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Abstract

:

Tetracyclines (TCs) are the most widely used antibiotics for the prevention and treatment of livestock diseases, but they are toxic to humans and have frequently been detected in water bodies. In this study, the physical and chemical properties of the zirconium-based metal organic framework (MOF) UiO-66 and its NH2-functionalized congener UiO-66-NH2 were investigated along with batch TC adsorption tests to determine the effect of functionalization on TC removal. TC removal was highest at pH 3 and decreased with increasing pH. Pseudo-1st and pseudo-2nd-order kinetic models were used to study the adsorption equilibrium times, and Langmuir isotherm model was found to be more suitable than Freundlich model. The maximum uptake for UiO-66 and UIO-66-NH2 was measured to be 93.6 and 76.5 mg/g, respectively. Unexpectedly, the TC adsorption capacity of UiO-66-NH2 was observed to be lower than that of UiO-66. Density functional theory calculations revealed that the pore structures are irrelevant to TC adsorption, and that the –NH2 functional group could weaken the structural robustness of UiO-66-NH2, causing a reduction in TC adsorption capacity. Accordingly, robust MOFs with zirconium-based metal clusters can be effectively applied for the treatment of antibiotics such as TC in water.
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1. Introduction


Water is vital to all living things. With rapid industrial development, increasing amounts of contaminants are being released into the aquatic environment at high concentrations. As a result, water contamination has become a worldwide issue in recent decades. During this period, various industrial pollutants, including antibiotics, have frequently been found in both aquatic and soil environments due to the excessive use of medicines required for preserving human and animal health. These contaminants significantly impair the water quality [1,2]. Antibiotics have been widely used for the prevention and treatment of diseases in humans and livestock, and for promoting livestock growth. The increased and long-term use of antibiotics has contributed to the acceleration of environmental pollution. Further, the elimination of these antibiotics from water by conventional treatment processes is difficult [1,3,4,5,6,7]. The widespread emergence of antibiotics has led to serious health and environmental problems stemming from the resistance of pathogenic bacterial microorganisms to the antibiotics, the toxicity of these antibiotics to microorganisms in the aquatic environment, and the resulting endocrine disruption of organisms [8,9,10].



In particular, tetracyclines (TCs) are the most widely used antibiotics for livestock across the world, and TC-based antibiotics are the most common broad-spectrum antibiotics. Owing to their low cost and high antibacterial activity, TCs are extensively used in veterinary medicine for preventing and treating livestock diseases and as a feed additive for promoting animal growth in livestock farms. However, the continued use of large amounts of TCs has led to the emergence of TC-resistant bacteria. Furthermore, most TCs are poorly absorbed by the human body and livestock. Upon entering the environment, TCs pose a threat to human health and the ecological balance [2,11]. While unmetabolized TCs enter the natural environment after being excreted from the body through urine and feces, there are a variety of other pathways by which TCs reach the environment, including hospital waste, compost, and livestock waste. Thus, TCs are becoming a global social issue because they are a nonpoint source of soil and river pollution. TCs have been frequently detected at trace concentrations in the aquatic environment. Owing to their toxicity in water, when TCs enter the natural environment, they pose a potential threat to the safety of humans and aquatic ecosystems [1,12,13,14,15]. Therefore, it is necessary to remove TCs from the waste streams before they are discharged in water. The stable tetracene ring structure of TCs, comprising four benzene rings, makes their removal difficult by conventional water-treatment processes. Thus, it is important to develop an effective treatment process for the removal of TCs from water [16,17].



In recent years, water-treatment technologies such as enzymatic degradation, oxidation, photochemical degradation, and adsorption have been widely used. Adsorption is one of the most competitive water-treatment technologies because of its operational simplicity, low cost, and lack of secondary contaminants [18]. However, conventional adsorbents have a relatively low surface area and limited active sites, which causes problems such as poor adsorption selectivity and low adsorption capacity. To overcome these limitations, the development of more effective adsorbents is necessary [8,19].



Metal organic frameworks (MOFs) are one-, two-, or three-dimensional porous crystalline materials comprising metal ions or clusters coordinated to organic ligands [20]. Since Yaghi et al.’s pioneering study [20], there has been widespread research on MOFs. Compared with traditional adsorbents, MOFs have several advantages such as a high specific surface area, tailorable pore structure, open metal sites, well-modified surface properties, and superstability. However, because MOFs have low stability in the aqueous phase, research has predominantly focused on the gas phase, catalysis, drug delivery carriers for nanomaterials, luminescence, and adsorption of organic molecules. To date, there has been little research on the removal of antibiotics using MOFs [8]. Zirconium (Zr(IV))-based MOFs are widely known for their outstanding stability in water compared to other MOFs based on different metal ions or clusters. Zr-based MOFs have strong ionic bonds that combine Zr(IV) and carboxylate O atoms. Furthermore, Zr-based MOFs are stable in acidic and alkaline conditions, thermally stable at temperatures up to 500 °C, and can maintain their crystal structure under high pressure. Therefore, Zr-based MOFs have significant potential for use as adsorbent materials in water [21,22,23,24,25,26,27,28,29]. Table S1 lists several studies dealing with the adsorption-based removal of TCs using various MOFs. UiO-66 is the most representative Zr-based MOF and consists of octahedral Zr6O4(OH)4 clusters with terephthalic acid [30,31]. Commonly, MOFs have 4–6 organic linkers connected to the metal clusters. When one of the linkers is damaged, the pores can fatally collapse, leading to the formation of boundary defects. However, in the case of UiO-66, 12 organic linkers are connected to the metal clusters, making this compound very stable chemically and allowing it to maintain its structure well, even when a linker becomes damaged [32]. Furthermore, UiO-66-NH2, containing the amine functional group, is chemically stable and can maintain its structure even at pH 1 [33]. In this study, the Zr-based MOFs UIO-66 and UiO-66-NH2 (Figure S1) were synthesized and used for the removal of TCs from water.




2. Experimental Details


2.1. Reagents


Tetracycline (C22H24N2O8, MW: 444.43, purity > 98%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The synthesis of MOFs used Zr(IV) chloride (ZrCl4, MW: 233.04, purity > 99.99% trace metals basis, anhydrous grade; Sigma-Aldrich, St. Louis, MO, USA), N,N-dimethylformamide (DMF, MW: 73.09, purity > 99.8%; Sigma-Aldrich, St. Louis, MO, USA), and hydrochloric acid (HCl 37%; WAKO, Osaka, Japan). Terephthalic acid (benzene-1, 4-dicarboxylic acid, H2BDC, MW: 166.13, purity > 98%) and 2-aminoterephthalic acid (H2BDC-NH2, MW: 181.15, purity > 99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA) for use as linkers. The MOFs were washed using DMF and ethyl alcohol (EtOH, purity > 99.9%, high-performance liquid chromatography (HPLC) grade; J.T. Baker, Philipsburg, NJ, USA). In addition, deionized (DI) water (resistivity of 18.2 MΩ cm−1 at 25 °C) was used throughout the experiments. To adjust the pH value, HCl (37% HCl; WAKO, Osaka, Japan) and sodium hydroxide (NaOH; Samchun, Korea) were used. Magnesium chloride hexahydrate (MgCl2 6H2O, Showa, Japan), potassium chloride (KCl, Showa, Japan), calcium chloride (CaCl2, Sigma-Aldrich, USA), sodium nitrate (NaNO3, Sigma-Aldrich, USA) were used as ion sources. All chemical reagents were used directly without further purification.




2.2. Synthesis of Metal Organic Frameworks


The MOFs were synthesized using the following procedure, which is a modification of the method reported by Katz et al. [34] and Wang et al. [15]. ZrCl4, DMF (5 mL), and 37% HCl were mixed in a glass bottle using sonication (37 kHz, 100 power) for 20 min until they were fully dissolved. Then, DMF (10 mL), BDC for UiO-66, and BDC-NH2 for UiO-66-NH2 were added to the solution and mixed using sonication (37 kHz, 100 power) for 20 min until they were fully dissolved. The mixtures were stirred for 18 h and aged for 6 h at 80 °C in an oil bath. The precipitates were filtered and then thoroughly washed with DMF (2 × 30 mL) and ethyl alcohol (2 × 30 mL) to remove the residual solvents. Next, the MOFs were dried at 120 °C for 24 h in a vacuum, leading to UiO-66 being obtained as a white powder and UiO-66-NH2 being obtained as a yellow powder (Figure S2). The reagent amounts used for the synthesis are listed in Table S2. The synthesized MOFs were characterized by field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET) theory, and Fourier-transform infrared spectroscopy (FT-IR).




2.3. Characterization of MOFs


The specific surface areas of UiO-66 and UiO-66-NH2 were determined using the BET method (Belsorp-mini 2, MicrotracBEL Crop, Osaka, Japan). The XRD patterns were obtained using a Dmax2500/PC diffractometer (Rigaku Crop, Tokyo, Japan) with a 2θ scan range recorded from 5–90° at a scan speed of 2°/min. The surface morphologies of UiO-66 and UiO-66–NH2 before and after the reaction were observed by FE-SEM (Inspect F, FEI, Hillsboro, OR, USA) with an acceleration voltage of 10 kV. The FT-IR spectra of UiO-66 and UiO-66-NH2 before and after the reaction were acquired using an FTIR spectrometer (Perkin Elmer, Waltham, MA, USA) in the 400–4000 cm−1 range. The specific elemental surface contents and their valence states were analyzed using XPS (Thermo ESCALAB 250XI, Waltham, MA, USA).




2.4. Adsorption Experiments


All adsorption experiments, including those for studying the equilibrium, kinetics, pH effects, TC initial concentrations effects, and MOF dosage effects, were conducted in an incubator at 200 rpm with the temperature maintained at 25 °C. All batch experiments were conducted in the dark to prevent potential photodegradation of the TC. Before the adsorption experiments, both UiO-66 and UiO-66-NH2 were activated by drying in a vacuum oven for 12 h at 120 °C. The equilibrium tests were conducted in 50 mL conical tubes containing 40 mL of 50 mg L−1 TC solution with 10 mg of MOFs for 24 h to investigate the adsorption of the TCs onto UiO-66 and UiO-66-NH2. The samples were analyzed by filtering through a 0.2-μm polytetrafluoroethylene (PTFE) filter after 15 min of treatment at 4200 rpm in a centrifuge. To determine the effect of pH on the adsorption capacity, the tests were carried out in 50 mL conical tubes containing 40 mL of 50 mg L−1 TC solution with 10 mg of MOFs for 24 h. Before investigating the effect of pH, the pH of the TC solutions was adjusted to range from 3–9 by adding 0.1 M (mol L−1) HCl or 0.1 M NaOH. The point of zero charge (PZC) experiments were conducted without TCs in 250 mL flasks containing 30 mL of DI water with 90 mg of MOFs. The effect of the initial TC concentrations was investigated on the optimum pH. The initial concentrations of the TCs were set in the 10–100 mg L−1 range for 24 h. The kinetic tests were implemented in 250 mL flasks containing 200 mL of 50 mg L−1 TC solution with 50 mg of MOFs at pH 3, 6, and 9. In order to confirm the effect of ionic strength in the low concentration, the experiment was conducted in the presence of Mg2+, K+, Ca2+, and NO3− at the same concentration under the TC 0.5 mg L−1 condition. The containers comprising the TC solution were placed in an incubator and stirred. The samples were periodically withdrawn to determine the residual concentrations of the TC. The sampling volume was 1 mL, and the total variation of the TC solution volume due to sampling was less than 6%. After sampling 1 mL at each reaction time, the sample was filtered using a 0.2-μm PTFE syringe filter to remove the adsorbents, and then analyzed using HPLC. The tests were conducted in consideration of the adsorption potential of the TCs in the PTFE syringe filter, which is negligible. All experiments were performed in duplicate.




2.5. Analytical Methods


HPLC (Flexar, Perkin Elmer, Waltham, MA, USA) with an ultraviolet (UV) detector and a ZORBAX SB-C18 (5 μm, 4.6 × 150 mm, Agilent, Santa Clara, CA, USA) column was used to analyze the TCs. The wavelength of the UV detector was set at 355 nm. The optimized mobile phase for the analysis of TCs comprised acetonitrile (ACN; Merch K GaA, Darmstadt, Germany) (30%), methanol (MeOH, purity > 99.9%, HPLC grade; J.T. Baker, Philipsburg, NJ, USA) (20%), and 0.01 M aqueous oxalic acid solution (OA; Samchun, Seoul, Korea) (50%). The flow rate was maintained at 0.6 mL/min, and the sample injection volume was 10 μL. All samples were centrifuged at 4200 rpm for 15 min and filtered using 0.2-μm PTFT filters before analysis. The pH was measured with a benchtop pH meter (Orion Star A211, Thermo Scientific, Waltham, MA, USA).




2.6. Calculation Method


We conducted density functional theory (DFT) calculations using the Vienna ab initio Simulation Package (VASP) code [35,36]. We used the Perdew-Burke-Ernzerhof exchange-correlational functional with the generalized gradient approximation (GGA) method [37]. The pseudopotentials were generated based on the projector-augmented wave (PAW) method [38]. We considered only the gamma point and set the energy cut-off for the planewave basis to 500 eV. All of the structures were optimized with a force criterion of 0.03 eV/Å. To avoid interactions between molecules in the periodic cells, the dimensions of the periodic cells were set to 30 × 30 × 30 Å3. The charge amounts of the atoms were obtained from Bader charge analysis [39]. The figures obtained from the DFT calculations were drawn with the VESTA code [40].





3. Results and Discussion


3.1. Characterizations of MOFs


3.1.1. Brunauer-Emmett-Teller Analysis


BET analysis was conducted to study the interaction of the contaminants with the adsorbent surfaces. A high specific surface area of the adsorbent is important because it allows for greater adsorption of the contaminants. The porosity, pore size distribution, and specific surface areas of UiO-66 and UiO-66-NH2 were determined using the N2 adsorption-desorption analysis method. For UiO-66, the specific surface area was 1581 m2/g, total pore volume was 0.66 cm3/g, and pore diameter was 1.61 nm. For UiO-66-NH2, the specific surface area was 1415 m2/g, total pore volume was 0.59 cm3/g, and pore diameter was 1.61 nm. The specific surface area and total pore volume of UiO-66 were larger than those of UiO-66-NH2, whereas the pore diameter was the same for both MOFs. The results are presented in Table 1.




3.1.2. XPS Analysis


XPS analysis was conducted to study the surface elemental composition of UiO-66 and UiO-66-NH2 before and after the adsorption of TCs. Figure 1 shows the wide-scan XPS spectra of UiO-66 and UiO-66-NH2 before and after the adsorption of TCs. The characteristic peaks of C, O, and Zr are present in the spectra, which agree with those reported previously [23,41]. Figure 2a,b shows the C1s and O1s XPS spectra of UiO-66 and UiO-66-NH2 before and after the TC adsorption. The binding energies of C1s increased by 0.13 eV for UiO-66-NH2, whereas those of O1s decreased by 0.25 eV for UiO-66 and 0.13 eV for UiO-66-NH2. As shown in Figure 2c, the Zr3d XPS spectra of UiO-66 and UiO-66-NH2 were deconvoluted into two individual peaks. For both UiO-66 and UiO-66-NH2, the binding energies of the two peaks of Zr3d increased by 0.12 eV and 0.13 eV before and after the TC adsorption, respectively. These results indicate the involvement of C, O, and Zr in the adsorption process.




3.1.3. Field Emission Scanning Electron Microscopy


The morphologies of UiO-66 and UiO-66-NH2 before and after the reaction with the TCs are illustrated in Figure S3. The FE-SEM images of the unreacted UiO-66 and UiO-66-NH2 presented an agglomerated, well-defined cube shape, in agreement with previous reports [23]. After adsorption of the TCs, the overall structures of UiO-66 and UiO-66-NH2 remained similar, but became more aggregated with slightly smoother edges than before the reactions. In particular, after the reaction, UiO-66 showed a more aggregated shape than UiO-66-NH2. This suggests that UiO-66 has greater reactivity with the TCs than UiO-66-NH2. The diameters of both UiO-66 and UiO-66-NH2 are generally in the 100–250 nm range before the reaction with the TCs, and in the 100–350 nm range after the reaction.




3.1.4. XRD Analysis


XRD analysis was carried out to confirm the synthesis of the MOFs and to investigate the crystalline structures of the MOFs before and after the TC adsorption. The XRD patterns of UiO-66 and UiO-66-NH2 are presented in Figure 3. The characteristic peaks of the synthesized UiO-66 and UiO-66-NH2 match the previously reported UiO-66 and UiO-66-NH2 structures well, thus confirming the successful synthesis of UiO-66 and UiO-66-NH2 [23,42,43]. The main peaks of UiO-66 before the TC adsorption were observed at 2θ values of 7.3°, 8.4°, 12.0°, 14.7°, 17.0°, 19.0°, 20.9°, 22.2°, 24.1°, 25.6°, 28.1°, 29.7°, 30.7°, 32.2°, 33.1°, and 34.4°, which correspond to the (111), (002), (022), (222), (004), (024), (115), (044), (135), (006), (335), (444), (117), (246), (355), and (008) crystal planes, respectively. The main peaks of UiO-66-NH2 before the TC adsorption were observed at 2θ values of 7.3°, 8.4°, 12.0°, 14.7°, 17.0°, 19.0°, 20.9°, 22.2°, 25.7°, 28.1°, 29.7°, 30.7°, 32.2°, 33.0°, and 34.5°, which correspond to the (111), (002), (022), (222), (004), (024), (115), (044), (006), (335), (444), (117), (246), (355), and (008) crystal planes, respectively [44]. After functionalization with NH2, the characteristic peaks of UiO-66 were coterminal with those of UiO-66-NH2, indicating that the basic framework does not change during the incorporation of the functional groups into UiO-66. Furthermore, these results indicate that the UiO-66-NH2 was well synthesized. After the TCs were adsorbed on UiO-66 and UiO-66-NH2, the XRD peaks of UiO-66-NH2 disappear and broaden, indicating the structural collapses. Thus, the structural robustness plays a critical role in the TC adsorption.




3.1.5. FT-IR Spectroscopy


To confirm the molecular structure and functional groups, FT-IR analysis of the synthesized UiO-66 and UiO-66-NH2 was performed. As shown in Figure 4, for UiO-66, the band observed at around 1350–1650 cm−1 corresponds to the asymmetric and symmetric stretching of the C=C and C–O bonds, and the bands at around 860–1170 cm−1 and 650–800 cm−1 represent the Zr–O bond. The peaks observed at 816, 742, and 665 cm−1 correspond to the OH and C–H vibrations in the BDC [23,42]. For UiO-66-NH2, the two peaks at 3370 and 3470 cm−1 reflect symmetric and asymmetric stretching of the primary amines. Moreover, the peaks at 1450 and 1270 cm−1 correspond to the N–H and C–N bonds of the aromatic amines, respectively. The band at around 1540–1600 cm−1 is from the –COOH in the BDC, indicating the occurrence of a reaction between the –COOH and Zr4+ [43,44].





3.2. Adsorption Removal of TCs


3.2.1. Batch Adsorption


Before conducting experiments under various conditions, the TC adsorption performance of the synthesized UiO-66 and UiO-66-NH2 was evaluated. The tests were carried out in 50 mL conical tubes containing 40 mL of 100 mg L−1 TC solution with 20 mg of MOFs for 24 h. The results are presented in Figure S4. The TC adsorption capacities were 65.4 mg g−1 for UiO-66 and 40.2 mg g−1 for UiO-66-NH2, indicating that UiO-66 has better adsorption performance than UiO-66-NH2.




3.2.2. Effect of Adsorbent Dosage


To optimize the adsorbent dosage, TC adsorption experiments were conducted with different dosages of UiO-66 and UiO-66-NH2. The results are shown in Figure 5a,b. An increase in the dosage of UiO-66 and UiO-66-NH2 increased the removal efficiency of TCs due to the increased number of adsorption sites. However, when the dosage of UiO-66 and UiO-66-NH2 increased, the maximum adsorption did not increase with the removal efficiency. In fact, the maximum adsorption decreased once a certain threshold was passed. At dosages of 10, 50, and 100 mg of UiO-66, the maximum TC adsorption was 93.5, 72.5, and 39.3 mg g−1, respectively; at 10, 50, and 100 mg of UiO-66-NH2, the maximum TC adsorption was 58.2, 52.8, and 41.3 mg g−1, respectively. Therefore, the optimum dosage of UiO-66 and UiO-66-NH2 was determined to be 10 mg.




3.2.3. Effect of pH and PZC


To understand the adsorption behavior and determine the adsorption mechanism, TC adsorption experiments were conducted under different pH conditions. Figure S5 shows the effect of pH on the adsorption capacity of TCs by UiO-66 and UiO-66-NH2. For UiO-66, the adsorption capacity of 90.1 mg g−1 at pH 3 decreased to 74.9 mg g−1 as the pH increased. For UiO-66-NH2, the adsorption capacity of 52.9 mg g−1 at pH 3 decreased to 40.4 mg g−1 with increasing pH. Thus, the maximum adsorption capacity of both UiO-66 and UiO-66-NH2 was realized at pH 3. The pH affects not only the surface charge of UiO-66 and UiO-66-NH2, but also the degree of TC ionization. Speciation occurs in the TC molecules, which exist as cationic species H3TC+ (pH < 3.3), zwitterionic species H2TC0 (3.3 < pH < 7.7), and anionic species HTC− and TC2− (pH > 7.7) [45,46,47,48]. The pHpzc value, representing the electrical balance between the adsorbent surface and the TC solution, was found to be 3 for both UiO-66 and UiO-66-NH2; the results are shown in Figure 6. The surfaces of UiO-66 and UiO-66-NH2 were positively charged at pH < pHpzc and negatively charged at pH > pHpzc.




3.2.4. Effect of Initial TC Concentration and Ionic Strength


Next, experiments were conducted to investigate the effect of the initial TC concentration. The results are presented in Figure S6a,b. The initial TC concentration significantly affected the adsorption. In the case of UiO-66, initial TC concentrations of 10, 25, 50, 75, and 100 mg L−1 were tested, and the respective removal rates were 92.4%, 76.0%, 42.1%, 31.0%, and 23.1%. In the case of UiO-66-NH2, 93.7%, 70.4%, 35.5%, 25.7%, and 18.1% of TCs were removed from the same initial TC concentrations, respectively. For UiO-66, the TC adsorption capacity increased from 38.2 mg g−1 to 94.3 mg g−1 as the initial TC concentration increased from 10 mg L−1 to 100 mg L−1. For UiO-66-NH2, the TC adsorption capacity increased from 38.7 mg g−1 to 73.9 mg g−1 over the same range of initial TC concentrations. As the initial concentration of TCs increased, the concentration gradient driving force increased, which could be the reason for the higher adsorption capacity. We also investigate the effect of coexisting ions, cations and anions, on the TC adsorption efficiency at the low concentration of 0.5 mg L−1. Figure S7 shows that TC adsorption efficiency at low concentration is lower than that at high concentration. Furthermore, TC adsorption efficiency decreases in the presence of other ions. Especially, Ca2+ ions significantly interfered with the TC adsorption for UiO-66-NH2.




3.2.5. Adsorption Kinetics


Kinetics studies were performed to further explain the effects of UiO-66 and UiO-66-NH2 on TC adsorption over time. The results are presented in Figure S8a,b. The TCs were rapidly adsorbed in the first 2 h, and the rate then slowed until equilibrium was reached. At pH 3, the TC adsorption capacities were 80.92 mg g−1 for UiO-66 and 63.7 mg g−1 for UiO-66-NH2 at equilibrium. At pH 6, the TC adsorption capacities were 80.47 mg g−1 for UiO-66 and 42.59 mg g−1 for UiO-66-NH2 at equilibrium. Thus, UiO-66 has a higher equilibrium adsorption of TCs than UiO-66-NH2. At the beginning of the adsorption tests, rapid adsorption occurred with all the adsorbents due to the large number of vacant surface sites. As the adsorption time increased, the available sites became saturated and, ultimately, equilibrium was achieved. To understand the adsorption kinetics characteristics of TC onto UiO-66 and UiO-66-NH2, pseudo-first- and pseudo-second-order models were applied, as shown in Figure S8a,b. Table 2 presents the related parameters and correlation coefficients for the two models. The pseudo-first-order model can be expressed as:


   q t  =  q e    1 −  e  −  k 1  t      



(1)




where qt (mg g−1) is the adsorbed amount of the adsorbate at time t, qe (mg g−1) is the uptake of the MOF at equilibrium, k1 is the pseudo-first-order rate constant (h−1), and t (h) is the adsorption time. The pseudo-second-order model can be expressed as:


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



(2)




where k2 is the pseudo-second-order rate constant (g mg−1 h−1). The adsorption of the TCs onto UiO-66 and UiO-66-NH2 was adequately described by both the pseudo-first- and pseudo-second-order models, although in general, the pseudo-second-order model produced higher R2 values. This indicates that chemisorption could be a rate-limiting step in the TC adsorption process.




3.2.6. Adsorption Isotherms


Adsorption isotherms are useful tools for explaining the distribution of the adsorbates between the liquid and solid when the system has reached equilibrium, and isotherm models show how the interaction between the adsorbent and adsorbate occurs. To understand the adsorption process and compare the TC adsorption abilities of UiO-66 and UiO-66-NH2, the Langmuir and Freundlich isotherm model equations were applied. The plots of their nonlinear adjustments are illustrated in Figure S9a,b. The parameter values are listed in Table 3. The Langmuir isotherm model can be expressed as:


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



(3)







This equation assumes that the adsorption process occurs on a homogeneous surface where the adsorbate is distributed in monolayers. In this equation, Qe is the equilibrium adsorption capacity (mg g−1), Qm is the maximum adsorption capacity of the adsorbate (mg g−1), KL is the Langmuir constant (L mg−1) indicating the strength of the adsorption capacity, and Ce is the equilibrium concentration of the adsorbate (mg L−1). The Freundlich isotherm model can be expressed as:


   Q e  =  K F   C e   1 n     



(4)







This equation assumes that the adsorption process occurs on a heterogeneous surface through a multilayer adsorption mechanism, and the adsorption capacity correlates with the concentration of TCs at equilibrium. In this equation, KF (mg g−1) and n are the adsorption constants that reflect the adsorption capacity. Good absorption conditions are indicated by 0 ≤ 1/n ≤ 1.0 [49,50]. As shown in Figure S9a,b, the adsorption capacities of UiO-66 and UiO-66-NH2 increase with increasing TC concentration until the maximum adsorption capacities are achieved. The adsorption of TCs onto UiO-66 and UiO-66-NH2 are in good agreement with the Langmuir isotherm model: R2 0.98 for UiO-66 and 0.97 for UiO-66-NH2, which are higher than for the Freundlich isotherm model. This suggests that the adsorption behavior was better described by the Langmuir isotherm model. The Langmuir isotherm model is based on monolayer adsorption on the adsorbent surface containing a limited number of adsorptive sites of uniform energy. Thereby, the adsorption of TCs on UiO-66 and UiO-66-NH2 is considered to be monolayer molecular adsorption.





3.3. DFT Calculations


Figure 7 shows the optimized pore structures of UiO-66 and UiO-66-NH2, where the pore sizes are too small for TC to penetrate. As the edges of the nanoparticles become smoother after TC adsorption, the TCs would mainly be adsorbed on the surface of the MOF. In contrast to the adsorption trends of adsorbates such as Cr(VI), CO2, and CH4 with UiO-66 and UiO-66-NH2, the TC adsorption capacity of UiO-66-NH2 is lower than that of UiO-66 [51,52]. Even though the –NH2 functional group has been widely used to improve the adsorption capacity, the introduction of this group onto UiO-66 inhibited TC adsorption capacity. Furthermore, the UiO-66-NH2 framework severely collapses after the TC adsorption. This could be caused by the weak binding between the organic linker and the metal part. Previous studies examined the structural stability of UiO-66 and UiO-66-NH2 through temperature gradient analysis (TGA) and found that UiO-66-NH2 is less stable than UiO-66 [11,34]. Hence, the collapse of the framework would cause a decrease in adsorption capacity by passivating the adsorption sites in the metal clusters [23].



To understand the structural stability of UiO-66 and UiO-66-NH2, we conducted DFT calculations using VASP. Figure 8 shows the optimized structures of UiO-66 and UiO-66-NH2, indicating the presence of one metal cluster with twelve linkers. In Figure 8b, one of the H atoms in the –NH2 group and an O atom in the metal cluster (OH) form a hydrogen bond in UiO-66-NH2. This causes discrepancies in the charge distributions between O atoms in the metal cluster, and the hydrogen-bonded O atom possesses more electrons than O atoms without hydrogen bonding by 0.2e. Hence, the two Zr-O bonds connecting the organic linker and the metal cluster are not equivalent in UiO-66-NH2, which weakens the structural robustness of UiO-66-NH2 compared to that of UiO-66.





4. Conclusions


In this work, the metal organic structures UiO-66 and UiO-66-NH2 were synthesized to evaluate their performance as adsorbents for the removal of antibiotic TCs in water. The successful synthesis of UiO-66 and UiO-66-NH2 was confirmed by comparing their BET, XPS, FE-SEM, XRD, and FT-IR characteristic analyses with those in the literature. A kinetics study confirmed that TC was rapidly adsorbed at the beginning of the reaction, and a pseudo-first-order model and Langmuir isotherm model were confirmed to be the most suitable. UiO-66-NH2 showed lower TC adsorption capacity than UiO-66. DFT calculations showed that the hydrogen bonding between the –NH2 functional group in the organic linker and the O atoms in the metal cluster weakens the robustness of the framework, and hence the TC adsorption capacity in UiO-66-NH2 decreases due to the passivation of the adsorption sites in the metal cluster, which is consistent with the experimental analyses. This study suggests that the robustness of MOFs for preserving adsorption sites during TC adsorption plays a crucial role in their high TC adsorption capacity.
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Figure 1. Complete XPS spectra of UiO-66 and UiO-66-NH2. 
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Figure 2. XPS spectra of UiO-66 and UiO-66-NH2 before and after adsorption for (a) C1s, (b) O1s, (c) Zr3d. 
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Figure 3. XRD spectra of UiO-66 and UiO-66-NH2. 
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Figure 4. FT-IR spectra of UiO-66 and UiO-66-NH2 before and after adsorption. 
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Figure 5. Effect of adsorbent dosage on TC adsorption by (a) UiO-66 and (b) UiO-66-NH2. 
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Figure 6. Point of zero charge (PZC) for UiO-66 and UiO-66-NH2. 
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Figure 7. Pore structures of UiO-66 and UiO-66-NH2. 
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Figure 8. Optimized structures of (a) UiO-66 and (b) UiO-66-NH2. Dashed lines indicate hydrogen bonding between O and H atoms. O atoms with and without hydrogen bonding in the metal cluster possess 6.90e and 6.71e, respectively. 
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Table 1. BET, total pore volume, and mean pore diameter parameters for MOFs.
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	Sample
	UiO-66
	UiO-66-NH2





	BET
	1581 m2 g−1
	1415 m2 g−1



	Total pore volume

(p/p0 = 0.990)
	0.66 cm3 g−1
	0.59 cm3 g−1



	Mean pore diameter
	1.7931 nm
	1.8759 nm
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Table 2. Adsorption kinetics parameters of pseudo-first- and pseudo-second-order kinetic equations for TCs on UiO-66 and UiO-66-NH2.
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Adsorption Kinetic Equations

	
pH

	
Constants

	
UiO-66

	
UiO-66-NH2






	
Pseudo-first-order rate equation

	
3

	
Qe (mg g−1)

	
7.48 × 101

	
6.55 × 101




	
K1 (min−1)

	
2.60 × 10−2

	
1.04 × 10−2




	
R2

	
0.88

	
0.86




	
6

	
Qe (mg g−1)

	
6.24 × 101

	
3.47 × 101




	
K1 (min−1)

	
3.25 × 10−2

	
1.57 × 10−2




	
R2

	
0.72

	
0.77




	
Pseudo-second-order rate equation

	
3

	
Qe (mg g−1)

	
7.91 × 101

	
6.24 × 101




	
K2 (q mg−1 min−1)

	
5.09 × 10−4

	
3.87 × 10−4




	
R2

	
0.95

	
0.92




	
6

	
Qe (mg g−1)

	
6.73 × 101

	
3.63 × 101




	
K2 (q mg−1 min−1)

	
6.80 × 10−4

	
7.45 × 10−4




	
R2

	
0.84

	
0.83
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Table 3. Adsorption kinetics parameters of Langmuir and Freundlich isotherm models for TCs on UiO-66 and UiO-66-NH2.
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Adsorption Isotherm Model

	
Constants

	
UiO-66

	
UiO-66-NH2






	
Langmuir

	
Qm (mg g−1)

	
9.36 × 101

	
7.65 × 101




	
KL (L mg−1)

	
3.84

	
1.57




	
R2

	
0.98

	
0.97




	
Freundlich

	
KF (mg g−1)

	
4.92 × 101

	
4.78 × 101




	
1/n

	
1.61 × 10−1

	
1.17 × 10−1




	
R2

	
0.89

	
0.81
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