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Abstract

:

In this study, a novel coordination polymer [CdL2(H2O)0.5]n (1), [HL = 4-(2-(4-((pyridin-3-yl)methoxy)phenyl)diazenyl)benzoic acid] was fabricated via an in situ ligand transformation reaction under solvothermal conditions. The as-prepared polymer exhibited a selectivity and efficiency for Cr(III) removal with a high uptake capacity of 106.13 mg·g−1. Interestingly, even in the low concentration (0.02–0.20 ppm), it still performs a relatively high efficiency (≥ 92.5%) towards the removal of Cr(III) in aqueous solution. Remarkably, it also presents good selectivity and high efficiency (93.3%) for Cr(III) removal in the presences of interfering metal ions. The good removal performance for Cr(III) was demonstrated to be a structure-dependent chemical process between polymer and Cr(III) involving the diazene and methoxy groups in polymer 1, which happened not only on the surfaces of the adsorbent but also in the pores of polymer, giving rise to a strong affinity toward Cr(III) adsorption. The possible adsorption mechanism of Cr(III) was proposed and systematically verified by FT-IR, scanning electron microscope (SEM), atomic force microscope (AFM) and energy dispersive spectrometer (EDS) measurements.
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1. Introduction


Heavy metal pollution has become a serious threat to environment and public health, since they are highly toxic and accumulate throughout the food chain [1,2]. Chromium is a prevalent and highly reactive pollutant which dissipates into the ecosystems from a variety of industrial activities such as electroplating, leather tanning, mining, textile dyeing, wood preserving, chromate preparation and metal finishing [3]. Although trace amounts of chromium are required for biological functions, excess is reported to cause health-related problems like rashes, ulcers, respiratory disorders, cardiovascular diseases and weakening of immune systems [4,5].



In aqueous solution, chromium exists in two stable oxidation states: hexavalent chromium [Cr(VI)] and trivalent chromium [Cr(III)] [6]. Out of the two states, Cr(VI) is generally considered as more toxic because of its ability to cross cellular membranes easily and its strong oxidizing power [7]. However, Cr(III) can be as toxic as, or more toxic than Cr(VI) to freshwater algae, aquatic mosses, yeasts and fishes according to studies published after 2000 [8,9]. Suwalsky et al. demonstrated that Cr(III) cause more structural perturbation in human erythrocyte membrane than Cr(VI) [10]. Moreover, under prolonged or severe exposure to Cr(III), it can induce oxidative DNA damage, causing cancer [11,12]. Nevertheless, the researchers have paid more attention to the removal of Cr(VI) [13,14,15,16,17,18], but materials for the removal of Cr(III) were rarely reported [19,20,21,22].



At present, a wide range of treatment technologies, such as chemical precipitation, ion-exchange, adsorption, membrane separation, reduction, solvent extraction and reverse osmosis, have been developed to remove chromium from aqueous solution [13,14,15,16,17,18,19,20,21,22,23,24,25]. Most of them are effective at removing chromium from aqueous solution containing relatively high initial chromium concentrations [26]. However, the chromium removal efficiency of these technologies is still not satisfactory, such as a long detention time, poor selectivity of chromium and the higher residual concentration. According to the World Health Organization drinking water guidelines, the maximum allowable limit for chromium is 0.05 ppm [27]. As a consequence, developing more efficient Cr(III) removal materials, especially aiming at low-concentration Cr(III) systems, is significant for human health and environment.



Coordination polymers (CPs), constructed by the assembly of metal-containing units with appropriate organic linking groups, are a class of crystalline materials [28]. The design and synthesis of CPs have attracted an upsurge in research interest because of their tremendous potential applications in storage/adsorption, catalysis, separation, and drug delivery [29,30,31,32,33,34,35]. The ultimate aim of coordination chemistry is to control the structures of target products and investigate the relationships between structures and properties [29,36]. As is known to all, the selection of appropriate ligands is an important factor to rational design and synthesis of CPs with desired structures and properties, because they are highly tunable; even a small change can result in a remarkable diversity of both architectures and properties [37]. Recently, researchers started to construct functionalized CPs based on various types of ligands, which displayed good performance for effective removal of heavy metals in aqueous environments [38,39,40,41,42,43,44,45,46,47,48]. For example, Xu and co-workers reported the Zn/Zr-based CPs construction by carboxyl/thiols or carboxyl/thiol-ethers combinations, which showed good performance for Hg(II) removal from ethanol or aqueous solution [49,50]. Luo investigated the Zn-based CPs assembly from the carboxyl/hydroxyl and pyridyl/acylamide ligands, which exhibited the capture ability towards Hg(II) and UO2(I) ions in aqueous solution [51,52]. Morsali employed azine-decorated Zn(II) CPs as the sorbent to remove some heavy metal ions [Cd(II), Co(II), Cr(III), Cu(II) and Pb(II)] in aqueous solution [53,54]. In these CPs, the thiol, thiol-ether, hydroxyl, acylamide and azine groups did not coordinate with the metal ions in the self-assembly processes, but worked as the hands to capture the heavy metal ions.



Nowadays, the exploration of CPs for chromium removal from other metal ions, especially for selective removal of Cr(III) at low concentration, remains to be a challenge. Hence, in this article, a novel Cd(II)-based CP, [CdL2(H2O)0.5]n (1), was synthesized by Cd(OAc)2·2H2O and the designed L1 ligand with the diazene/methoxy/carbomethoxy laced groups (Scheme 1) and employed as the sorbent, which demonstrates a high uptake capability (106.13 mg·g−1) for Cr(III). It is noteworthy that it exhibits a good efficiency towards the removal of Cr(III) (97.7%), even in the magnitude of 0.02 ppm.




2. Materials and Methods


2.1. Materials and General Methods


(pyridin-3-yl)methyl 4-(2-(4-((pyridin-3-yl)methoxy)phenyl)diazenyl)benzoate (L1) was prepared according to the literature method [55]. All other chemicals and reagents were obtained from commercial sources and used as received. Infrared (IR) spectra were recorded with a Varian 800 FT-IR spectrometer (Varian, Inc., Palo Alto, USA) (4000–400 cm−1). Powder X-ray diffraction (PXRD) was performed using a PANalytical X’Pert PRO MPD system (PANalytical B.V., Almelo, Holland).) (PW3040/60). Field emission scanning electron micrographs (SEM) were obtained with a JSM 6701F microscope (Japan Electronics Co., Ltd, Tokyo, Japan). Atomic force microscopy (AFM) images were obtained on a dimension edge microscope (Bruker Nano Inc., Santa Barbara, CA, USA) equipped with a tapping mode. Thermal analyses were performed with a Netzsch STA-449F3 thermogravimetric analyzer (Netzsch, Co., Selb, Germany) at a heating rate of 10 °C min−1 and a flow rate of 20 cm3·min−1 (N2). Simultaneous inductively coupled plasma optical emission spectrometry (ICP-OES) on a PerkinElmer Optima 8000 instrument (PerkinElmer Inc., Waltham, USA) was used for simultaneous determination of the target elements.




2.2. Preparation of [CdL2(H2O)0.5]n (1)


A mixture of Cd(OAc)2·2H2O (11 mg, 0.04 mmol), L1 ligand (8 mg, 0.02 mmol), 1,4-benzenedicarboxylic acid (3 mg, 0.02 mmol), and 4 mL of MeCN/H2O (1:1 V/V) was sealed in a 10 mL Pyrex glass tube and heated at 170 °C for 3 days, then cooled to room temperature at a rate of 5 °C h−1. The orange blocks of 1 were collected and washed thoroughly with MeCN and dried in air. Yield: 3 mg (38%, based on L1). Anal. Calcd. for C38H29N6CdO6.5: C, 58.06; H, 3.72; N, 10.69. Found: C, 58.51; H, 3.25; N, 3.99. IR (KBr disc): 3263 (w), 2919 (w), 2897 (w), 1587 (s), 1537 (s), 1495 (s), 1428 (m), 1383 (s), 1297 (m), 1231 (s), 1190 (m), 1141 (m), 1103 (m), 1054 (m), 1017 (m), 871 (w), 835 (s), 784 (s), 696 (s), 645 (m), 550 (m), 517 (m), 421 (m)·cm−1.




2.3. X-ray Data Collection and Structure Determination


Single crystals of 1 were obtained directly from the above preparations. All measurements were made on a Bruker Smart Apex-II CCD area detector (Bruker AXS, Karlsruhe, Germany) by using graphite monochromated Mo Kα (λ = 0.071073 nm). Its crystal was mounted on glass fibers at 296 K. Cell parameter was refined by using the program Bruker SAINT (Bruker AXS, Karlsruhe, Germany). The collected data was reduced by using the program Bruker SAINT A, and the absorption correction (multi-scan) was applied. The reflection data was also corrected for Lorentz and polarization effects. The crystal structure of 1 was solved by direct method refined on F2 by full-matrix least-squares technique with the SHELXTL-97 program (University of Göettingen, Göettingen, Germany) [56]. All H atoms in 1 were placed in geometrically idealized positions and constrained to ride on their parent atoms. A summary of the key crystallographic information for 1 is tabulated in Table S1. Crystallographic data have been submitted to the Cambridge Structural Database with deposition number CCDC 1439364.




2.4. Adsorption Test


The Cr(III) stock solution was prepared by dissolving CrCl3·6H2O in deionized water. All adsorption tests were carried out at 25 °C using 7 mg of polymer 1 and 100 mL Cr(III) stock solution. To analyze the effect of pH, the sorption tests were conducted under different pH conditions (3.0–6.0) adjusted using 0.1 mol·L−1 HCl or 0.1 mol·L−1 NaOH solutions. An adsorbent (7 mg) was added to 100 mL of 0.1 ppm Cr(III) solution under continuous stirring at 25 °C for 15 min.



For kinetic studies, the pH was fixed at the obtained optimum value. A typical adsorption experiment was performed by adding 7 mg of adsorbent into 100 mL of an 1 ppm Cr(III) solution under continuous stirring. Analytical samples were taken from the mixture solution at given time intervals and immediately separated by centrifugation. The residual concentration of Cr(III) in the solution was measured by ICP-OES spectrometer.



In order to obtain the adsorption isotherms of the Cr(III), solutions with varying initial concentrations of Cr(III) from 1 ppm to 100 ppm were treated with the same procedure as above to attain the equilibrium state. The amount of Cr(III) adsorbed at equilibrium qe (mg·g−1) and the removal efficiency were obtained from the following Equations:


qe=(C0−Ce)Vm



(1)






Removal efficiency (%)=C0−CeC0×100%



(2)




where C0 and Ce (mg·L−1) are the initial and equilibrium concentrations of Cr(III) in the solution, respectively. V (L) is the volume of the solution, and m (g) is the mass of the adsorbent.



The selectivity towards Cr(III) removal was valued by competitive adsorption in the presence of various competitive metal ions. A mixture of Cr(III), Na(I), Mg(II), K(I), Ca(II), Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) was added into deionized water to obtain an initial concentration of 0.1 ppm for each ions. After a competitive adsorption equilibrium was reached, the concentrations of Cr(III), Na(I), Mg(II), K(I), Ca(II), Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) in the remaining samples were detected using a ICP-OES spectrometer. The following Equations were used to evaluate the selectivity of polymer 1. Static distribution coefficient:


Kd=qeCe



(3)




where qe (mg·g−1) represents the adsorption capacity and Ce (mg·L−1) is the equilibrium concentration.





3. Results and Discussion


3.1. Synthetic and Structural Characterization


As shown in Scheme 1, L1 ligand contains two rigid benzene ring pieces and two freely rotating pyridyl arms combined by intervening methoxy, diazene, carbomethoxy groups. The N atoms of pyridyl arms are predisposed, as the primary group, to coordinate with metal ions for CPs formation, while leaving the neutral and generally weaker binding, methoxy, diazene, carbomethoxy groups as free-standing secondary donors to catch Cr(III). Aiming to search a CP-based sorbent with the sensitivity to Cr(III), therefore, reaction of L1 with Cd(OAc)2·2H2O and 1,4-benzenedicarboxylic acid in MeCN/H2O followed by a hydrothermal treatment at 170 °C for four days produced crystals of 1 with a 38% yield. In polymer 1, although 1,4-benzenedicarboxylic acid does not coordinate in the products, its presence is crucial for the growth of crystalline products, and only poorly defined microcrystalline products can be obtained without it, which may be due to template effect of 1,4-benzenedicarboxylic acid. Moreover, it is interesting that the L1 ligand hydrolyzed and gave a 4-(2-(4-((pyridin-3-yl)methoxy)phenyl)diazenyl)benzoic acid (HL) in the hydrothermal process (Scheme 1).



Single-crystal X-ray diffraction analysis shows that polymer 1 crystallizes in the monoclinic space group C2/c. Its asymmetric unit contains one crystallographically independent Cd atom, two L− ligands and a half coordinated water molecule. As shown in Figure S1a, Cd1 atom and its symmetry-related Cd1A are bridged by one H2O molecule and two carboxylate groups to form a dinuclear [Cd2(CO2)2(H2O)] unit, which can be used as secondary building unit (SBU). Each building unit is connected through carboxylate groups (μ2–η1:η1) and N atoms from L− ligands to generate a 1D double-chain structure (Figure S1b). The neighboring 1D chains are linked via carboxylate groups (μ1–η1:η0) and N atoms from another L− ligands to produce a 2D layer (Figure S1c). The 2D layers are further bridged by L− ligands to afford a 3D framework (Figure 1). Topologically, the overall structure of 1 can be described as a four-connected 66 topology (Figure S1d). Based on Figure 1, the diazene and methoxy groups freely stand in polymer 1. Thus, polymer 1 would be a potential sorbent.




3.2. Cr(III) Adsorption Studies


The pH of the sample solution has been proven to be an extremely important parameter for governing the removal of chromium species. In general, Cr(III) species varies over the pH value. It has been reported that Cr(III) exists mainly as [Cr(H2O)6]3+ at pH lower 4.0, [Cr(OH)]2+, [Cr(OH)2]+ at pH 4.0–7.0, and Cr(OH)3 at pH 7–10 Figure S5 [24,57,58,59]. The effect of pH on Cr(III) removal by polymer 1 was studied at different pH values ranging from 3.0 to 7.0 (Figure 2). The selection of this pH range was to avoid the hydroxide precipitation. As can be seen, removal efficiency of Cr(III) increased dramatically as the pH increased with the largest signal produced at pH 6.0. Further increase in the pH resulted in a decline in signal enhancement. Moreover, when the solution pH is below 4.0, the removal efficiency of 1 is very low, which is mainly due to the protonation of the diazene and methoxy groups and their diminishing ability to chelate Cr(III). When the solution pH is above 6.0, partial precipitation of hydroxide species of Cr(III) occurs. Thus, pH 6.0 of the Cr(III) solution was applied throughout the remaining work.



In order to understand the Cr(III) adsorption kinetics of polymer 1, the experimental data collected at the initial Cr(III) concentration of 1 ppm at pH 6 were fitted with the pseudo-second-order kinetic model with a high value of correlation coefficient (R2 = 0.9997) used to fit the kinetic results. The model can be expressed as:


tqt=1k2qe2+tqe



(4)




where k2 (g·mg−1·min−1) is the kinetic rate constant for the pseudo-second-order model, qe (mg·g−1) is the adsorption capacity at equilibrium, and qt (mg·g−1) is the adsorption capacity at time t (min). The equilibrium adsorption capacity qe and the pseudo-second-order rate k2 can be experimentally determined from the slope and the intercept of the plot t/qt against t (Figure 3). The obtained rate constant, k2, was 0.028 g·mg−1·min−1 at 298 K. These results indicate that the pseudo-second-order mechanism is predominant, and chemisorptions may be the rate-limiting step that controls the adsorption process [51].



To evaluate the maximum sorption capacity and further understand the adsorbate–adsorbent interaction, the adsorption isotherm was measured at pH 6.0. As shown in Figure 4, the adsorption capacity increased with increasing initial concentrations and ultimately attained a saturated value. It is worth noting that polymer 1 shows a high Cr(III) uptake capacity of 106.13 mg·g−1, which is much higher than the inorganic absorbent (FePO4, 8.12 mg·g−1 [24] and vermiculite pure clay mineral, 46.948 mg·g−1 [60] or organic absorbent (3-(2-aminoethylamino)propyltrimethoxysilane, 30.5 mg·g−1) [23].



In order to derive an appropriate correlation between the experimental and theoretical data, the Langmuir model was applied (R2 = 0.9996), which is represented by Equation (5):


Ceqe=Ceqm+1qmKL



(5)




where qm is the maximum amount of adsorption (mg·g−1), qe is the adsorption capacity at equilibrium (mg·g−1), Ce is the equilibrium concentration of the remaining Cr(III) in the solution (mg·L−1), KL is the Langmuir constant. The values of qm and KL were calculated from the slope and intercept of the Ce/qe vs Ce plot (Figure 5). The Langmuir isotherm is applicable to monolayer adsorption with all identical and energetically equivalent adsorption sites. The calculated maximum adsorption capacity qm was obtained 106.61 mg·g−1, which was very close to the experimental data of 106.13 mg·g−1.



To further investigate the removal efficiency for Cr(III), adsorption isotherms were collected from extremely dilute solutions ranging from 0.02 to 0.20 ppm under the optimized experimental conditions. As shown in Figure 6, fast kinetics and high removal efficiency were observed for polymer 1, which can attain a removal efficiency higher than 92.5% in 15 min for various concentrations and is able to reduce the Cr(III) concentration of 0.1 ppm to the acceptable limit of 0.007 ppm for drinking water. By contrast, a reported post-synthetically modified CP material (UiO-66-NH2 decorated with thiourea, isothiocyanate and isocyanate groups) [19] shows effective Cr(III) removal in the 100 ppm magnitude of the Cr(III) concentration about 240 min-contact time, and the residual was more than 10 ppm, much higher than the criterion of the World Health Organization. This suggests that our material is an excellent adsorbent for Cr(III) removal, even in low-concentration magnitude.



The metal ions in the environment are often found to be in a matrix containing various ions. So, it is of great importance to investigate the selectivity for Cr(III) in the presence of coexisting ions. The selectivity of 1 toward Cr(III) was performed in a mixed solution containing Cr(III), Na(I), Mg(II), K(I), Ca(II), Mn(II), Co(II), Ni(II), Cu(II) and Zn(II). It is noteworthy that polymer 1 retains its high removal efficiency for Cr(III), even in the presence of background metal ions (Figure 7). To evaluate the binding properties of the adsorbent for different metal ions, distribution coefficients Kd was measured. The Kd represents an important aspect of any sorbent’s performance metrics of metal ion adsorption. In general, Kd values of ca. 103 mL·g−1 are considered good, and those above 104 mL·g−1 are outstanding [61]. The Kd of 1 for Cr(III) has been measured to be excellent with a value of 1.99 × 105 mL·g−1, greatly higher than other metal ions (Table 1). These studies suggest that polymer 1 is an excellent adsorbent for select removal Cr(III) with high efficiency.



The specificity for Cr(III) removal may be ascribed to the coordination of Cr(III) with the functionalized methoxy and diazene groups of 1. In other words, Cr(III) were adsorbed on the methoxy and diazene groups groups. It is widely acknowledged that the flexible geometry of Cr(III) results in a variety of coordination environments, which give a facile access to coordinate with Lewis base [35]. Furthermore, the highest ionic potential among the tested metal ions (Table S2) makes it more liable to display electrostatic adsorption [62] and effectively coordinate with 1, leading to a higher adsorption capacity for Cr(III) than other metal ions. Interestingly, the ionic potential for Mg(II), Mn(II), Co(II), Ni(II), Cu(II), Zn(II) was obviously higher than Na(I), K(I), Ca(II), and the same result was also obtained for their removal efficiency, which further confirmed that higher ionic potential displays easier electrostatic adsorption.




3.3. The Stability of 1


Polymer 1 was insoluble and stable in common organic solvents, such as chloroform, tetrahydrofuran and acetone. Importantly, it is also very stable in water. Meanwhile, thermogravimetric analysis (TGA) indicates that the framework of 1 is thermally stable up to 335 °C (Figure S2). To confirm the chemical stability of the polymer 1 after loading Cr(III), PXRD investigation was employed. As shown in Figure S3, the PXRD patterns of the polymer 1 after loading Cr(III) closely matches the as-synthesized samples, indicating the excellent chemical stability of the sorbent.




3.4. The Mechanism for Removal of Cr(III)


To realize the adsorption mechanism in this system, IR (Infrared Spectroscopy) was carried out for the as-synthesized samples and Cr(III) loaded samples (Figure 8). The appearance of a new peak at 740 cm−1 in the spectrum of samples after loading Cr(III) is typical of the characteristic stretching vibration of Cr–O [63], confirming the fact of Cr(III) loaded. For the as-synthesized samples, the peaks at 1434 and 1030 cm−1 are assigned to the characteristic group frequencies of the –N=N– and –O– vibrations, whereas these peaks are shifted to the 1428 and 1017 cm−1 for the CP materials after loading Cr(III). These obvious red shifts in the IR spectrum indicate the occurrence of complexation between Cr(III) and diazene/methoxy groups, because the coordination interaction could limit their stretching vibrations and consequently decrease their vibration frequency [64].



To gain further insights into the excellent performance for polymer 1 in the effective removal of Cr(III), which exhibits a high saturation uptake capacity and removal efficiency, AFM, SEM and energy dispersive spectrometer (EDS) measurements were conducted to evaluate the loaded Cr(III). As shown in Figure 9a, the AFM image of the as-synthesized samples displays very smooth surfaces, while the samples after loading Cr(III) exhibit many obvious light dots (Figure 9b), which confirmed that the loaded Cr(III) were adsorbed on the surfaces by the coordination between Cr(III) and diazene/methoxy groups. Furthermore, the SEM and EDS investigations were carried out to examine the surface morphology and chemical composition of the adsorbent after the adsorption of Cr(III). As illustrated in Figure 10a, the as-synthesized samples exhibit a crystalline phase with smooth surfaces, while many particles dotted over the surfaces of the samples treated by Cr(III) solution (Figure 10b,c). This result further confirmed that the Cr(III) species were adsorbed on the surfaces of samples, which is also verified by the EDS spectra (Figure 10d). Due to the diazene/methoxy groups populated not only on the surface but also in the pore of the adsorbent, we inferred that adsorption may happen in the inner surface of the adsorbent; so, a cross-section of EDS measurement was performed. The spectra also showed the existence of Cr(III) (Figure S4), implying that the Cr(III) uptake occurred inside adsorbents, which was also observed in the Zn(II)-based metal–organic framework for removal of Cd(II) [39]. These results further confirmed that the densely populated free standing methoxy and diazene groups, which located on the surface and inner pores of the CP, could effectively capture the Cr(III), resulting in a large adsorption capacity and ultra-low residual concentration, even in relatively low concentrations.





4. Conclusions


In summary, we have presented the synthesis and structural characterization of a novel CP decorated with the diazene and methoxy groups, for effective and specific removal of Cr(III). Notably, without any pre-treatment, polymer 1 not only exhibits a high Cr(III) uptake capacity (106.13 mg·g−1), but also displays a good efficiency towards the removal Cr(III) from aqueous solution, even for the trace Cr(III) (0.02–0.20 ppm). The characterization results for CP before and after adsorption of Cr(III) suggest that the good performance for Cr(III) removal by CP mainly stem from capture feature of diazene and methoxy groups, which happened not only on the surfaces of the adsorbent, but also in the pores of CP, and thus could efficiently remove Cr(III). This offers a new way to design and synthesize CPs decorated with free standing groups as a platform for removing other heavy metal ions from aqueous solution.








Supplementary Materials


The following are available online at www.mdpi.com/ 2073-4360/9/7/273/s1, Figure S1: (a) View of dinuclear [Cd2(CO2)2(H2O)] unit of 1. (b) View of a 1D double chain in 1 extending along the ac plane. (c) View of a 2D layer in 1 extending along the bc plane. (d) Schematic view of the 4-connected 66 topology of 1. Atom color codes: Cd, cyan; O, red; N, blue; C, dark green and pink, Figure S2: TG curve coupled with IR spectra of 1, Figure S3: The PXRD patterns from simulated single crystal data, of as-synthesized samples, of as-synthesized samples after immerging in chromium solution, Figure S4: (a,b) SEM images of the section for samples after loading Cr(III). (c) EDS spectra of the section for samples after loading Cr(III); Figure S5: Effect of pH on the Cr(III) distribution in aqueous solution (1 ppm), Table S1: Summary of Crystallographic Data for 1, Table S2: Comparison of Ionic Potential.





Acknowledgments


This work was supported by the National Natural Science Foundation of China (21401006), the Program for Science and Technology Innovation Talents at the University of Henan Province (16HASTIT006) and the Young Teachers Funded Projects of University of Henan Province (2015GGJS-002).




Author Contributions


Lei-Lei Liu conceived and designed the experiments; Hui-Ying Yu, Cai-Wen Zhang, Meng-Qi Ye and Ming-Zhen Miao performed the experiments; Yun Xing and Cai-Xia Yu analyzed the data; Lei-Lei Liu contributed reagents/materials/analysis tools; Lei-Lei Liu and Cai-Xia Yu wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Feng, Z.; Zhu, S.; Martins de Godoi, D.R.; Samia, A.C.S.; Scherson, D. Adsorption of Cd2+ on carboxyl-terminated superparamagnetic iron oxide nanoparticles. Anal. Chem. 2012, 84, 3764–3770. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.; Hadi, P.; Chen, G.; McKay, G.J. Removal of cadmium ions from wastewater using innovative electronic waste-derived material. J. Hazard. Mater. 2014, 273, 118–123. [Google Scholar] [CrossRef] [PubMed]

	



Miretzkya, P.; Cirelli, A.F. Cr(VI) and Cr(III) removal from aqueous solution by raw and modified lignocellulosic materials: A review. J. Hazard. Mater. 2010, 180, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Shrivastava, R.; Upreti, R.K.; Seth, P.K.; Chaturvedi, U.C. Effects of chromium on the immune system. FEMS Immunol. Med. Microbiol. 2002, 34, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.G.; Yu, M.X.; Yang, H.; Huang, K.W.; Li, F.Y.; Yi, T.; Huang, C.H. FRET-based sensor for imaging chromium(III) in living cells. Chem. Commun. 2008, 3387–3389. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, K.; Saha, R.; Ghosh, A.; Saha, B. Chromium removal technologies. Res. Chem. Intermed. 2013, 39, 2267–2286. [Google Scholar] [CrossRef]

	



Thomas, D.W.; Merian, E. Metals and Their Compounds in the Environment; VCH: Weinheim, Germany, 1991. [Google Scholar]

	



Vignati, D.A.L.; Dominik, J.; Beye, M.L.; Pettine, M.; Ferrari, B.J.D. Chromium(VI) is more toxic than chromium(III) to freshwater algae: A paradigm to revise? Ecotoxicol. Environ. Saf. 2010, 73, 743–749. [Google Scholar] [CrossRef] [PubMed]

	



Kaszycki, P.; Fedorovych, D.; Ksheminska, H.; Babyak, L.; Wójcik, D.; Koloczek, H. Chromium accumulation by living yeast at various environmental conditions. Microbiol. Res. 2004, 159, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Suwalsky, M.; Castro, R.; Villena, F.; Sotomayor, C.P. Cr(III) exerts stronger structural effects than Cr(VI) on the human erythrocyte membrane and molecular models. J. Inorg. Biochem. 2008, 102, 842–849. [Google Scholar] [CrossRef] [PubMed]

	



Eastmond, D.A.; MacGregor, J.T.; Slesinski, R.S. Trivalent chromium: Assessing the genotoxic risk of an essential trace element and widely used human and animal nutritional supplement. Crit. Rev. Toxicol. 2008, 38, 173–190. [Google Scholar] [CrossRef] [PubMed]

	



Figgitt, M.; Newson, R.; Leslie, I.J.; Fisher, J.; Ingham, E.; Case, C.P. The genotoxicity of physiological concentrations of chromium (Cr(III) and Cr(VI)) and cobalt (Co(II)): An in vitro study. Mutat. Res. Fundam. Mol. Mech. Mutagen. 2010, 688, 53–61. [Google Scholar] [CrossRef] [PubMed]

	



Qin, N.N.; Zhang, Y.; Zhou, H.J.; Geng, Z.G.; Liu, G.; Zhang, Y.X.; Zhao, H.J.; Wang, G.Z. Enhanced removal of trace Cr(VI) from neutral and alkaline aqueous solution by FeCo bimetallic nanoparticles. J. Colloid. Interf. Sci. 2016, 472, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Yu, J.; Cai, J.; Zhang, L.; Cui, Y.; Yang, Y.; Chen, B.; Qian, G. A porous Zr-cluster-based cationic metal–organic framework for highly efficient Cr2O72− removal from water. Chem. Commun. 2015, 51, 14732–14734. [Google Scholar] [CrossRef] [PubMed]

	



Melak, F.; Laing, G.D.; Ambelu, A.; Alemayehu, E. Application of freeze desalination for chromium(VI) removal from water. Desalination 2016, 377, 23–27. [Google Scholar] [CrossRef]

	



Jyothi, M.S.; Nayak, V.; Padaki, M.; Balakrishna, R.G.; Soontarapa, K. Aminated polysulfone/TiO2 composite membranes for an effective removal of Cr(VI). Chem. Eng. J. 2016, 283, 1494–1505. [Google Scholar] [CrossRef]

	



Qiu, W.M.; Yang, D.; Xu, J.C.; Hong, B.; Jin, H.X.; Jin, D.F.; Peng, X.L.; Li, J.; Ge, H.L.; Wang, X.Q. Efficient removal of Cr(VI) by magnetically separable CoFe2O4/activated carbon composite. J. Alloys Compd. 2016, 678, 179–184. [Google Scholar] [CrossRef]

	



Gheju, M.; Balcu, I.; Mosoarca, G. Removal of Cr(VI) from aqueous solutions by adsorption on MnO2. J. Hazard. Mater. 2016, 310, 270–277. [Google Scholar] [CrossRef] [PubMed]

	



Saleem, H.; Rafique, U.; Davies, R.P. Investigations on post-synthetically modified UiO-66-NH2 for the adsorptive removal of heavy metal ions from aqueous solution. Microporous Mesoporoius Mater. 2016, 221, 238–244. [Google Scholar] [CrossRef]

	



Chen, Z.P.; Li, Y.R.; Guo, M.; Xu, F.Y.; Wang, P.; Du, Y.; Na, P. One-pot synthesis of Mn-doped TiO2 grown on graphene and the mechanism for removal of Cr(VI) and Cr(III). J. Hazard Mater. 2016, 310, 188–198. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Wang, T.; Borthwick, A.G.L.; Wang, Y.Q.; Yin, X.C.; Li, X.Z.; Ni, J.R. Adsorption of Pb2+, Cd2+, Cu2+ and Cr3+ onto titanate nanotubes: Competition and effect of inorganic ions. Sci. Total. Environ. 2013, 456–457, 171–180. [Google Scholar] [CrossRef] [PubMed]

	



Iftikhar, A.R.; Bhatti, H.N.; Hanif, M.A.; Nadeem, R. Kinetic and thermodynamic aspects of Cu(II) and Cr(III) removal from aqueous solutions using rose waste biomass. J. Hazard Mater. 2009, 161, 941–947. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Suleiman, J.S.; He, M.; Hu, B. Chromium(III)-imprinted silica gel for speciation analysis of chromium in environmental water samples with ICP-MS detection. Talanta 2008, 75, 536–543. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.X.; Tang, S.S.; Chen, M.L.; Wang, J.H. Iron phosphate as a novel sorbent for selective adsorption of chromium(III) and chromium speciation with detection by ETAAS. J. Anal. At. Spectrom. 2012, 27, 466–472. [Google Scholar] [CrossRef]

	



Babazadeh, M.; Hosseinzadeh-Khanmiri, R.; Abolhasani, J.; Ghorbani-Kalhor, E.; Hassanpour, A. Solid phase extraction of heavy metal ions from agricultural samples with the aid of a novel functionalized magnetic metal–organic framework. RSC Adv. 2015, 5, 19884–19892. [Google Scholar] [CrossRef]

	



Zhu, Y.; Zhang, H.; Zeng, H.; Liang, M.; Lu, R. Adsorption of chromium(VI) from aqueous solution by the iron(III)-impregnated sorbent prepared from sugarcane bagasse. Int. J. Environ. Sci. Technol. 2012, 9, 463–472. [Google Scholar] [CrossRef]

	



WHO (World Health Organization); Geneva, Switzerland. 1996.

	



Tanabe, K.K.; Cohen, S.M. Postsynthetic modification of metal–organic frameworks-a progress report. Chem. Soc. Rev. 2011, 40, 498–519. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Y.; Yang, S.H.; Blake, A.J.; Schröder, M. Studies on metal–organic frameworks of Cu(II) with isophthalate linkers for hydrogen storage. Acc. Chem. Res. 2014, 47, 296–307. [Google Scholar] [CrossRef] [PubMed]

	



Sato, H.; Kosaka, W.; Matsuda, R.; Hori, A.; Hijikata, Y.; Belosludov, R.V.; Sakaki, S.; Takata, M.; Kitagawa, S. Self-accelerating CO sorption in a soft nanoporous crystal. Science 2014, 343, 167–170. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.Q.; Wang, Q.; Li, H.J.; Meng, W.; Han, Y.; Hou, H.W.; Fan, Y.T. Self-assembly of unprecedented [8+12] Cu-metallamacrocycle-based 3D metal–organic frameworks. Chem. Commun. 2012, 48, 5736–5738. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.X.; Zhao, W.; Li, H.Y.; Xu, Z.L.; Wang, W.X.; Lang, J.P. [Cu30I16(mtpmt)12(μ10-S4)]: An unusual 30-membered copper(I) cluster derived from the C–S bond cleavage and its use in heterogeneous catalysis. Chem. Commun. 2013, 49, 4259–4261. [Google Scholar] [CrossRef] [PubMed]

	



Heine, J.; Müller-Buschbaum, K. Engineering metal-based luminescence in coordination polymers and metal–organic frameworks. Chem. Soc. Rev. 2013, 49, 9232–9242. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.L.; Yu, C.X.; Zhou, W.; Zhang, Q.G.; Liu, S.M.; Shi, Y.F. Construction of four Zn(II) coordination polymers used as catalysts for the photodegradation of organic dyes in water. Polymers 2016, 8, 3. [Google Scholar] [CrossRef]

	



Zhang, S.R.; Li, J.; Du, D.Y.; Qin, J.S.; Li, S.L.; He, W.W.; Su, Z.M.; Lan, Y.Q. A multifunctional microporous anionic metal–organic framework for column-chromatographic dye separation and selective detection and adsorption of Cr3+. J. Mater. Chem. A 2015, 3, 23426–23434. [Google Scholar] [CrossRef]

	



Yao, Z.J.; Jin, G.X. Transition metal complexes based on carboranyl ligands containing N, P, and S donors: Synthesis, reactivity and applications. Coord. Chem. Rev. 2013, 257, 2522–2535. [Google Scholar] [CrossRef]

	



Ma, L.F.; Wang, X.N.; Deng, D.S.; Luo, F.; Ji, B.M.; Zhang, J. Five porous zinc(II) coordination polymers functionalized with amide groups: Cooperative and size-selective catalysis. J. Mater. Chem. A 2015, 3, 20210–20217. [Google Scholar] [CrossRef]

	



Li, B.Y.; Zhang, Y.M.; Ma, D.X.; Shi, Z.; Ma, S.Q. Mercury nano-trap for effective and efficient removal of mercury(II) from aqueous solution. Nat. Commun. 2014, 5, 5537–5543. [Google Scholar] [CrossRef] [PubMed]

	



Pang, Q.Q.; Tu, B.B.; Ning, E.L.; Li, Q.W.; Zhao, D.Y. Distinct packings of supramolecular building blocks in metal–organic frameworks based on imidazoledicarboxylic acid. Inorg. Chem. 2015, 54, 9678–9680. [Google Scholar] [CrossRef] [PubMed]

	



Abney, C.W.; Gilhula, J.C.; Lu, K.; Lin, W. Metal-organic framework templated inorganic sorbents for rapid and efficient extraction of heavy metals. Adv. Mater. 2014, 26, 7993–7997. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Ye, G.Q.; Chen, H.H.; Hu, X.Y.; Niu, Z.; Ma, S.Q. Functionalized metal-organic framework as a new platform for efficient and selective removal of cadmium(II) from aqueous solution. J. Mater. Chem. A 2015, 3, 15292–15298. [Google Scholar] [CrossRef]

	



Roosen, J.; Spooren, J.; Binnemans, K. Adsorption performance of functionalized chitosan–silica hybrid materials toward rare earths. J. Mater. Chem. A 2014, 2, 19415–19426. [Google Scholar] [CrossRef]

	



Fang, Q.R.; Yuan, D.Q.; Sculley, J.L.; Li, J.R.; Han, Z.B.; Zhou, H.C. Functional mesoporous metal–organic frameworks for the capture of heavy metal ions and size-selective catalysis. Inorg. Chem. 2010, 49, 11637–11642. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.J.; He, M.; Chen, B.B.; Hu, B. A designable magnetic MOF composite and facile coordination-based post-synthetic strategy for the enhanced removal of Hg2+ from water. J. Mater. Chem. A 2015, 3, 11587–11595. [Google Scholar] [CrossRef]

	



Luo, X.; Liu, L.; Deng, F.; Luo, S. Novel ion-imprinted polymer using crown ether as a functional monomer for selective removal of Pb(II) ions in real environmental water samples. J. Mater. Chem. A 2013, 1, 8280–8286. [Google Scholar] [CrossRef]

	



Liu, T.; Che, J.X.; Hu, Y.Z.; Dong, X.W.; Liu, X.Y.; Che, C.M. Alkenyl/thiol-derived metal–organic frameworks (MOFs) by means of postsynthetic modification for effective mercury adsorption. Chem. Eur. J. 2014, 20, 14090–14095. [Google Scholar] [CrossRef] [PubMed]

	



Zha, M.Q.; Liu, J.; Wong, Y.L.; Xu, Z.T. Extraction of palladium from nuclear waste-like acidic solutions by a metal–organic framework with sulfur and alkene functions. J. Mater. Chem. A 2015, 3, 3928–3934. [Google Scholar] [CrossRef]

	



Ricco, R.; Konstas, K.; Styles, M.J.; Richardson, J.J.; Babarao, R.; Suzuki, K.; Scopece, P.; Falcaro, P. Lead(II) uptake by aluminium based magnetic framework composites (MFCs) in water. J. Mater. Chem. A 2015, 3, 19822–19831. [Google Scholar] [CrossRef]

	



He, J.; Yee, K.K.; Xu, Z.T.; Zeller, M.; Hunter, A.D.; Chui, S.S.Y.; Che, C.M. Thioether side chains improve the stability, fluorescence, and metal uptake of a metal–organic framework. Chem. Mater. 2011, 23, 2940–2947. [Google Scholar] [CrossRef]

	



Yee, K.K.; Reimer, N.; Liu, J.; Cheng, S.Y.; Yiu, S.M.; Weber, J.; Stock, N.; Xu, Z.T. Effective mercury sorption by thiol-laced metal–organic frameworks: In strong acid and the vapor phase. J. Am. Chem. Soc. 2013, 135, 7795–7798. [Google Scholar] [CrossRef] [PubMed]

	



Luo, F.; Chen, J.L.; Dang, L.L.; Zhou, W.N.; Lin, H.L.; Li, J.Q.; Liu, S.J.; Luo, M.B. High-performance Hg2+ removal from ultra-low-concentration aqueous solution using both acylamide-and hydroxyl-functionalized metal–organic framework. J. Mater. Chem. A 2015, 3, 9616–9620. [Google Scholar] [CrossRef]

	



Wang, L.L.; Luo, F.; Dang, L.L.; Li, J.Q.; Wu, X.L.; Liu, S.J.; Luo, M.B. Ultrafast high-performance extraction of uranium from seawater without pretreatment using an acylamide-and carboxyl-functionalized metal-organic framework. J. Mater. Chem. A 2015, 3, 13724–13730. [Google Scholar] [CrossRef]

	



Tahmasebi, E.; Masoomi, M.Y.; Yamini, Y.; Morsali, A. Application of mechanosynthesized azine-decorated Zinc(II) metal–organic frameworks for highly efficient removal and extraction of some heavy-metal Ions from aqueous samples: A comparative study. Inorg. Chem. 2015, 54, 425–433. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, W.; Chen, K.T.; Li, Y.S.; Cheng, P.W.; Chen, T.R.; Chen, J.D. Crystal-to-crystal transformations and photoluminescence changes in the Cu(I) coordination networks based on a formamidinate ligand. CrystEngComm 2014, 16, 10640–10648. [Google Scholar] [CrossRef]

	



Liu, L.L.; Yu, C.X.; Du, J.M.; Liu, S.M.; Cao, J.S.; Ma, L.F. Construction of five Zn(II)/Cd(II) coordination polymers derived from a new linear carboxylate/pyridyl ligand: Design, synthesis, and photocatalytic properties. Dalton Trans. 2016, 45, 12352–12361. [Google Scholar] [CrossRef] [PubMed]

	



Sheldrick, G.M. SHELXS-97 and SHELXL-97, Program for X-ray Crystal Structure Solution; University of Göettingen: Göttingen, Germany, 1997. [Google Scholar]

	



Rai, D.; Sass, B.M.; Moore, D.A. Chromium(III) hydrolysis constants and solubility of chromium(III) hydroxide. Inorg. Chem. 1987, 26, 345–349. [Google Scholar] [CrossRef]

	



Kotaś, J.; Stasicka, Z. Chromium occurrence in the environment and methods of its speciation. Environ. Pollut. 2000, 107, 263–283. [Google Scholar] [CrossRef]

	



Godea, F.; Pehlivan, E. Removal of chromium(III) from aqueous solutions using Lewatit S 100: The effect of pH, time, metal concentration and temperature. J. Hazard. Mater. 2006, 136, 330–337. [Google Scholar] [CrossRef] [PubMed]

	



El-Bayaa, A.A.; Badawy, N.A.; Alkhalik, E.A. Effect of ionic strength on the adsorption of copper and chromium ions by vermiculite pure clay mineral. J. Hazard. Mater. 2009, 170, 1204–1209. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.J.; Wang, Q.; Islam, S.M.; Liu, Y.C.; Ma, S.L.; Kanatzidis, M.G. Highly selective and efficient removal of heavy metals by layered double hydroxide intercalated with the MoS42− ion. J. Am. Chem. Soc. 2016, 138, 2858–2866. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.; Zhu, L.Y.; Shan, G.Q. Removal of Cd2+ from contaminated water by nano-sized aragonite mollusk shell and the competition of coexisting metal ions. J. Colloid. Interf. Sci. 2012, 367, 378–382. [Google Scholar] [CrossRef] [PubMed]

	



Chertihin, G.V.; Bare, W.D.; Andrews, L. Reactions of laser-ablated chromium atoms with dioxygen. Infrared spectra of CrO, OCrO, CrOO, CrO3, Cr(OO)2, Cr2O2, Cr2O3 and Cr2O4 in solid argon. J. Chem. Phys. 1997, 107, 2798–2806. [Google Scholar] [CrossRef]

	



Zhu, X.Y.; Gu, J.L.; Wang, Y.; Li, B.; Li, Y.S.; Zhao, W.R.; Shi, J.L. Inherent anchorages in UiO-66 nanoparticles for efficient capture of alendronate and its mediated release. Chem. Commun. 2014, 50, 8779–8782. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 09 00273 sch001 550]





Scheme 1. Chemical structures of the L and HL ligands. 
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Figure 1. View of a 3D framework in 1 looking down the a axis. 
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Figure 2. Effect of pH on the removal of Cr(III) by polymer 1. 
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Figure 3. The pseudo-second-order kinetic plot for the adsorption. 
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Figure 4. Adsorption curve of Cr(III) at different concentrations. 
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Figure 5. The linear regression by fitting the equilibrium adsorption data with the Langmuir adsorption model. 
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Figure 6. Adsorption kinetics of Cr(III) in aqueous solution by polymer 1, using different initial concentrations of Cr(III) from 0.02 to 0.2 ppm. 
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Figure 7. Adsorption kinetics of Cr(III) in aqueous solution by polymer 1, using different initial concentrations of Cr(III) from 0.02 to 0.2 ppm. 
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Figure 8. The infrared (IR) spectrum of as-synthesized samples and samples after loading Cr(III). 
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Figure 9. (a) Atomic force microscope (AFM) image of as-synthesized samples. (b) AFM image of samples after loading Cr(III). 
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Figure 10. (a) Scanning electron microscope (SEM) image of as-synthesized samples. (b,c) SEM images of samples after loading Cr(III). (d) Energy dispersive spectrometer (EDS) spectra of the samples after loading Cr(III). 
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Table 1. Distribution coefficients of various metal ions by polymer 1.
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	Metal ions
	Cr3+
	Na+
	Mg2+
	K+
	Ca2+
	Mn2+
	Co2+
	Ni2+
	Cu2+
	Zn2+





	Kd (mL·g−1)
	199,253
	990
	2262
	673
	1401
	2172
	4980
	4777
	4202
	4294
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