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Abstract

:

Plant tannins have the ability to form stable complexes with metal ions, while microporous membranes have low pressure drop and high flux characteristics. Combining these two materials, a new type of tannin-immobilized membrane (M-TAN) adsorption material has been developed. The PA-BWT, PVDF-BWT, CELL -BWT, and PA-AA-BWT were prepared using different types of microporous membranes as substrates, which maintained the porous structure of the membranes and had the characteristics of high flux and fast filtration rate. The surface contact angle and pure water flux analysis showed that the introduction of tannin with multi-phenolic hydroxyl groups increased the hydrophilicity and water flux of the M-TANs. The adsorption performance shows that the adsorption capacity of four kinds of M-TANs for UO22+ is in the order of PA-BWT > PA-AA-BWT > PVDF-BWT > CELL-BWT, and PA-BWT has the largest adsorption capacity of 0.398 mmol g−1. In addition, the adsorption isothermal and kinetic data of PA-BWT were well fitted by the Langmuir equation and the Elovich model, respectively. The negative values of ΔG for UO22+ adsorption on PA-BWT indicated that adsorption is a spontaneous and favorable process. These facts indicate that PA-BWT can be used as a low-cost adsorbent for effective removal of UO22+ from aqueous solutions.
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1. Introduction


Tannin is a class of polyphenol compounds with abundant phenolic hydroxyl groups, and is one of the compounds with the strongest ability to complex with metal ions in natural products [1,2,3,4,5]. However, plant tannins are easily soluble in water, and generally cannot be directly used for the treatment of heavy metal ions in wastewater. They need to be immobilized on a water-insoluble carrier to obtain immobilized tannin adsorption materials. In order to overcome this shortcoming, researchers have tried to immobilize tannins on various water-insoluble substrates and use them through fixed bed adsorption [6,7,8,9,10]. However, the fixed bed method has some disadvantages in removing large amounts of wastewater, such as long diffusion distances in porous adsorbents, which leads to low adsorption efficiency. In addition, the accumulation of adsorbent will also cause a loss of adsorption points and higher bed pressure drop. Membrane adsorption is a forced convective mass transfer control process, which can significantly shorten the diffusion distance and overcome the pressure drop problem of traditional fixed bed adsorption [11,12,13,14]. The adsorption rate is mainly controlled by the binding kinetics of the adsorbate and membrane adsorption sites. A higher feed rate can be achieved under the premise of using the adsorption site to achieve high-speed adsorption [15,16]. Inspired by the performance of tannins to form stable complexes with metal ions and the low pressure drop and high flux characteristics of microporous membranes, we have combined tannins with membranes to develop a new type of tannin-immobilized membrane adsorption material. The choice of a microporous membrane and the immobilization method is the key to the preparation of immobilized tannin membrane materials. Commonly used organic microporous membranes include polyamide, polytetrafluoroethylene, polyvinylidene fluoride, and cellulose membranes.



As a commonly used filter membrane, polyamide (PA) microporous membranes have good hydrophilicity, can withstand acid and alkali solutions of appropriate concentrations, and have functional groups such as -NH, -NH2, and -C=O in their molecular structure [17,18]. Studies have shown that the amino group itself can interact with tannins through hydrogen bonds, and tannins can also react with -NH and -NH2 through aldehyde cross-linking [19]. Therefore, tannin can be immobilized on the PA membrane by the adsorption cross-linking method. In addition, according to the reaction characteristics of tannins, the hydroxyl groups in tannins can undergo an esterification reaction with carboxyl groups [20]. Therefore, PA membrane can also be grafted onto carboxyl compounds and tannins can then be immobilized through the esterification reaction. Polyvinylidene fluoride (PVDF) microporous membranes are also a common commercial filter membrane [21]. They have the advantages of high mechanical strength and wide pH resistance, but they are hydrophobic membranes, which usually need to be hydrophilically modified before they can be used in wastewater treatment. Light-initiated grafting, especially ultraviolet light-initiated grafting, is a technique that forms free radical active centers on the surface of polymers and initiates graft polymerization modification on the surface of polymers [22]. It is a widely used surface modification technique which is also commonly used in the modification of PVDF membranes. In view of this, UV radiation was used to conduct light-initiate grafting on the surface of the PVDF membrane to immobilize the tannin. It has been reported in the literature that dopamine is rich in catechins groups and can stably adhere to a variety of media through covalent and non-covalent interactions and its key functional group is catechol [23,24], while tannin is a plant polyphenol that is rich in catechins and pyrogallol functional groups. Studies have found that in the presence of oxygen, tannins can be coated on various organic and inorganic substrates in a buffer solution (pH 7~8) [25], which is similar to dopamine polymer coatings. Based on the characteristics of tannins, tannins can be immobilized on the cellulose membrane (CELL) by dip coating.



Herein, we selected typical polyamide microporous membranes, polyvinylidene fluoride microporous membranes, and cellulose microporous membranes as basic materials, with black wattle tannin as a typical representative, to prepare tannin-immobilized membranes (M-TANs). A series of physical and chemical properties such as the grafting degree of tannin and the pore size, water flux, and hydrophilicity of the tannin-immobilized microporous membrane were studied. Through the above research, the preparation method of tannin-immobilized microporous membrane adsorbents was established.




2. Materials and Methods


2.1. Materials


The polyamide microporous membrane (PA: the surface porosity is 70%, the average pore size was 0.45 µm, the membrane thickness was 150 µm, and the membrane diameter was 50 mm) and cellulose microporous filter membrane (CELL: the surface porosity was 70%, the average pore size was 0.45 µm, the thickness was 140 µm, and the diameter was 50 mm) were provided by Shanghai Xinya Filtration Instrument Co., Ltd. The polyvinylidene fluoride microporous membrane (PVDF: the surface porosity was 70%, the average pore size was 0.45 µm, the membrane thickness was 190 µm and the the membrane diameter was 50 mm) was purchased from Laisheng Filter Equipment Factory. Black wattle tannin was obtained from Dymatic Chemicals, Inc (China). Uranyl nitrate hexahydrate (UO2(NO3)·6H2O) was produced by Hubei Chushengwei Chemical Co., Ltd. NaCl, NaHCO3, MgCl2, CaCl2, CuSO4, NaCl, and glutaraldehyde (50%) were all analytically pure, and were purchased from Chengdu Kelon Chemical Reagent Factory, China. Glycidyl methacrylate (GMA) was obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. Reagents such as benzophenone were of analytical grade, and were provided by Chengdu Kelon Chemical Reagent Factory, China.




2.2. Preparation of Microporous Membrane Immobilized Tannin


The preparation procedures of PA-BWT mainly contained two steps: adsorption and covalent cross-linking (Schematic S1). The polyamide microporous membrane was soaked in 0.5 wt% black wattle tannin aqueous solution for 15 h to obtain the adsorption equilibrium, and then the surface was washed with deionized water to remove extra tannin. The membrane was placed in a 10 wt% glutaraldehyde solution, was covalently cross-linked at 303 K for 3 h, and was then thoroughly washed with deionized water and ethanol to remove the residual cross-linking agent and uncross-linked tannin on the surface. Thus, the PA-BWT was obtained.



The PA membrane was immersed in 100 mL of cerium ammonium nitrate solution, initiated at 40 °C for 0.5 h. Then acrylic acid (AA) was added to react with the PA membrane at 40 °C for 3 h, and the membrane was washed with deionized water. The grafted PA-AA was obtained, and then it was placed in a 1 wt% tannin solution and reacted at 30 °C for 5 h so that the hydroxyl groups in the tannins could be esterified with the carboxyl groups. Finally, after washing with deionized water, the PA-AA-BWT was obtained (Schematic S2).



The PVDF membrane was soaked in a 5 wt% benzophenone (BP) solution for 20 min to allow for full adsorption of the BP onto the membrane. After which, the BP was activated under a 160 W UV lamp for 30 min. The activated PVDF membrane was immersed in a 5 wt% glycidyl methacrylate (GMA) solution and irradiated under a 160 W UV lamp for 1 h to initiate a photo-initiated grafting. Next, the PVDF membrane grafted with GMA was added to a 1 wt% black wattle bark tannin solution to react for a certain time, so that the tannins were chelated onto the PVDF membrane. Finally, deionized water and ethanol were used to remove the residual crosslinking agent and extra tannins on the surface to obtain PVDF-BWT (Schematic S3).



Utilizing the reactive characteristics of tannin which are similar to those of dopamine, the tannin could be immobilized on the CELL membrane by dip coating. A 1 wt% alkaline tannin solution was prepared with Tris-buffer (100 mL, pH = 7.8, 50 mM), and the pretreated CELL membrane was immersed in the alkaline tannin solution for a certain time. During this process, tannin oxidation initiated an aggregation and deposited on the surface of the film to tune its wettability. Finally, after washing with deionized water, the CELL-BWT was obtained (Schematic S4).




2.3. Material Characterization


The grafting degree of tannin was determined by a weighing method. Before weighing, the samples were dried in an oven at 80 °C for 2 h, and the tannin grafting degree was calculated as follows: tannin grafting degree = (W1-W0)/W1, where W0 is the mass of the film before immobilizing tannin (mg); W1 is the mass (mg) of M-TAN after immobilizing the tannin; and the grafting degree is expressed in mg (tannin)/g (film). The surface morphology of the membranes was observed using a scanning electron microscope (FESEM, JSM-7500F, JEOL, Japan) at an accelerating voltage of 3 kV; the samples were adhered on a holder using a conductive carbon tape before investigation. An X-ray photoelectron energy spectrum analyzer (XPS, Thermo Scientific Escalab 250XI, USA) was used to analyze the chemical composition of the material surface; these samples were loaded on a sample holder for the study without any further treatment. The static water contact angle (contact angle measuring instrument, Krüss, DSA30, Germany) was used to characterize the static wettability of the material surface.




2.4. Water Flux Measurement


The experiment used a membrane filter as the test device, a constant volume of water column as the driving force, and deionized water as the test water. The constant flow pump was adjusted to ensure a constant height of the water column. The water output Q of the membrane filter per unit time was recorded, and the effective filtration area A of the membrane was calculated. The pure water flux Jw of the microporous membrane under this pressure was calculated according to the following formula: Jw = Q/A, where Jw is the pure water flux (L m−2 h−1), Q is the flow of water (L), and A is the membrane area (m2).




2.5. Adsorption Isotherm


Adsorption isotherm studies were carried out in 50 mL solutions with an initial UO22+ concentration ranging from 0.1 to 2 mmol/L. The pH of the solutions was adjusted to 5.0, 0.180 g of PA-BWT was suspended in the solutions, and then the adsorption experiments were conducted with constant stirring for 24 h at 303, 313, 323, and 333 K, respectively. The concentration of UO22+ after the adsorption equilibrium was attained was analyzed by ICP-AES, and adsorption capacity was calculated according to Equation (1):


   q e  =   V (  C 0  −  C e  )  m   



(1)




where C0 and Ce represent the initial and the equilibrium UO22+ concentration (mg∙L−1), respectively; V is the volume of the UO22+ solution (L); and m is the dosage of the absorbent (g).




2.6. Adsorption Kinetics


The adsorption procedure was similar to that of the adsorption isotherm study, but the concentration of UO22+ was analyzed at a regular interval by ICP-AES during the adsorption process. The adsorption capacity at time t (min) was obtained by a mass balance calculation and was denoted as qt (mg/g).





3. Results and Discussion


The tannin grafting degrees of the four kinds of M-TANs are shown in Figure 1. The tannin grafting degrees of the all M-TANs are relatively large, reaching more than 180 mg g−1. However, the tannin grafting degrees of M-TANs prepared by different methods were diverse. Among them, PA-BWT had the maximum grafting degree of 215 mg g−1, followed by PA-AA-BWT and PVDF-BWT. CELL-BWT had the smallest grafting degree. This may be because the PA membrane contains many amino groups, which can interact with tannins through hydrogen bonding so that more tannins can be adsorbed on the membrane. Then, through the cross-linking of glutaraldehyde, the tannin is covalently cross-linked and immobilized on the membrane. Compared with PA-BWT, the tannin grafting degree of PA-AA-BWT was not high. This is because the grafting rate of methacrylic acid is lower, so there is less tannin immobilized by the esterification reaction. For PVDF-BWT, benzophenone is used as the initiator in the light-initiated grafting process, and its molecular structure has two benzene rings, resulting in a large steric hindrance and low grafting degree. When CELL-BWT is prepared by the dipping method, tannin is fixed to the membrane through non-covalent bonding. The tannin on the M-TAN prepared by this method can easily fall off, so the grafting degree of CELL-BWT was the lowest.



Figure 2 shows the scanning electron micrographs (FESEM) of the four membranes before and after immobilizing the tannins. As shown in Figure 2, no matter what kind of membrane or method was used to prepare the M-TANs, the membrane structure of the raw material was still maintained, while the membrane pore size and pore wall roughness changed. Compared with the original PA (Figure 2a), the pore size of PA-BWT (Figure 2b) was significantly reduced to 0.5 ~ 0.2 µm. Similar to PA-BWT, the FESEM images of PA-AA-BWT show similar changes (Figure 2c,d). Figure 2e,f shows FESEM images of PVDF and PVDF-BWT. There were many micropores on the surface of the PVDF membrane with a wide pore size distribution ranging from 5.0 to 1.0 µm, and the membrane pore walls were relatively smooth. Figure 2f shows the structure of the PVDF-BWT membrane; it can be seen that the pore size of the membrane was reduced due to the adhesion of tannin. The membrane pore wall of PVDF-BWT became rougher. Figure 2g,h shows FESEM images of CELL and CELL-BWT. Compared with the other three M-TANs, the structural changes of CELL-BWT before and after the immobilization of tannins were not obvious. The original CELL structure (Figure 2g) was densely packed with cotton fiber bundles, and the fiber surface was relatively smooth. Compared with CELL, the surface of CELL-BWT fiber became rough, but the pore structure did not change much (Figure 2h). This is because the tannin grafting degree of CELL-BWT prepared by the dip coating method was not large, and the effect on the pore size was not obvious.



Figure 3a–d shows the XPS full spectrum and O 1s spectrum of PA and PA-BWT. The characteristic peaks of C 1s, N 1s, and O 1s appeared in the spectra of PA and PA-BWT, but after the tannin was immobilized, the peak intensity of C 1s and O 1s in PA-BWT was much higher than that of N 1s. This is because tannins are mainly C, H, and O elements, so when tannins are immobilized on the PA membrane, the relative content of N 1s decreases. In addition, as shown in Figure 3b, the O 1s in PA is mainly a C=O characteristic peak with a binding energy of 531.2 eV. However, except for the above C=O peak of O 1s of PA-BWT, the immobilization of tannin also introduced an additional C–O peak with a binding energy of 532.9 eV, indicating that PA-BWT was successfully prepared. The full XPS spectra of PVDF and PVDF-BWT and the partial spectra of O1s are shown in Figure 3e,f. The characteristic peaks of C 1s and F 1s at binding energies of 285.08 eV and 684.8 eV appeared in both PVDF and PVDF-BWT. However, the difference is that the characteristic peak of O 1s at a binding energy of 531.1 eV newly appeared in PVDF-BWT, and the peak intensity of F 1s decreased, while the peak intensity of C 1s increased. This is due to the introduction of tannins containing multiple benzene rings and phenolic hydroxyl groups, thereby introducing the O element and increasing the C 1s content on the surface of PVDF-BWT. Further analysis of the O 1s spectrum (as shown in Figure 3g,h) indicates that the intensity of the O 1s peak in the PVDF spectrum was extremely low, which may have been caused by impurities on the surface of the PVDF membrane. In contrast, the O 1s peak intensity of PVDF-BWT was greatly improved, and could be divided into two peaks, C=O and C–O, with binding energies of 531.6 eV and 532.5 eV, respectively, which were caused by the immobilizing of tannins. The XPS spectrum of PA-AA-BWT were similar to those of PA-BWT (Figure 3i,j). The N 1s peak intensity of PA-AA-BWT was reduced after the tannin was immobilized by the esterification reaction. Compared with PA-BWT, the content of C 1s and O 1s in PA-AA-BWT changed. The content of O 1s in PA-AA-BWT increased and was higher than that of C 1s due to the introduction of the carboxyl group in the esterification reaction of methacrylate. Figure 3k,l shows the XPS spectra of CELL and its tannin-immobilized membrane CELL-BWT. Both CELL and CELL-BWT contain C and O elements. However, in Figure 3l, after immobilizing tannin, the peak intensity of O 1s decreased and the peak intensity of C 1s increased. This is due to the introduction of tannins with multiple benzene rings, thereby increasing the C 1s content on the surface of CELL-BWT. The FTIR spectra also confirmed the successful synthesis of four M-Tans (Figure S1).



The hydrophilicity of the microporous membrane and the M-TANs were evaluated by testing the water contact angle of the surface. Figure 4a shows the water contact angles of various membranes and M-TANs. As shown in Figure 4a, the hydrophilicity of the PA was significantly enhanced after immobilizing the tannin, and the water contact angle was reduced from the original 88.5° to 70.1°. This is because after the cross-linking reaction between the 6,8 positions on the tannin A ring and the amino group of the PA, the unreacted phenolic hydroxyl group on the tannin is exposed to the surface of the M-TANs, and the phenolic hydroxyl group is a strong hydrophilic group [26]. Therefore, the hydrophilicity of PA-BWT was enhanced. The hydrophilicity of PA-AA-BWT was also enhanced, and the water contact angle was reduced from the original 88.5° to 72.5°. However, compared with PA-BWT, the hydrophilicity of PA-AA-BWT was not as strong due to a smaller tannin grafting degree. PVDF membrane is a hydrophobic microporous membrane with a water contact angle of 110.4°, but the hydrophobicity of PVDF-BWT immobilized with tannin obviously changed greatly, and the water contact angle directly dropped to 85.2°. It changed from a hydrophobic membrane to a hydrophilic membrane, which is also caused by the tannins rich in hydrophilic phenolic hydroxyl groups. The CELL membrane itself is a hydrophilic membrane with a water contact angle of 81.2°. After the tannin was immobilized by the dip coating method, the hydrophilicity of CELL-BWT was slightly reduced, and the contact angle increased to 84.2°. This is because when the tannin is immobilized by the dip coating method, the pH value of the solution is adjusted to alkaline. At this time, the phenolic hydroxyl groups on tannins are oxidized to quinones [27], and the tannins containing hydrophobic benzene rings are mainly hydrophobic due to the loss of phenolic hydroxyl groups, so the hydrophilicity of CELL-BWT was reduced. The pure water fluxes of the four organic filter membranes and their cured tannin membranes are shown in Figure 4b. After immobilizing the tannins, the pure water fluxes of both PA and PVDF membranes increased. The pure water flux of the PA membrane was 70.25 L m−2 h−1, while the pure water flux of PA-BWT and PA-AA-BWT after the tannin was immobilized increased to 110.52 and 108.45 L m−2 h−1, respectively. Although immobilized tannin reduces the pore size of the membrane and may slightly reduce the flux of pure water, the rich phenolic hydroxyl groups on the tannin greatly increase the hydrophilicity of the membrane, which is beneficial for the flux of pure water. The pure water flux of PA-BWT was greater than that of PA-AA-BWT due to the former’s larger tannin grafting degree. The pure water flux of the hydrophobic PVDF membrane is basically 0 without external pressure, while the pure water flux of PVDF-BWT can reach 54.65 L m−2 h−1 without external pressure. Such a significant change is also caused by the immobilization of tannins. This shows that the immobilization of tannin on the membrane not only enables the membrane to have adsorption properties but can even change the hydrophilicity and hydrophobicity of the membrane, expanding the application of tannin in membrane surface modification. The flux of pure water of CELL and CELL-BWT did not change much before and after tannin immobilization, and the flux of pure water of CELL-BWT even decreased slightly due to its slight reduction of hydrophilicity and pore size.



In order to investigate the adsorption performance of different M-TANs, UO22+ was used as the adsorption object to determine the adsorption capacity of these four M-TANs. The adsorption capacities of the four M-TANs for UO22+ are shown in Figure S2. The adsorption capacities of PA-BWT, PA-AA-BWT, PVDF-BWT, and CELL-BWT for UO22+ are 0.209, 0.197, 0.186, and 0.102 mmol g−1, respectively. It can be seen that, except for CELL-BWT, the adsorption capacities of other M-TANs for UO22+ are relatively large, and the PA-BWT > PA-AA-BWT > PVDF-BWT > CELL-BWT is arranged according to the adsorption capacity, which is in direct proportion to the grafting degree of tannin. It is known that the original PA, PVDF, and CELL membranes have no adsorption capacity for UO22+, indicating that the adsorption of UO22+ by the M-TANs is mainly dependent on the tannins. Therefore, the adsorption capacity for UO22+ increased with the increase of tannin grafting degree.



The adsorption performance of UO22+ by PA-BWT was further studied. PA-BWT shows a considerable adsorption capacity to UO22+, reaching 0.398 mmol g−1 at 333 K with an initial UO22+ concentration of 2 mmol L−1, as shown in Figure 5a. In addition, the adsorption capacity was increased with the increase of temperature, suggesting that the process of UO22+ adsorption of PA-BWT is endothermic in nature. To clearly understand the adsorption process, adsorption isotherm data were further analyzed by the Langmuir models (Figure 5b) [28,29]:


  Langmuir   equation :      C e     q e    =  1  b ⋅  q  max     +    C e     q  max      



(2)






  Freundlich   equation : ln  q e  = ln K +  1 n  ln  C e   



(3)




where qe (mmol/g) is the equilibrium adsorption capacity; qmax (mmol/g) is the maximum adsorption capacity; Ce (mmol/L) is the equilibrium concentration; and b (L/mg) is the coefficient related to the affinity of the binding sites (b = ka/kd, ka is the rate constant of adsorption, kd is the rate constant of desorption). K and 1/n are the constants that are related to the adsorption capacity and the adsorption intensity, respectively.



As summarized in Table 1, the Langmuir model provides a much better description of the isotherm data with a correlation constant higher than 0.99, and the calculated theoretical adsorption capacity is close to those obtained from the experiments. Consequently, the Langmuir model is more suitable for the description of adsorption isotherms of UO22+ on PA-BWT. Considering that the adsorption capacity was increased with the increase of temperature, it is reasonable to conclude that UO22+ is chemically adsorbed with monolayer coverage on the surface of PA-BWT.



As shown in Figure 5c, it can be observed that the adsorption rate of PA-BWT is quite rapid, and adsorption equilibrium is attained at about 200 min. At higher temperatures, the time to attain adsorption equilibrium is also reduced. In order to understand the adsorption process of PA-BWT to UO22+, adsorption kinetic data were fitted by the Lagergren models (Figure 5d) [30,31,32]:



Lagergren pseudo-first-order kinetic model:


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



(4)







Lagergren pseudo-second-order kinetic model:


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



(5)




where qe and qt (mmol/g) are the adsorption capacity of UO22+ at equilibrium and at time t, respectively; k1 (min−1) is the first-order rate constant, and k2 (g/(mmol∙min)) is the second-order rate constant.



As listed in Table 2, the correlation coefficients obtained by the pseudo-second-order kinetic model fitting are very close to 1.0 compared to those of the pseudo-first-order model, suggesting that the chelating interaction between UO22+ and PA-BWT is the rate-control step of the adsorption process.



In order to further explore the adsorption kinetics of UO22+ on PA-BWT, we also used the pseudo-second-order model (PSO) expressed in a different linearized form (qt/t = k2qe2 − k2qeqt.) for fitting analysis [33]. As shown in Figure 5e, the data are not distributed along a straight line, so it follows that the PSO is not suitable for describing the adsorption kinetics. In addition, the results of fitting using the Elovich model (qt = 1/β*ln(1 + αβt), where qt (mmol/g) is the adsorption capacity of UO22+ at time t, α is the initial adsorption rate constant, and β is the chemical adsorption activation energy parameters) are shown in Figure 5f, and the correlation coefficient R2 > 0.99 obtained by fitting indicates that the Elovich model is more appropriate to describe the adsorption of UO22+ on PA-BWT, which is a chemical adsorption process. The Weber–Morris model was also used for fitting. As shown in Figure S3, the adsorption process is divided into two stages, namely the surface diffusion process and the intraparticle diffusion process. The straight line through the origin indicates that surface diffusion and intra-particle diffusion jointly control the adsorption process of PA-BWT on UO22+.



The thermodynamic behaviors of UO22+ ion adsorption onto PA-BWT were evaluated by employing the following equations [15]:


  lnbx =  ln   b   ′  − Δ H ° / RT  



(6)






  ln  (   1 b   )  = Δ G ° / RT  



(7)






  Δ S ° =  (  Δ H ° − Δ G °  )  / T  



(8)




where R (8.314 J/K mol) is the ideal gas constant; T (K) is the temperature; Kd (L/g) is the distribution coefficient; C0 (mg/L) is the initial concentration; ΔH°, ΔS°, and ΔG° (kJ/mol) are the enthalpy change, the entropy change, and the Gibbs free energy change in a given process, respectively; b is the Langmuir parameter, whereas b’ is a constant; and x(g/mol) is the adsorbent molecular weight. Thermodynamic parameters were calculated according to Equations (6)–(8) and illustrated in Table 3. ΔG° values are negative for UO22+ adsorption onto the PA-BWT surface, indicating that adsorption is a spontaneous process in standard conditions [34]. The positive value of ΔS° suggests the affinity of PA-Tan toward UO22+ ions. The positive value of ΔH° confirms the endothermic nature of the adsorption process.



The stability experiment of M-TANs was carried out by immersion oscillation experiment under different temperatures and pH values. As shown in Figure S4a,b, the M-TANs were immersed in pure water at 20 °C and 50 °C and shaken for a week to examine their stability at different temperatures. PA-BWT, PVDF-BWT, and PA-AA-BWT did not change significantly, while the color of CELL-BWT was slightly lighter. This indicates that the PA-BWT, PVDF-BWT, and PA-AA-BWT prepared by the covalent cross-linking method have a high stability, and the tannins will not fall off even under long-term oscillating soaking, while the tannins in CELL-BWT, combined by hydrogen bonding, can easily fall off the membrane under long-term shaking and soaking. The results of further measuring their water flux are shown in Figure 6a. The water flux of PA-BWT, PVDF-BWT, and PA-AA-BWT did not change significantly, but the water flux of CELL-BWT increased slightly. This is because the shedding of tannins on the membrane increases the hydrophilicity and pore size of CELL, thereby increasing the water flux. Corresponding to the degree of tannin grafting, the adsorption capacity of PA-BWT, PVDF-BWT, and PA-AA-BWT remained basically unchanged, while the adsorption capacity of CELL-BWT decreased significantly (Figure 6b), which was attributed to the shedding of tannin. The M-TANs were immersed in pure water with pH = 2 and pH = 9 at room temperature and shaken for a week to investigate their stability at different pH values. As shown in Figure S4c,d, the morphology of the M-TANs after oscillating immersion in different pH solutions did not change, and there was no damage or corrosion phenomenon, indicating that they could still maintain their original structure under alkaline/acidic conditions. Figure 6c,d shows the pure water flux and adsorption capacity of UO22+ of M-TANs before and after oscillating immersion in different pH solutions. PA-BWT, PVDF-BWT, and PA-AA-BWT had no change in water flux and UO22+adsorption capacity after being immersed in different pH solutions for a long time, which indicates that they have good stability and anti-pollution performance. However, for Cell-BWT, the adsorption capacity of UO22+ decreased greatly after a long period of oscillating soaking, indicating that the tannin on the surface of CELL-BWT fell off seriously. This indicates that M-TANs prepared by the covalent cross-linking method have better stability and firm tannin immobilization.




4. Conclusions


Typical polyamide, polyvinylidene fluoride, and cellulose microporous filter membranes were selected as basic materials using different immobilizing methods to prepare tannin-immobilized membranes: PA-BWT, PVDF-BWT, CELL-BWT, and PA-AA-BWT. The tannin grafting degrees of M-TANs prepared by different methods are different: the PA-BWT had the maximum grafting degree, followed by PA-AA-BWT and PVDF-BWT, and the minimum grafting degree belonged to CELL-BWT. The contact angle of the surface water proves that the introduction of tannins rich in phenolic hydroxyl groups improved the hydrophilicity of the original membrane, and the higher hydrophilicity resulted in a greater water flux. The adsorption performance studies show that PA-BWT had the largest adsorption capacity for UO22+. The PA-BWT exhibited a maximal adsorption capacity (0.4 mmol/g) at pH 5.0 and 333 K with an initial U(VI) concentration of 2 mmol/L. In addition, the adsorption isothermal and kinetic data were well fitted by the Langmuir equation and the Elovich model, respectively. The PA-BWT, PVDF-BWT, and PA-AA-BWT prepared by the covalent cross-linking method had good stability under different environmental conditions; thus, the membrane structure will not be destroyed, and the tannins on the membrane will not easily fall off. Therefore, PA-BWT exhibits a great potential in practical application for U(VI) removal from aqueous solutions as a low-cost, highly effective, and reusable adsorbent.
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Figure 1. The tannin loading capacity of the tannin-immobilized membranes: PA-BWT, PA-AA-BWT, PVDF-BWT, and CELL-BWT. 
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Figure 2. FESEM images of (a,b) PA and PA-BWT, (c,d) PA-AA and PA-AA-BWT, (e,f) PVDF and PVDF-BWT, and (g,h) CELL and CELL-BWT. 
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Figure 3. High resolution XPS spectra and O 1s spectra of (a–d) PA and PA-BWT, (e–h) PVDF and PVDF-BWT, (i,j) PA and PA-AA-BWT, and (k,l) CELL and CELL-BWT. 
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Figure 4. (a)Water contact angle of membrane and BWT-immobilized membrane and (b) pure water flux of membrane and BWT-immobilized membrane. 
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Figure 5. Adsorption isotherms of PA-BWT to UO22+: UO22+ ion concentration 0.1–2 mmol/L, pH 5.0: (a) adsorption isotherms and (b) regression by the Langmuir equation. Adsorption kinetics of UO22+ on PA-BWT: UO22+ concentration 1 mmol/L, pH 5.0: (c) adsorption kinetics and (d) regression by the pseudo-second-order equation. (e) Regression by the pseudo-second-order model (PSO) expressed in a different linearized form. (f) Regression by the Elovich model. 






Figure 5. Adsorption isotherms of PA-BWT to UO22+: UO22+ ion concentration 0.1–2 mmol/L, pH 5.0: (a) adsorption isotherms and (b) regression by the Langmuir equation. Adsorption kinetics of UO22+ on PA-BWT: UO22+ concentration 1 mmol/L, pH 5.0: (c) adsorption kinetics and (d) regression by the pseudo-second-order equation. (e) Regression by the pseudo-second-order model (PSO) expressed in a different linearized form. (f) Regression by the Elovich model.



[image: Applsci 11 09684 g005]







[image: Applsci 11 09684 g006 550] 





Figure 6. Water flux and adsorption capacity of different M-TANs before and after long-term shaking and soaking at (a,b) different temperatures and (c,d) pH. 
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Table 1. Langmuir and Freundlich parameters of UO22+ adsorbed on PA-BWT.
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Temperature (K)

	
Langmuir

	
Freundlich




	
qmax (mmol/g)

	
B (L/mmol)

	
qmax,exp (mmol/g)

	
R2

	
K

	
1/n

	
R2






	
303

	
0.209

	
12.982

	
0.192

	
0.9825

	
6.72

	
0.5132

	
0.9665




	
313

	
0.282

	
24.201

	
0.269

	
0.9992

	
14.53

	
0.4610

	
0.9635




	
323

	
0.314

	
40.043

	
0.317

	
0.9975

	
23.21

	
0.4662

	
0.9256




	
333

	
0.401

	
41.565

	
0.405

	
0.9933

	
28.34

	
0.4956

	
0.9434








qmax,exp: the maximum adsorption capacity determined by experiments.
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Table 2. Fitting parameters of the pseudo-first-order and pseudo-second-order models.
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Temperature (K)

	
Pseudo-Second-Order

	
Pseudo-First-Order




	
R2

	
k2

	
qe.cal (mmol/g)

	
qe,exp (mmol/g)

	
R2

	
k1






	
303

	
0.9975

	
0.101

	
0.206

	
0.201

	
0.7708

	
0.553




	
313

	
0.9978

	
0.123

	
0.246

	
0.240

	
0.7899

	
0.566




	
323

	
0.9998

	
0.142

	
0.269

	
0.262

	
0.8789

	
0.664




	
333

	
0.9998

	
0.223

	
0.284

	
0.279

	
0.9701

	
0.605








qe,exp: the maximum adsorption capacity determined by experiments. qe.cal: the maximum adsorption capacity determined by calculation.
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Table 3. Langmuir parameters and thermodynamic parameters.
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Temperature (K)

	
Thermodynamic Parameter




	
ΔG°

(kJ/mol)

	
ΔS°

(kJ/(mol K))

	
ΔH°

(kJ/mol)






	
303

	
−9.20

	
0.163

	
40.28




	
313

	
−7.33

	
0.152




	
323

	
−6.08

	
0.143




	
333

	
−6.23

	
0.139
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