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Lithium is a key strategic metal in the 21st century and an important raw material in the new energy sector. With rapid growth of the market demand for lithium, the high-efficient extraction of lithium resources is of important economic significance. Taking zeolite as the carrier and using chemical grafting and electrospinning technologies, a kind of nanofiber containing crown ether (CE) was synthesized to adsorb Li(I) from the salt lake brine. This realizes the selective adsorption of Li(I) while retaining specific vacancies of epoxy groups in CE. The adsorption mechanism of nanofibers containing zeolite carriers and CE for Li(I) was revealed by the use of Fourier transform infrared (FT-IR) spectrometry, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and density functional theory (DFT). The results show that after dsp3 hybridization of the outer orbit (2s) of Li(I), outer electrons on the nanofibers containing zeolite carriers and CE mainly migrate to the orbit for coordination with Li(I) thereat, thus realizing the capture of Li(I). The novel adsorbing material can reach adsorption equilibrium within 2.5 h and the adsorption kinetics for Li(I) conforms to the pseudo-second-order model and a maximum adsorption capacity of 8.6 mg/g. It can be found that the correlation coefficient fitted by Langmuir adsorption isotherm model is closer to 1, and the calculated maximum adsorption capacity is closer to the adsorption capacity obtained experimentally, therefore, it can be concluded that the adsorption process is more consistent with the Langmuir adsorption isotherm model, and the adsorption process can be regarded as monolayer adsorption. The adsorption capacity remains at 7.8 mg/g after 5 adsorption–desorption cycles, showing favorable stability and a strong ability to be regenerated. The research provides insights into the adsorption and recovery of Li(I) from the salt lake brine.
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INTRODUCTION
Lithium, the lightest alkali metal, has been used as the cathode materials of lithium batteries due to advantages including a high energy storage density and low self-discharge rate (Tarascon and Armand, 2001; Berecibar, 2019). In recent years, because of requirements set by environmental changes such as global warming and carbon cycling (Jiménez-de-la-Cuesta and Mauritsen, 2019; Johnson and Lyman, 2020), the new energy industry dominated by lithium batteries has flourished (Lee et al., 2018; Wu et al., 2019), which calls for an increasing amount of lithium on the market (Kesler et al., 2012). However, it has been confirmed that more than 60% of global lithium resources occur in salt lakes (Song et al., 2017; Liu et al., 2019), so the selective recovery of Li(Ι) from the salt lake brine is of important economic and environmental significance.
There are several technologies available for selectively separating Li(Ι) in the salt-lake brine, like the precipitation method (Zhang et al., 2019; Pramanik et al., 2020), solvent extraction method (Shi et al., 2016; Shi et al., 2019; Zhou et al., 2021), and adsorption method (Xiao et al., 2013; Marthi and Smith, 2019; Ding et al., 2021; Zhang et al., 2021). Our research group has devoted to research on Li(Ι) recovery from salt lakes since 2000 and was the first to propose the method of salinity gradient solar ponds for separation of Li(Ι) from the brine of Zabuye Salt Lake in Tibet Autonomous Region, China. In addition, the first production base in China for lithium ores from the salt lake has been built there, which continues to produce lithium ores so far (Nie et al., 2010, 2011; Yu et al., 2015; Ding et al., 2022). However, the method remains to be further improved because it needs to construct large areas of salt pans and has a long production cycle. To this end, our research group attempted to use the adsorption method to improve the production of Zabuye Salt Lake, because of the simple production processes, costs low, and consumes less energy of the adsorption methods. Attributed to these advantages, the method has received more attention in the separation and recovery of lithium resources from the salt-lake brine (Zhang et al., 2010; Hong et al., 2017). Using the sol-gel method and taking Ti (OC4H9)4 and CH3COOLi as raw materials, Zhang et al. (2016) prepared an ion-sieve precursor Li2TiO3. Through the analyses of Langmuir and Freundlich models, they found that the optimal calcination temperature is approximately 650°C and the elution rate of lithium reach 78.9% after elution with 0.25 mol/L hydrochloric acid (HCL) at 70°C for 8 h, with a dissolution-loss rate of titanium of only 0.07%. Then, a foaming agent is prepared using zeolite, talcum powder, and alumina as raw materials, which improves the fluidity and permeability of the ionic sieve. After elution with HCl for 24 h, the saturated adsorption capacity for Li(Ι) reaches 21.0 mg/g (Zhang et al., 2016). To enlarge the specific area of the sorbent, some researchers prepared H2TiO3 as nanotubes by hydrothermal method, which increases the adsorption capacity by 5%–10% and enables the maximum adsorption capacity of 39.43 mg/g (Moazeni et al., 2015). Manganese-based adsorbing materials (e.g. HMn2O4, H1.6Mn1.6O4, and H4Mn5O12) exert specific adsorption effects on Li(Ι) due to their spinel structures. It is reported that the maximum adsorption capacity of this type of adsorbing material can reach 40 mg/g, and in the mixed solution, the metal ions Li(Ι), Mg(II), Ca(II), K(Ι), and Na(Ι) are listed in a descending order in accordance with their distribution coefficients Kd. Therefore, these materials are applicable to separation of Li(Ι) in mixed solution (Feng et al., 1993; Robinson et al., 2010; Xiao et al., 2015; Gao et al., 2018). Hong et al. (2015) separately used chitosan and alpha-alumina bead (AAB) as the binder of Li1.33Mn1.67O4 particles, which impart stable structures to granulated adsorbing materials, and the adsorption capacity only decreases by 2% after 14 cycles. To further improve the recovery rate of the adsorbing materials in geothermal water, Paranthaman et al. (2017) applied a three-step synthesis method and a bench-scale column extraction setup to increase the recovery rate of the adsorbing material to 91%. Meanwhile, the selectivity coefficient for Li(Ι) is 47.8 and 212 higher than those for Na(Ι) and K(Ι), respectively, allowing efficient selective separation of Li(Ι). It is evident that some researchers have extensively studied the structural stability, adsorption capacity, and recovery of adsorbing materials. However, these sorbents are entire particles or powders, which encounter large flow resistance in the adsorption process and may be crushed, thus decreasing the industrial utilization rate of the adsorbing materials. Therefore, it is an important research direction to develop a highly permeable and segregative adsorbing material of a high recovery rate.
Fiber-based adsorbing materials encounter low flow resistance and exhibit excellent mass transfer performance in the dynamic adsorption process, so they are deemed as ideal industrial adsorbing materials. According to the electrospinning technology, Koushkbaghi et al. (2018) prepared a dual-layer mixed matrix membrane to separate Cr(VI) and Pb(II) in sewage. Besides, they determined that the adsorption capacities for Cr(VI) and Pb(II) are 509.7 and 525.8 mg/g at pH of 2 and room temperature under the optimal separation conditions, basically remaining unchanged after three cycles. In order to increase the adsorption sites of polyacrylonitrile (PAN) fibers, some scholars performed phosphorylation and grafting on the prepared PAN fibers, and the grafting amount of phosphate radicals is 5.45 mg/g after modification. The phosphorylated fibers are found to have an adsorption capacity for Pb(II) being 16.28 mg/g larger than the aminated fibers, and their adsorption performance hardly decreases after four cycles (Zhao et al., 2015). Haider and Park (2009) prepared nanofibers with a diameter of 235 nm using trifluoroacetic acid and chitosan, whose adsorption capacities for Pb(II) and Cu(II) in sewage are separately 263.15 and 485.44 mg/g. The adsorption capacity of such chitosan fibers is 6 and 11 times larger than those of the chitosan microspheres and the raw chitosan, respectively, indicative of the advantage of fiber-based adsorbing materials in adsorption. This indicates that the fiber-based adsorbing materials are of strong adsorbability and a promising industrial application prospect. To our knowledge, there are few reports on separation of Li(I) in salt lakes using fiber-based adsorbing materials. The current research used the chemical grafting and electrospinning technologies and took zeolite as the carrier to graft 4-formoxylbenzo-15-crown-5-ether (4-FB15C5) onto the surface of zeolite. The synthesized nanofibers are used for directional capture of Li(I) in salt lakes.
The mobility and selectivity of the adsorbing materials are critical for the adsorption of Li(I) from the salt lakes. Based on the previous work, the low-cost zeolite was used as the carrier. Through the one-step acetalation, 4-FB15C5 was grafted onto zeolite and the bulk phases of synthesized nano-particles and PAN were blended according to a certain ratio, to prepare the nanofibers. The adsorption mechanism was revealed through the characterization, adsorption experiments, and theoretical calculation of the prepared adsorbing material. It provides a new idea for the selective separation of Li(I) from the salt lake.
MATERIALS AND METHODS
Materials and Chemicals
The chemical regents (all analytically pure) used in the research were mainly purchased from Sinopharm Chemical Reagent Co., Ltd. and Rhawn Reagent Co., Ltd. The detailed information of these regents is given in the Supporting Information (Supplementary Text S1). The salt lake brine used was collected from Zabuye Salt Lake and measured to have a pH value of 7.8. The concentrations of various elements were detected using the inductively coupled plasma–atomic emission spectroscopy (ICP-AES) and the results are listed in the Supporting Information (Supplementary Table S1).
Nanofibers Synthesized by Grafting Crown Ether on Zeolite
Hexadecyl trimethyl ammonium chloride (1.2 g) and ammonia water (4.5 ml) were added in 50 ml deionized water. After stirring the mixture for 10 min, 4.8 ml tetraethyl orthosilicate, 4 g of zeolite, and 1 g of SiO2 were added, followed by further stirring for 2 h. The resulting solution was poured in a high-pressure reactor to allow reaction for 2 h. The obtained solid product was calcined for 4 h at 600°C. In this way, zeolite which carried hydroxyl radicals (SiO2/zeolite) was attained. SiO2/zeolite of 0.5 g was dissolved in dimethyl sulfoxide, in which 4-formyl benzo 15-crown-5 ether (4-FB15C5) and the catalyst were also added to perform acetalation on the p-toluene sulfonic acid. After reaction at 80°C for 10 h, ethanol was used as the extractant for extraction for 12 h. After being dried, the crown ether (CE) grafted zeolite (CE@SiO2/zeolite) was attained.
Pretreated CE@SiO2/zeolite nano-powders of 0.5 g were added in N,N-dimethylformamide. The mixture was subjected to ultrasonic dispersion for 30 min and then added with polyacrylonitrile (PAN) fibers. After magnetically stirring the mixture at 90°C for 4 h, the uniform and transparent spinning solution with the concentration of 13 wt% was prepared. The spinning solution was poured in a 10 ml needle syringe, for which a 18G needle with an inner diameter of 0.83 mm was used as the spinning head. The syringe was then mounted on a micropump that controlled the flow speed of the spinning solution. The spinning was performed under the following parameters: the voltage, flow speed of spinning solution, rotation speed of the drum receiver, and the receiving distance were 15 kV, 0.25 ml/min, 450 rpm, and 15 cm, respectively. The spinning product was placed in an oven to be dried in vacuum at 50°C for 12 h. As a result, the polyacrylonitrile - crown ether@SiO2/zeolite (PAN-CE@SiO2/zeolite) nanofibers were attained, and the synthetic route is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Synthetic route of the PAN-CE@SiO2/zeolite.
Characterization
The samples were characterized in each stage of the synthesis and adsorption experiments using technologies including scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared (FT-IR) spectrometry. In the adsorption experiment, the ICP-AES was adopted for measurement of ion concentrations in the solution. The specifications of the characterization devices are listed in Supporting Information (Supplementary Text S2).
Adsorption Experiment
The static adsorption experiment was conducted to explore the adsorption kinetics of PAN-CE@SiO2/zeolite for Li(I), adsorption isotherms, and influences of pH values on the adsorption capacity for Li(I). The fixed-bed adsorption method was used to study the recycling performance of PAN-CE@SiO2/zeolite and its desorption capacity for Li(I). A series of experiments were conducted to investigate the selective adsorption of PAN-CE@SiO2/zeolite for ions in the salt lake brine. The detailed information is given in Supporting Information (Supplementary Text S3).
Calculation Methods
The Gaussian 09 software and the density functional theory (DFT), combined with results of a series of characterization methods, were used to further explain the adsorption mechanism of PAN-CE@SiO2/zeolite for Li(Ι). Due to the reliability of the B3LYP hybrid functional in processing electron exchange and correlation in extensive molecular systems, the 6-31+G (d, p) basis sets of the B3LYP hybrid functional (Ramos-Sanchez et al., 2014) were utilized to optimize the initial structures of complexes of PAN-CE@SiO2 and Li(Ι). Asides, the natural bond orbit (NBO) of the complex was calculated using the 6-311+G (d, p) basis sets of the B3LYP hybrid functional, to further analyze the interaction mechanism between functional groups in PAN-CE@SiO2/zeolite and Li(Ι). More details are shown in Supporting Information (Supplementary Text S4).
RESULTS AND DISCUSSION
Characterization
It can be seen from Figure 2A that there are original liminated structures in the zeolite. Figure 2B shows the nano-particles formed by wrapping zeolite with silicone, displaying that the liminated structures in Figure 2A have disappeared, and the particles have smooth surface and uniform sizes. This indicates that SiO2 has successfully wrapped zeolite particles and hydroxy has been introduced. The nanofibers in Figure 2C have regular morphologies, a uniformly distributed diameter of about 400 nm, and smooth surface. In addition, there is large space between these nanofibers. All of these are beneficial for PAN-CE@SiO2/zeolite to capture target ions in the salt-lake brine.
[image: Figure 2]FIGURE 2 | SEM images in different stages. [(A) Zeolite; (B) SiO2/zeolite; (C) PAN-CE@SiO2/zeolite nanofibers; (D) PAN-CE@SiO2/zeolite nanofibers after adsorbing Li(Ι)].
Figure 3 illustrates the FT-IR spectra of SiO2/zeolite, 4-FB15C5, CE@SiO2/zeolite, and adsorption of CE@SiO2/zeolite for Li(Ι). An antisymmetric stretching vibration absorption peak of Si-O-Si occurs at 1,083 cm−1 in Figures 3A,C,D, which is attributed to SiO2 in the zeolite carrier (Sileika et al., 2011; Salih et al., 2015). In Figure 3B, the peak at 1,681 cm−1 is an absorption peak of aldehyde groups in CE monomers, and there is an obvious stretching vibration absorption peak of epoxy groups in CE at 590 cm−1. The absorption peak of aldehyde groups at 1,681 cm−1 in Figure 3B disappears in Figure 3C after acetalation, while the characteristic absorption peak of C-O- at 590 cm−1 still persists (Li et al., 2015; Huang et al., 2018). The result shows that 4-FB15C5 has been successfully grafted on SiO2/zeolite, that is, CE@SiO2/zeolite has been synthesized.
[image: Figure 3]FIGURE 3 | FT-IR spectra of (A) SiO2/zeolite, (B) 4-FB15C5, (C) CE@SiO2/zeolite, and (D) adsorption of CE@SiO2/zeolite for Li(Ι).
Adsorption Behaviors
The pH value may change existence forms of metal ions in solution and affects the loads of surface charges of materials. Considering this, the pH value was set from 2 to 10 to study its influences on the adsorption of PAN-CE@SiO2/zeolite for Li(Ι). Figure 4 shows that the curve of the adsorption capacity is low in both sides and high in the middle, and the adsorption capacity maximizes at a pH value of 6 and it reduces either increase or decrease from the value. This is because under a low pH value, the epoxy groups are protonated, so that they carry lots of positive charges and show an increasing repulsive force to Li(Ι). As the pH value increases from 2 to 6, the protonation of epoxy groups weakens and effective adsorption sites increase, which results in a larger adsorption capacity for Li(Ι). When the pH value is greater than 6, the adsorption capacity decreases, possibly related to the combination of OH− in the solution with Li(Ι) to form compounds of negative valence states. As oxygen in the epoxy groups also has a negative valence state, they are relatively repulsive to the compounds and therefore the adsorption capacity constantly decreases when the pH value exceeds 6.
[image: Figure 4]FIGURE 4 | Influences of the pH value on the adsorption capacity of PAN-CE@SiO2/zeolite for Li(Ι).
Figure 5 shows the fitting curves of the adsorption kinetics of PAN-CE@SiO2/zeolite with models. As shown in this figure, the adsorption rate remain high in the first 2 h, while it decreases thereafter and basically reaches equilibrium in 2.5 h. This is because Li(Ι) has a high concentration in the initial solution. At the beginning, plenty of adsorption sites are present on PAN-CE@SiO2/zeolite, contributing to easy capture of Li(Ι) in the solution. After numerous adsorption sites on the surface of PAN-CE@SiO2/zeolite are occupied, the adsorption rate slows down; after all adsorption sites are occupied, the desorption and adsorption reach a dynamic equilibrium at which the adsorption capacity does not change obviously any longer. The PAN-CE@SiO2/zeolite prepared in the research adsorbs Li(Ι) faster than adsorbing materials reported elsewhere (Table 1), indicating that adsorption sites on epoxy groups are more identifiable, so the adsorbing material is of advantages in industrial application.
[image: Figure 5]FIGURE 5 | Curves of the adsorption kinetics of PAN-CE@SiO2/zeolite.
TABLE 1 | Adsorption performance of sorbents for Li(Ι) in other research.
[image: Table 1]The adsorption kinetics is an important factor influencing the adsorption performance. In the research, the pseudo-first-order and pseudo-second-order kinetic models were used to analyze the adsorption data, so as to investigate the adsorption mechanism. Table 2 lists the kinetics parameters. From Table 2, the pseudo-second-order kinetic model has a larger correlation coefficient than the pseudo-first-order kinetic model, reaching 0.993, and yields an equilibrium adsorption capacity more approximated to the actual one. Therefore, the adsorption can be deemed as a chemical adsorption process.
TABLE 2 | Kinetics parameters.
[image: Table 2]In this study, Freundlich and Langmuir isothermal adsorption models were used to fit the experimental data. The fitting curves are shown in Figure 6 and the relevant data are listed in Table 3. The adsorption capacity constantly increases with the rising concentration of Li(Ι) in the solution. As the Li(Ι) concentration rises to 150 mg/L, the adsorption capacity does not enlarge with the concentration any longer. This is because the adsorption sites of PAN-CE@SiO2/zeolite come from the epoxy groups in CE. At the beginning, the mass transfer driving force is enhanced as the Li(Ι) concentration rises in the solution. However, the adsorption sites in the epoxy groups have a fixed number and after they are basically completely occupied by Li(Ι), the adsorption capacity will not change apparently any longer. It can be seen from Figure 6 that the Langmuir isothermal adsorption model is more suitable for describing the adsorption process, because the maximum adsorption capacity calculated thereby is approximated to that obtained in the experiment. The result reveals that the adsorption process can be regarded as monolayer adsorption and there is no interaction between epoxy groups in the adsorbing material.
[image: Figure 6]FIGURE 6 | PAN-CE@SiO2/Zeolite Isothermal adsorption fitting curve.
TABLE 3 | Parameters of Langmuir and Freundlich models.
[image: Table 3]Selectivity and Regenerability
The selectivity and recyclability of adsorbing materials are important factors for judging whether they are suitable for industrial application or not. In the salt lake brine, Li(Ι) is generally associated with alkali metal ions Na(Ι) and K(Ι) as well as alkali-earth metal ions Mg(II) and Ca(II). Considering this, these four metal ions were added in the solution to study the selectivity of PAN-CE@SiO2/zeolite for Li(Ι) through the competitive adsorption. Figure 7 shows the adsorption capacities of PAN-CE@SiO2/zeolite for different ions at pH values of 4, 6, and 8, and the parameters of competitive adsorption are listed in Supporting Information (Supplementary Table S2). As shown in the figure, PAN-CE@SiO2/zeolite exhibits a significant adsorption effect on Li(Ι), and also adsorbs a little amount of Mg(II), while it hardly adsorbs Na(Ι), Ca(II), and K(Ι). These ions are ranked in a descending order as Li(Ι), Mg(II), Na(Ι), Ca(II), and K(Ι) according to their competitive adsorption and the adsorption capacities are maximized at a pH value of 6, which is in line with the analysis results of influences of pH values on the adsorption. This is possibly because there is numerous H+ in the solution at a pH value of 4 to coordinate with C-O- structures in epoxy groups of PAN-CE@SiO2/zeolite, thus affecting the Li(Ι) adsorption. Because Mg(II) has a radius (0.065 nm) approximated to that of Li(Ι) (0.068 nm), PAN-CE@SiO2/zeolite also adsorbs certain Mg(II).
[image: Figure 7]FIGURE 7 | Adsorption effects of PAN-CE@SiO2/zeolite on different ions at pH values of 4, 6, and 8.
After adsorption using PAN-CE@SiO2/zeolite, 0.5 M HCl was used for desorption. Through five adsorption-desorption cycles (Figure 8), PAN-CE@SiO2/zeolite still exhibits an adsorption capacity of 7.8 mg/g for Li(Ι), so the material can be recycled.
[image: Figure 8]FIGURE 8 | Recyclability.
Adsorption Mechanism
The SEM image of PAN-CE@SiO2/zeolite after adsorbing Li(I) is illustrated in Figure 2D. Compared with Figure 2C, the nanofibers in Figure 2D are obviously thicker and there are coarse particles thereon. This is possibly because Li(I) enters the nanofibers to coordinate with epoxy groups changing the location of O atoms in the epoxy groups, causing the nanofibers to expand. At the same time, the change of the permeation pressure thickens the nanofibers and the adsorbed metal ions result in the coarse surface. Figures 3C,D separately show the IF spectra of CE@SiO2/zeolite before and after adsorbing Li(I). After adsorbing Li(I), the C-O- absorption peak in the epoxy structure in CE at 590 cm−1 shifts to 588 cm−1, a result of the energy transfer needed in the coordination of C-O- and Li(I), so that the stretching vibration absorption peak of epoxy groups shifts (Sileika et al., 2011; Huang et al., 2018). Figures 9A,B depict the XPS full-spectrum fitting and narrow-spectrum fitting of PAN-CE@SiO2/zeolite before and after adsorbing Li(I). After adsorbing Li(I), a new characteristic peak appears on the full-spectrum fitting curve at 55.84 eV, which is attributed to Li(I) coordinated with C-O-. Figure 9B illustrates the peak fitting of C-O- before and after Li(I) adsorption. After adsorption, the C-O- characteristic peak shifts from 532.1 to 532.2 eV (Xu et al., 2020), possibly because O in C-O- as the electron donor is involved in the adsorption for Li(I).
[image: Figure 9]FIGURE 9 | XPS full-spectrum fitting (A) and narrow-spectrum fitting of O (B) for PAN-CE@SiO2/zeolite.
To further explore the adsorption mechanism of PAN-CE@SiO2/zeolite for Li(I), the DFT was used to compute the optimal structures of functional groups on the surface of PAN-CE@SiO2/zeolite, as illustrated in Figure 10. The computation parameters can refer to Supporting Information (Supplementary Table S2).
[image: Figure 10]FIGURE 10 | Optimized structure charts of PAN-CE@SiO2/zeolite before (A) and after (B) adsorbing Li(I).
The optimized structure charts show that Li(I) is located at the center of the epoxy groups. This is because the epoxy groups of CE and Li(I) complex show the minimum vacancy size of 4.72 Å, while the sum of diameters of Li(I) and O2- ions is 3.94 Å, so the vacancy of the epoxy functional groups can just accommodate Li(I) in the coordination process.
Table 4 shows the parameters for calculating the NBO. It can be seen from the table that the binding energy of the Li(I) complex is −62.75 kcal/mol, indicative of strong affinity of PAN-CE@SiO2/zeolite for Li(I). According to the analysis of NBO partial charge, Li(I) and its ligand have charged by 0.421 and 0.719 eV, respectively. This suggests the appearance of electron transfer between the surface functional groups and metal ions in the adsorption process. Li(I) displays a natural electron configuration of 2s0.093p0.183d0.01, which means that electrons mainly transfer from functional groups to the 3p orbit of Li(I), corresponding to the XPS fitting results as shown in Figure 9. That is, C-O- in the epoxy groups of PAN-CE@SiO2/zeolite as electron donors participate in the coordination of Li(I). Figure 11 illustrates the highest occupied molecular orbit (HOMO) and lowest unoccupied molecular orbit (LUMO) of PAN-CE@SiO2/zeolite before and after adsorbing Li(I), from which is seen that the HOMO and LUMO both change after Li(I) adsorption compared with those before. This further confirms that the electron transfer between the ligand and metal ions in the adsorption process. Meanwhile, the stabilization energy E (2) reflects the degree of delocalization of electrons according to analysis of the second-order perturbation theory. As listed in Table 4, the stabilization energies E (2) of LP(O)-LP*(Li) for Li(I) are 1.33, 9.21, 11.26, 8.92, and 11.54 kcal/mol separately. This reveals the electron transfer between the five O atoms in PAN-CE@SiO2/zeolite and Li(I), thus leading to the coordination and the formation of stable complexes. The result agrees with the XPS and FT-IR results. As a result, the five O atoms in epoxy groups as electron donors coordinate with Li(I), reaching the goal of selective capture of Li(I) in the salt-lake brine. Combining the adsorption experiment, the series of characterization, and DFT calculation, the adsorption mechanism is described in Figure 12.
TABLE 4 | The calculated parameters for the complex.
[image: Table 4][image: Figure 11]FIGURE 11 | The HOMO and LUMO of PAN-CE@SiO2/zeolite before and after adsorbing Li(I).
[image: Figure 12]FIGURE 12 | Adsorption mechanism of PAN-CE@SiO2/zeolite for Li(I).
CONCLUSION
4-FB15C5 was grafted on zeolite through acetalation to form a kind of nanofiber PAN-CE@SiO2/zeolite containing CE. Leveraging the specific vacancies of epoxy groups in CE and their binding force for Li(I), Li(I) was directionally captured, thus realizing the selective separation of Li(I) in the salt lake. PAN-CE@SiO2/zeolite reached adsorption equilibrium after 2.5 h and its maximum adsorption capacity was 8.6 mg/g. After 5 adsorption–desorption cycles, the adsorption capacity could maintain at 7.8 mg/g, suggesting favorable stability and strong regeneration ability. The stabilisation energies E (2) of LP(O)-LP*(Li) for Li(I) are 1.33, 9.21, 11.26, 8.92, and 11.54 kcal/mol separately. Through use of FT-IR, SEM, and XPS and combining with DFT calculation, the adsorption mechanism of PAN-CE@SiO2/zeolite for Li(I) is revealed. The results indicate that after dsp3 hybridization of the outer orbit 2s of Li(I), the outer electrons of the nanofiber containing zeolite carrier and CE mainly migrate to the orbit to coordinate with Li(I), thus realizing the capture of Li(I). PAN-CE@SiO2/zeolite can be used to selectively recover Li(I) from the salt lake brine, and therefore is an adsorbing material of a promising application prospect.
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