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The efficient capture and storage radioactive iodine (129I or 131I) formed during the extensive use of nuclear energy is of paramount importance. Therefore, it is a great deal to design and empolder new adsorbents for effectively disposing of iodine from nuclear waste. In this work, we presented a novel covalent organic polymer (JLUE-COP-3) constructed through heterostructural mixed linkers with perforated porousness, plenty of π-conjugated phenyl rings and functional –CO–NH– and –SO3H groups to iodine adsorption process. After fully characterizing the morphology and structure, the adsorption behavior of iodine by the resultant polymers were explored in detail. The external adsorption behavior was determined to obey the pseudo-second order kinetic model according to the kinetic analysis. The maximum liquid adsorption capacity was obtained to reach 153.85 mg/g at 298 K, which was evaluated by the Langmuir isotherm model. In addition, the negative attributes of ΔG° as well as the positive attributes of ΔH° and ΔS° at three temperatures indicated the nature of the iodine adsorption over JLUE-COP-3 was spontaneous and endothermic. The current study could look forward to making great contributions to the facile fabrication of late-model three-component POP materials and their applications in treatment of nuclear waste.
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INTRODUCTION

Nowadays, as the energy demand in the world becoming increasingly tense and the environment getting worse day by day, nuclear energy is more and more in people's graces. Or, at all events, with one drawback that radioactive waste including 14CO2, 85Kr, 3H, I123, I125, and I127−140, would be produced when nuclear fuel fission occurs (Ma et al., 2016). Radioactive iodine is considered as one of the most dangerous radioactive elements with the characteristics of long half-life and large heat release, which is difficult to change using any conventional method. In view of the threat to human health and the cause of mutant plants and animals, it still requires seeking out more efficient and longer-term solutions to address the capture and storage of radioactive iodine isotopes (Kosaka et al., 2012; Qian et al., 2016; Lin Y. et al., 2017). So far, with the growing popularity of effective and low-cost adsorption technology, various porous adsorbents have been tested for handling iodine pollution, containing silica gel, porous organic cages, activated carbon, and zeolites, etc. (Hasell et al., 2011; Ali, 2012; Azadbakht et al., 2016; Li et al., 2016; Zhang et al., 2017; Janeta et al., 2018). However, the low adsorption capacity associate with easy-lost activity render the adsorbents with some shortcomings (Sigen et al., 2014). Hence, developing qualified adsorbents with high adsorption capacity, low cost and strong adaptability to make up for insufficient remains a challenge.

Porous organic polymers (POPs), as a rising kind of porous material, which usually formed from covalent condensation of two organic building units, have sprang up rapidly as a new type of solid adsorbent by virtue of permanent porosity, tailored pore sizes, designable structures, and adsorption sites (Calik et al., 2016; Sun et al., 2017a; Yang H. S et al., 2017; Yuan et al., 2018). There can be no doubt that the POPs fulfill all the needs as an eligible adsorbent for removing specific contaminant from water (Ding et al., 2016; Sun et al., 2017b). In recent years, POPs have been turned out the validity and feasibility of the appropriateness for solving environmental issues beyond their previous application in catalysis aspect, molecular recognition field and so on and so forth (Huang et al., 2017). Of particular success are the utilization to decontaminate various toxic and hazardous substances involving heavy metal ions and organic pollutants, of course, certainly with the efficient volatile iodine removal (Liao et al., 2016; Lin L. et al., 2017; Merí-Bof et al., 2017; Guo et al., 2018).

Despite the great progresses have been made in the past, the structural variability of POPs in contrast to metal-organic frameworks (MOFs) are quite astricted on account of the limitation of synthetic methods and constitutional units. Thus, the great goal of expanding the family of POPs are highly sought-after by the researchers (Chen et al., 2015; Zeng et al., 2015; Pang et al., 2016). Among which, both Jiang's group and Zhao's group have done pioneering work in aforementioned respect. Strongly motivated by the heterostructural mixed linker approach, our group have developed two three-component COPs (JLUE-COP-1 and JLUE-COP-2) for removing cationic dyes from wastewater (Dong et al., 2018). Herein, as an extension and expansion of the previous work, we exploited JLUE-COP-3 with benzene-1,3,5-tricarbohydrazide (BTCH), 4,4'-biphenyldicarboxaldehyde (BPDA), and 2,5-diaminobenzenesulfonic acid (DABA) through a simple and high-speed Schiff base chemistry using DMSO as solvent (Scheme 2). The three-component JLUE-COP-3 was endowed with perpetual porosity, plenty of π-conjugated phenyl rings and functional –CO–NH– and –SO3H groups. The as-synthesized JLUE-COP-3 was characterized by powder X-ray diffraction (PXRD), fourier transform infrared spectra (FT-IR), thermogravimetric analysis (TGA) and so on. Judging from the characteristics of perforated porousness, introduction of electron-rich heteroatoms as well as π-conjugated networks, which are in favor of improving the affinity between JLUE-COPs and iodine molecules, we adopted the JLUE-COP-3 as an efficient adsorbent for the adsorption of iodine (Scheme 1). Furthermore, the adsorption kinetics, adsorption isotherms, and thermodynamics of iodine over the JLUE-COP-3 were studied. The JLUE-COP-3 for iodine adsorption represented remarkable three advantages: (1) easy accessibility, (2) multiple functionality, and (3) good reusability. This study not only straightens out extending late-model POP materials detached from the original two-component pattern, but also lays the foundation for the functionalized POPs applying in remediation of radioactive iodine.


[image: image]

SCHEME 1. Schematic illustration of the iodine adsorption over the developed adsorbent of JLUE-COP-3.
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SCHEME 2. The synthesized producer of JLUE-COP-3.



EXPERIMENTAL SECTION

Materials

All starting reagents, except benzene-1,3,5-tricarbohydrazide, were purchased commercially and used directly as received without further purification (Dong et al., 2018).

Instruments and Characterization

The morphology of the JLUE-COP-3 was probed by Field-scanning electron microscopy (FE-SEM, JEOLJXA-840, 15 kV). The powder X-ray diffraction (PXRD) spectrum of JLUE-COP-3 was performed by a Riguku D/MAX2550 diffractometer using CuKα radiation, 40 kV, 200 mA with scanning rate of 4°/min. The X-ray photoelectron spectroscopy (XPS) was conducted on a ESCALAB 250Xi X-ray photoelectron spectroscopy. The fourier transform infrared spectrum (FT-IR) of JLUE-COP-3 was measured on a Nicolet Nexus 410 infrared spectrometer spectrum instrument using the KBr method ranging from 4,000 to 400 cm−1. The thermogravimetric analysis (TGA) was recorded by heating the JLUE-COP-3 at a rate of 10°C/min in nitrogen flow. The optical absorption spectra were recorded using UV-Vis spectrophotometer (Varian Cary 3 Bio, Australia).

Synthesis of JLUE-COP-3

A mixture of benzene-1,3,5-tricarbohydrazide (BTCH, 0.2 mmol, 0.05 g), 4,4'-biphenyldicarboxaldehyde (BPDA, 0.6 mmol, 0.13 g), 2,5-diaminobenzenesulfonic acid (DABA, 0.3 mmol, 0.056 g) and CF3COOH (TFA, 2d) in a solution of dimethyl sulphoxide (DMSO, 10 mL) were heated at 100°C for 1 h. Afterwards, a dark brown product (JLUE-COP-3) was afforded in 95% yield. Elemental analysis (wt.%) calcd. For {C32H23N8O6S}n: C 59.35, H 3.55, N 17.31; found: C 59.83, H 3.53, N 17.85.

Adsorption of Iodine

Adsorption of iodine over the JLUE-COP-3 was conducted with batch experiments as follows: (i) the JLUE-COPs (10 mg) were placed into a sealed vessel filled with iodine/hexane solution (50–300 mg/L, 10 mL) and held for a period of time; (ii) then the absorbance of supernatant in the anterior vessel was measured at a wavelength of 525 nm by UV-vis at various time intervals.

The removal efficiency (E, %) as well as the iodine adsorbed amount qe (mg/g) were calculated using the following equations (Duan and Su, 2014):
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Where C0 and Ce are the initial iodine concentration and equilibrium iodine concentration (mg/L), respectively; m is the quality of JLUE-COP-3 used (g); V is the dosage of solution used (L).

RESULTS AND DISCUSSION

SEM images showed that JLUE-COP-3 has a bowl-shaped structure containing of nanoparticles (Figures 1A–C). As the Figure 1D shows, the EDS spectrum of the JLUE-COP-3 also pointed the expected constituents of C, N, O, and S. The XPS spectrum of JLUE-COP-3 was displayed in Figure 2A. The peaks at 288–283.1 eV of C 1s, indicated the presence of C–C, C–H, C=C and C=O, etc. in the skeleton; whereas the peaks at 530–532 eV of O 1s, 399–401 eV of N 1s, and 166–169 eV of S 2p, further confirmed the being of –CO–NH– and –SO3H on the polymer (Dimos et al., 2017). To gain further insights into the chemical structure of JLUE-COP-3, FT-IR spectrum was performed. Obviously, in JLUE-COP-3 material, the peaks located at around 1,632 and 1,074 cm−1, the respective indicator of imine νC=N stretching vibration and O=S=O stretching band, implying the solid evidence for the successful synthesis of JLUE-COP-3 (Figure 2B). The PXRD pattern of JLUE-COP-3 matched with the amorphous property, which might be attributed to the incapable of offering error correction due to the quick forming process (Nguyen and Grunwald, 2018) (Figure 2C). To investigate the thermal and chemical stabilities of JLUE-COP-3, thermogravimetric analysis (TGA) was adopted under a nitrogen flow. As presented in Figure 2D, the TGA profile of JLUE-COP-3 demonstrated the high thermal stability up to 320°C. The permanent porous feature of JLUE-COP-3 was estimated by N2 adsorption–desorption measurement at 77 K (Figure 3). The sorption isotherm represent a IV type with a Brunauer–Emmet–Teller surface area of 46 m2/g and Langmuir surface area of 72 m2/g, providing a combination of micro- and meso-pores in the structure of JLUE-COP-3.
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FIGURE 1. (A–C) SEM images of JLUE-COP-3. (D) EDS spectrum of JLUE-COP-3.
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FIGURE 2. (A) XPS spectrum of JLUE-COP-3. (B) FT-IR spectrum of JLUE-COP-3. (C) PXRD spectrum of JLUE-COP-3. (D) TGA curve of JLUE-COP-3.
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FIGURE 3. (A) Nitrogen adsorption and desorption isotherms of JLUE-COP-3 measured at 77 K and (B) pore size distribution of JLUE-COP-3.



As known to all, long contact time and high initial concentrations were propitious to the adsorption amount. To corroborate the above arguments, batch experiments were conducted at room temperature. As shown in Figure 4A, at first, a substantial number of active sites were exposed on the surface of JLUE-COP-3, the adsorption rate sharply rised in the first 24 h; with the passage of time, the active sites and the pores were gradually occupied and blocked, the adsorption rate slowly paced down from 24 to 96 h; finally, the saturation of iodine adsorption over JLUE-COP-3 reached at 120 h. Furthermore, when the initial concentration varied from 100 to 300 mg/L, the corresponding maximum adsorption amounts and removal efficiencies of iodine over JLUE-COP-3 were 90.29 mg/g & 90.29%, 117.21 mg/g & 78.14%, 135.59 mg/g & 67.80% and 150.15 mg/g & 60.06%, 165.29 mg/g & 55.10%, respectively. This phenomenon could be explained as: the increased initial concentration of iodine produced the raising of effective collision probability between JLUE-COP-3 and iodine, thus resulting in the improvement of the adsorption amount; on the other hand, the dropped removal efficiency could be put down to the supersaturated adsorption sites relative to the larger amounts of iodine. In brief, the efficient iodine adsorption performance of JLUE-COP-3 can be summed up in three points: (a) the porous specific may be beneficial to the transport of iodine molecules in the adsorption process; (b) the abundant π-conjugated phenyl rings could enhance the affinity between the JLUE-COP-3 and iodine molecules; and (c) the framework incorporated with electron-rich heteroatoms may strengthen the iodine enrichment behavior of JLUE-COP-3.
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FIGURE 4. (A) Kinetics of iodine adsorption over JLUE-COP-3 at different concentrations (100–300 mg/L) at T = 298 K. (B) Pseudo-first-order curve-fittings. (C) Pseudo-second-order curve-fittings. (D) Intraparticle diffusion models for iodine adsorption over JLUE-COP-3 at different initial iodine concentrations.



The adsorption kinetic study could depict the adsorption rate of controlling the equilibrium time of the adsorption process. In order to understand the innate character of iodine–JLUE-COP-3 interactions, the experimental data were evaluated by the kinetic models of first and second order models, even intraparticle diffusion model, which can be expressed as following equations (Ho and McKay, 1999; Duan et al., 2015; Dong et al., 2018):
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Where qt and qe are the iodine adsorbed amounts at time t and equilibrium (mg/g), respectively; k1 is the pseudo-first-order model rate constant (1/h), and k2 is the pseudo-second-order rate constant (g/mg/h), respectively; ki is the intraparticle diffusion rate constant (mg/g/h1/2), and C is the intercept (mg/g).

Adsorption kinetics of iodine on JLUE-COP-3 along with the as-fitted parameters using the pseudo-first-order and pseudo-second-order models are presented in Figures 4B,C and tabulated in Table 1, respectively. For all five concentration gradients, originating from the quite higher coefficient values of R2 (all above 0.99) and more consistent practical values of qexp, the pseudo-second-order kinetic model, which is used to describe the chemisorption-type process, correlates the kinetic data effectively. This result is in keeping with the existence of strong interactions between the JLUE-COP-3 and the iodine molecules. More concretely, the inherent –CO–NH– and –SO3H moieties besides connatural aromatic ring in the polymer skeleton, which could work as electron donor, while the iodine could act as electron acceptor. Thereupon then, the charge-transfer (CT) interactions between the electron donor and electron acceptor, might improve the enrichment of iodine (Lin L. et al., 2017). As shown in Figure 4D, the curves of intraparticle diffusion model could be roughly divided into two stages. The two linear lines indicated the iodine diffusion from solutions to the surfaces of JLUE-COP-3 and the slow intraparticle diffusion into pores exist side by side (Table 2) (Li et al., 2012).


Table 1. Kinetic parameters of iodine adsorption over JLUE-COP-3.
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Table 2. Intraparticle diffusion model parameters for the adsorption of iodine over JLUE-COP-3.
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To understand in depth the adsorption machine-processed and acquire the maximum adsorption capacity of iodine over the JLUE-COP-3, a battery of experiments were studied under three temperature gradients of 288, 298, and 308 K with five concentration gradients of 50–250 mg/L. The two widespreadly used models go by the name of Langmuir isotherm and Freundlich isotherm, are used to analyze the homogenous monolayer adsorption process and the heterogeneous multilayer adsorption, respectively, can be represented as following equations (Langmuir, 1918; Freundlich and Heller, 1939):
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Where qe is the equilibrium adsorption amount (mg/g), Ce is the equilibrium iodine concentration (mg/L), Qm is the maximum adsorption capacity (mg/g), KL and aL, KF and n, are the Langmuir and Freundlich adsorption isotherm constants, respectively.

The evolution of iodine adsorption process of JLUE-COP-3 interpreted by the Langmuir and Freundlich models are clearly shown in Figures 5A–C. The derived parameters in respect to the two models are included in Tables 3, 4, respectively. Likewise, in accordance to the linear correlation coefficient values of R2, the Langmuir adsorption isotherm model describes the iodine adsorption process of JLUE-COP-3 well. In terms of the L-type shape of the isotherms on the basis of proposes by Giles et al. (1960), the monolayer iodine adsorption over JLUE-COP-3 was given weight. The initial nearly vertical part of the isotherms, indicated the high host–guest affinity at lower concentrations. In addition, the maximum adsorption capacities (Qm) of iodine over JLUE-COP-3 were calculated to be 142.86, 153.85, and 158.73 mg/g at 288, 298, and 308 K, respectively.
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FIGURE 5. (A) Data fittings with Langmuir and Freundlich adsorption isotherms of iodine adsorption over JLUE-COP-3 at different temperatures (288, 298, and 308 K); solid lines: Langmuir model, dashed lines: Freundlich model. (B,C) are the Langmuir and Freundlich linear fittings for the iodine adsorption over JLUE-COP-3, respectively. (D) Separation factors for iodine adsorption over JLUE-COP-3.




Table 3. Langmuir isotherm parameters for iodine adsorption over JLUE-COP-3.
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Table 4. Freundlich isotherm parameters for iodine adsorption over JLUE-COP-3.
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The recyclability and durability of the JLUE-COP-3 toward iodine were evaluated for exploring the practical value. The adsorbents were generated as previously reported for the subsequent adsorption cycles (Wang et al., 2017). The results in Figure 6 demonstrated that after three recycles, the recycling percentage of iodine was still commendable (maintained 76.8% of the initial capacity and with a removal efficiency of 69.4% at 100 mg/L), which could be on a par of UiO-66-PYDC (Wang et al., 2017), demonstrating the good repeatable and durable application of JLUE-COP-3 in treatment of iodine pollution.
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FIGURE 6. Recycling results of iodine adsorption over JLUE-COP-3.



Additionally, known as the equilibrium parameter, the separation factor “RL” can be used to judge the progression of the reaction using the following equation (Lu et al., 2009):
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Where C0 is the initial iodine concentration (mg/L) and aL is the Langmuir binding constant (L/mg). The value of unit-less equilibrium parameter “RL” can be used to predict the shape of the adsorption isotherm: RL > 1 (unfavorable), RL = 1 (linear), 0 < RL < 1 (favorable) or RL = 0 (irreversible).

As shown in Figure 5D, the RL values for the iodine adsorption over JLUE-COP-3 at the temperatures of 288, 298, and 308 K were calculated to be in the ranges of 0.067–0.265, 0.065–0.257 and 0.059–0.238, respectively. These values alleged the favorable nature of iodine adsorption over JLUE-COP-3. Moreover, the higher values of RL at the lower iodine concentration indicated that adsorption under the low concentration has more advantages than high concentration in this study.

For the sake of penetrating the mechanism of iodine adsorption over JLUE-COP-3, some basic thermodynamic parameters for the present system, such as Gibbs free energy ΔG° (KJ/mol), enthalpy ΔH° (KJ/mol) and entropy ΔS° (KJ/mol/K), were calculated using the following equations (Yao et al., 2012):
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Where Kdis the distribution coefficient (L/g), R is the ideal gas constant (8.314 J/mol/K) and T is the temperature in Kelvin (K).

As summarized in Table 5, the calculated Gibbs free energy (ΔG°) values were varied within the scopes of −4.56 to −5.14, −2.60 to −3.44, −1.55 to −2.33, −0.98 to −1.48, and −0.16 to −0.76 KJ/mol at different initial iodine concentrations under three temperatures, respectively (Figure 7). Furthermore, the adsorption enthalpy (ΔH°) and entropy (ΔS°) for each concentration were determined to give the subsequent values of 21.42 KJ/mol and 0.11 KJ/mol/K, 30.62 KJ/mol and 0.13 KJ/mol/K, 28.79 KJ/mol and 0.11 KJ/mol/K, 18.69 KJ/mol and 0.07 KJ/mol/K, 22.05 KJ/mol and 0.08 KJ/mol/K, respectively. In view of the negative values of ΔG° and positive values of ΔH° and ΔS°, which were regarded as basic criterions, the iodine adsorption over JLUE-COP-3 was sentenced to be spontaneous and endothermic (Kara et al., 2003; Yang Q. X. et al., 2017).


Table 5. Thermodynamic parameters of iodine adsorption over JLUE-COP-3.
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FIGURE 7. Van't Hoff plots of iodine adsorption over JLUE-COP-3.



CONCLUSION

In summary, the JLUE-COP-3 polymer constructed through heterostructural mixed linkers was reasonably designed and successfully synthesized by a simple and high-speed Schiff base chemistry. The BTCH, BPDA and DABA were strategically employed as organic monomers for the construction of JLUE-COP-3, simultaneously serving as active affinity sites for the efficient iodine removal. Owing to the porous specific, abundant π-conjugated phenyl rings and a great deal of functional –CO–NH– and –SO3H groups, JLUE-COP-3 polymer was proved to be a kind of good candidate for iodine capture and adsorption. In this study, the maximum adsorption capacity of JLUE-COP-3 was up to 153.85 mg/g at 298 K. Additionally, the good recyclability and durability, prefiguring the great promise of JLUE-COP-3 for the actually applying in nuclear waste management. In consideration of the strong affinity to iodine, the easy-obtained and low-priced JLUE-COP-3 polymer could be potentially used in chromatographic column analysis for strengthening the iodine retention.
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