then the DVBAP monomer (100 mg), I-2959 photoinitiator (1 mg), and BIS crosslinker (1 mg) were added to obtain the precursor solution after mixing. The precursor solution was transferred to a mold made of silicone rubber and quartz glass of different thicknesses and photopolymerized for 2 h to obtain the semi-interpenetrating ZW-PAO hydrogel. A polyacrylamide–poly(amidoxime) (PAM-PAO) blank hydrogel was prepared as the control group. The specific formula was PAO powder (40 mg) dissolved in sodium hydroxide solution (0.3 mol/L, 0.6 mL), followed by the AM monomer (100 mg), AIBA photoinitiator (4 mg), and BIS crosslinker (4 mg). After mixing, the precursor liquid was transferred to the mold for photopolymerization for 10 min to obtain the PAM-PAO hydrogel. The hydrogel was purified by immersing in 500 mL deionized water which was changed every 8 h. After 48 h of purification, the hydrogel was stored in deionized water at 0–5 °C before use. Furthermore, the dry gel mass can be calculated based on the constant mass percentage content (wt%) of the dry gel in the ZW-PAO hydrogel (Table S1). Therefore, the dry mass of one hydrogel sample can be obtained conveniently, through weighing the mass of the wet hydrogel without the need to dry it.




4.3.3. Adsorption Performance of ZW-PAO Hydrogel


Different concentrations of U-solution in pure water and seawater were prepared. The U-concentration of U-spiked solutions can be tested based on the Arsine azo (III) method through a UV–visible spectrophotometer. The standard regression curves of the absorbance of different U-concentrations in pure water (Figure S11) and seawater (Figure S12) were calculated, respectively. The U-adsorbing kinetics were studied by immersing the adsorbent (with 5 mg of dry gel) into 1 L of U-solution at pH = 6. During the adsorption process, the adsorbent and the U-addition solution were continuously shaken by a shaker at room temperature to simulate the flow of seawater. To evaluate the adsorbing type, the adsorbing kinetics of hydrogels were calculated based on both the quasi-first-order kinetic model and quasi-second-order kinetic model.




4.3.4. Ion-Selective Adsorption Performance of ZW-PAO Hydrogel


When various metal ions (UO22+, VO3+, Fe3+, Ni2+, Mn2+, Co2+, Cu2+) were added to real seawater, the concentrations of these elements above were 100 times those of natural seawater, but the concentrations of Na+, K+, Ca2+, Mg2+ were consistent with those of real seawater. After the semi-interpenetrating ZW-PAO hydrogel adsorbents (10 mg) were immersed into the solution (1 L) for 48 h with oscillation at 25 °C, each ion concentration before and after adsorption was analyzed by ICP-MS to evaluate the adsorption capacity of this hydrogel adsorbent for each ion.




4.3.5. U-Adsorption–Desorption Cyclic Test


Firstly, a ZW-PAO hydrogel with 10 mg of dry gel was immersed in 1 L of 16 ppm U-uptake seawater (pH = 6.0) for 24 h at room temperature to extract U. Then, the U-uptake ZW-PAO hydrogel can be easily desorbed with an elution with Na2CO3 (1.0 M) and H2O2 (0.1 M). This U-uptake adsorbent was placed in 200 mL eluent for 35 min to desorb U from the hydrogel. It is worth noting that the completely eluted hydrogel should be washed with ultra-pure water several times before the next adsorption until the washing liquid is pH = 7; otherwise, the adsorption effect of the adsorbent will be affected. Cyclic U-adsorption was conducted within 1.0 L of U-added (16 ppm) seawater, which is the same condition as the first U-adsorption. The formula for calculating elution efficiency was as follows:


  E l u t i o n   r a t e =      C   e l   ×   V   e l       W   e       








where “Cel” (mg/L) is the eluent U-concentration, “Vel” (L) is the eluent volume, and “We” (mg) is the dry mass of the adsorbent after the U-adsorption.




4.3.6. The Anti-Bioadhesion Properties of Hydrogel Adsorbents


Escherichia coli, Staphylococcus aureus, and Vibrio alginolyticus were selected for bacterial staining experiment. The sample used a disk (1 cm of diameter and 0.5 mm of thickness). Both the ZW-PAO hydrogel and PAM-PAO hydrogel were soaked in 75% ethanol for 30 min, and then washed and dried with PBS for reserve use. The sterilized disk was placed in a 24-well plate, the bacterial solution was diluted to 108 CFU/mL with PBS, 2.0 mL of the diluted bacterial solution was poured into the hole, and then the bacteria could be cultured at 37 °C, 200 rpm for 6 h. After completion, the samples were put into the filtered seawater solution and placed on the shaking table at 100 rpm for 10 min. The dyeing solution was obtained by adding SYTO-9 (2 μL) and PI (2 μL) into 2 mL PBS solution. Finally, 200 μL of dyeing liquid was added to the sample and stained at 37 °C for 15 min without light. After staining, the samples were placed on a confocal laser microscope to observe the bacterial adhesion with an oil lens at 600 times magnification.




4.3.7. U-Adsorbing Capacity of ZW-PAO Hydrogel in Real Seawater


According to the reported literature [24], a real seawater (without filtering bacteria) adsorption system was designed, in which a dry hydrogel (10 mg) was fixed between two sponges and transferred to an adsorption column. Each adsorption column was equipped with 100 L of natural seawater, and the flow rate was stabilized at 90 L/h. The real seawater U-adsorbing process was conducted for 25 days, and samples were taken every 5 days to test the U-adsorbing capacity.




4.3.8. Preparation of Different Concentrations of Uranium Solution


First, uranyl nitrate hexahydrate (2.1092 g) was dissolved in 500 mL of ultra-pure water, then transferred to a 1 L volumetric bottle and ultra-pure water was used to set the volume, and finally a 1000 ppm uranium standard solution was obtained. According to the standard procedure proposed by Oak Ridge National Laboratory, the simulated seawater was prepared by adding NaCl (25.6 g/L) and NaHCO3 (0.193 g/L) in ultra-pure water. Then, the simulated seawater was used to dilute an over 1000 ppm uranium standard solution to obtain different concentrations of uranium. In order to study the effect of pH value on the adsorption performance of the adsorbent, simulated seawater solutions of uranium with different pH values were prepared by using HCl (0.1 mol/L) or NaOH (0.1 mol/L) solution.




4.3.9. Uranium Adsorption Performance Test


The Arsine azo (III) method was used to determine the concentration of uranium in pure water and simulated seawater. Arsine azo III is a color developing agent; it can react quickly with uranyl ions to form a blue chelate, of which the maximum absorption wavelength is 652 nm. Uranyl solution of different concentrations (0.5 mL), ultrapure water (3 mL), Arsine azo (III) (1 mL, 500 mg/L), and HCl (0.5 mL, 0.1 mol/L) were mixed to obtain the solution for detection. The absorbance at 652 nm was determined by a UV–visible spectrophotometer; the functional relationship between uranyl ion concentration and absorbance can be studied. Therefore, preparing the standard curve of uranium concentration prediction in advance can easily and accurately measure the uranium concentration of the solution to be measured by a UV–vis spectrophotometer. Take the pure water and simulated seawater standard solutions with different uranium concentrations from 0 ppm to 40 ppm (with an interval of 4 ppm) and add 0.5 mL of each solution to the mixed liquid (4.5 mL) prepared according to the above ratio and measure the absorbance of each mixed solution. After linear fitting, standard regression curves of different uranium concentration-absorbance can be obtained.



A series of pure water and simulated seawater with different uranium concentrations (2 ppm, 4 ppm, 8 ppm, and 16 ppm) was prepared. The adsorption kinetics were studied by adding adsorbent (with 5 mg of dry gel) into 1 L uranium solution with pH = 6. During the adsorption process, the adsorbent and the uranium addition solution were continuously shaken by a shaker at room temperature to simulate the flow of seawater. A liquid sample (2 mL) was removed from the solution at appropriate intervals for analysis. Uranium adsorption capacity is calculated according to Formula (1):


    q   t   =     C   o   −   C   t     ×    V   m     



(1)




where “qt”(mg-U/g-Ads) is the adsorption amount of uranium at a specific time (t); “C0” and “Ct” (mg/L) are uranium concentrations in pure water or simulated seawater at the initial time and a specific time, respectively. “V” is the volume of pure water or simulated seawater (L) and “m” is the mass of the adsorbent (g).




4.3.10. Calculation Method of Adsorption Kinetics/Thermodynamics


In order to evaluate the adsorption type of adsorbent, the adsorption kinetics of the hydrogel were analyzed by using a quasi-first-order kinetic model (Formula (2)) and quasi-second-order kinetic model (Formula (3)).


    ln  ⁡  (     q   e   −   q   t   ) =   ln  ⁡    q   e     −   k   1   t  



(2)






     t     q   t      =    1     k   2       q   e     2      +    t     q   e       



(3)







In the formula, “qe” (MG-U/G-ADS) is the theoretical adsorption capacity of uranium when the adsorbent reaches the adsorption equilibrium state, “t” is the adsorption time (min), and “k1” (Min−1) and “k2” [g/(mg∙min)] are the quasi-first-order and quasi-second-order adsorption rate constants, respectively. If the adsorption kinetic curve is more consistent with the quasi-second-order kinetic model, it proves that the adsorption of uranium by the material belongs to chemical adsorption; if the fitting effect is better with the quasi-first-order kinetic model, it proves that the adsorption of uranium by the material belongs to physical adsorption.



In order to test the saturation adsorption capacity of the adsorbent, the adsorption behavior of uranium with different concentrations (2, 4, 8, 16, 32, 64, 128 ppm) was evaluated by an isothermal adsorption experiment at 25 °C. The equilibrium isothermal data were fitted by Langmuir (Formula (4)) and Freundlich (Formula (5)) models, respectively.


       C   e       q   e      =      C   e       q   m      +    1     q   m     K   L       



(4)






  l n   q   e   = l n   K   F   +    1   n    l n   C   e    



(5)




where “Ce” (mg/L) and “qe” (mg/g) are the concentration and adsorption amount of the hydrogel at equilibrium. “qm” is the saturated adsorption capacity (mg/g). “KL” is the equilibrium constant (L/mg) of the binding strength of the adsorbent and uranyl ion. “KF” is the Freundlich constant and “n” is the Freundlich index.



Different concentrations of uranium solution in pure water and simulated seawater were prepared. The Arsine azo (III) method was used to determine the concentration of uranium by a UV–visible spectrophotometer. The standard regression curves of the absorbance of different uranium concentrations in pure water and simulated seawater were obtained (Figures S10 and S11). The adsorption kinetics were studied by adding adsorbent (with 5 mg of dry gel) into 1 L uranium solution with pH = 6. During the adsorption process, the adsorbent and the uranium addition solution were continuously shaken by a shaker at room temperature to simulate the flow of seawater. In order to evaluate the adsorption type of adsorbent, the adsorption kinetics of hydrogel were analyzed by using a quasi-first-order kinetic model and quasi-second-order kinetic model.
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Scheme 1. The schematic process of (a) the preparation of the ZW-PAO hydrogel and (b) selective U-adsorption by the ZW-PAO hydrogel. 
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Figure 1. (a) The FT-IR spectra of the ZW-PAO hydrogel, PZW hydrogel, PAO, and PAN; (b) the EDS mappings of the ZW-PAO hydrogel and PAM-PAO hydrogel. 
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Figure 2. (a) The photos of the switching of the ZW-PAO hydrogel and PAM-PAO hydrogel in seawater and pure water; (b) swelling ratio of the ZW-PAO hydrogel in pure water and seawater water. 
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Figure 3. The characterization of the ZW-PAO hydrogel before and after U-extraction: (a) the XPS spectra; (b) the SEM and EDS mapping images. 
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Figure 4. The U-adsorption kinetics of the ZW-PAO hydrogel and the pseudo-second-order in 2, 4, 8, and 16 ppm U-added (a,b) pure water and (c,d) seawater. All the solutions were adjusted to pH = 6 prior to U-adsorption. 
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Figure 5. (a) U-extraction capacity as a function of pH in pure water containing 8 ppm U; (b) selective adsorption of metal ions by the ZW-PAO hydrogel. 
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Figure 6. (a) U-adsorbing–desorbing process, (b) U-desorption kinetic curve and (c) 5 adsorbing–desorbing cycles of the ZW-PAO hydrogel. 
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Figure 7. (a–c) The confocal laser microscopy of different ZW-PAO and PAM-PAO hydrogels; (d) the antibacterial rates of the ZW-PAO hydrogel against three types of bacteria; (e) the enhanced U-adsorption capacity of the ZW-PAO hydrogel by the improved anti-biofouling in seawater. 
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Figure 8. (a) Comparison of real seawater adsorption kinetics between ZW-PAO and PAM-PAO hydrogels; (b) comparison of uranium extraction rate between ZW-PAO hydrogel and existing amidoxime-group adsorbents [20,21,39,40,41,42,43,44,45,46,47,48,49,50,51,52]. 
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