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Abstract

:

To adsorb hexavalent chromium (Cr(VI)) in polluted water, this paper prepared a UiO-66 (Zr6O4(OH)4(BDC)12) modified granular corncob composite adsorbent by hydrothermal method with in situ loading of UiO-66 on pretreated corncob particles. The physicochemical properties of the synthesized samples were characterized. Batch adsorption experiments were conducted to investigate the adsorption process of aqueous Cr(VI) under various conditions (different ionic strength, pH and co-existing anions). The results showed that UiO-66 was successfully loaded on the modified corncob particles. The isothermal adsorption data of Cr(VI) adsorption by the UiO-66 modified corncob fit well with the Langmuir model with the maximum adsorption capacity of Cr(VI) on UiO-66@Corn+ being 90.04 mg/g. UiO-66 loading could increase Cr(VI) adsorption capacity of Corn+. The kinetic study showed that the equilibrium time for Cr(VI) adsorption on UiO-66 modified corncob was about 180 min and the kinetic data followed the pseudo-secondary kinetic model. The Cr(VI) adsorption capacity on UiO-66@Corn+ decreased with the increasing solution pH, and the optimum pH range was 4–6. The ionic strength has little effect on the Cr(VI) adsorption capacity, but the coexistence of CO32−, SO42− and PO43− in the solution could significantly decrease the equilibrium adsorption capacity of Cr(VI). The adsorption mechanism analysis showed that Cr(VI) was adsorbed on the surface of adsorbents through electrostatic attraction and was reduced further to the less toxic Cr(III) by the electron donor on the surface of adsorbent. The electrostatic interaction was the main force affecting the adsorption of Cr(VI) by UiO-66. UiO-66@Corn+ had an excellent removal efficiency of Cr(VI) and excellent reusability. UiO-66@Corn+ could effectively remove Cr(VI) from water and have a promising application.
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1. Introduction


Chromium (Cr) usually exists as Cr(Ⅲ) or Cr(VI), and the toxicity of Cr(VI) is much greater than that of Cr(Ⅲ) [1]. Cr(VI) is commonly found in industrial wastewater such as textiles, electroplating, leather production, cooling towers and metal processing. A small amount of Cr(VI) could have the risk of carcinogenesis and teratogenesis to humans and animals. Cr(VI) has been recognized as one of the most toxic heavy metals by the International Agency for Research on Cancer (IARC) [2]. The US Environmental Protection Agency (USEPA) stipulates that the maximum permissible concentration of chromium in drinking water is 0.1 mg/L. The WHO requires that Cr(VI) concentration in drinking water should be less than 0.05 mg/L. Due to the widespread use of Cr(VI) in the industry, a large amount of Cr(VI) from industrial wastewater and municipal sewage enters natural water bodies, which harms the ecological environment and threatens the safety of drinking water. Therefore, it is important to remove Cr(VI) from water effectively.



Various technologies such as adsorption, membrane technology, electrochemical precipitation, chemical coagulation, redox, bioremediation and ion exchange have been tested for Cr(VI) removal from water [3,4]. Among these technologies, adsorption is considered the most cost-effective technique for Cr(VI) polluted water treatment due to its simple operation, low cost and high efficiency. Therefore, numerous adsorbents have been used to remove Cr(VI) from water in recent years, such as activated carbon, chitosan, metal (hydrogen) oxide and clay minerals [5,6,7]. However, these adsorbents with low adsorption capacity can be easily agglomerated during the adsorption process and cause difficulty in solid-liquid separation. In addition, precise control of the physical and chemical properties of the adsorbent for specific pollutants is also a challenging problem.



Metal-organic frameworks (MOFs) are new porous materials with adjustable pore structure, designable surface functional groups, high porosity and large specific surface area [8]. MOFs have received extensive attention in energy storage, drug delivery, gas adsorption and storage, catalysis and water pollution remediation [9,10,11,12,13]. ZIF-8, MIL-100 and Zr-based MOFs (such as UiO-66) have attracted attention in water pollution control due to their high bonding strength, stable structure and high-water stability. UiO-66 is composed of Zr6O4(OH)4 nodes and twelve terephthalate (BDC) ligands. There are six Zr4+ in the octahedral geometry of Zr6O4(OH)4 and four oxygen atoms or hydroxyls in the center of each interface of the octahedron. These metal nodes are coordinated with twelve BDC ligands [14]. The theoretical pore volume and the theoretical specific surface area of UiO-66 are 0.45 cm3/g and 1018 m2/g, respectively. Ui O-66 has excellent structural stability, thermal stability and mechanical strength [14]. UiO-66 has been reported in the literature for the removal of dyes and heavy metals in water. Wang et al. reported that UiO-66 can form a covalent bond with As(Ⅴ) through the hydroxyl function group to remove arsenic from water [15]. Li et al. used a silver-triazolato framework to remove Cr(VI) from water and the results showed that it displayed a fast, efficient and reversible adsorption of Cr(VI), the maximum adsorption capacity (qm) could be up to 37.0 mg/g [16]. Sun et al. synthesized ultra-stable Zr-MOF (JLU-MOF50), which exhibited a commendable trapping capacity (92.0 mg/g) and a fast adsorption rate (32.5 mg/(g min)) [17]. In addition to their lower hydrothermal stability, another important reason is that MOFs are usually micron powder and have low mechanical strength, making them easy to wash away and difficult to be separated from water. High-pressure drop and easy agglomeration are also the problems that must be solved in the practical engineering application of MOFs such as UiO-66. Thus, MOFs have not been used in actual waste-water treatment. It is possible to effectively solve this problem by attaching the MOFs particles in porous host materials with larger sizes [18].



A large amount of agricultural waste is generated during agricultural production. China annually produces about 900 million tons of agricultural waste, and it is increasing yearly at a rate of 5–10%. However, most of them are not properly utilized [19]. Direct abandonment and incineration are common methods for people to dispose agricultural waste. During the incineration process, harmful substances such as carbon dioxide, carbon monoxide, sulfur dioxide and dust are released into the air, contributing to the greenhouse effect, air pollution and respiratory diseases. The technique of resource utilization of agricultural waste is needed urgently.



In this paper, agricultural waste corncob was used as the host material. Firstly, the corncob was modified, and then the UiO-66 loading corncob was prepared by hydrothermal method. Its physical and chemical properties were analyzed through various characterization methods. The adsorption characteristics for Cr(VI) was systematically explored. The removal mechanism of Cr(VI) from aqueous solution by synthesized UiO-66 loading corncob was studied.




2. Materials and Methods


2.1. Materials


The chemicals including sodium hydroxide (AR), ethanol (AR), chloroacetic acid (AR), N,N-dimethylformamide (DMF, AR), epichlorohydrin (AR), ethylenediamine (AR), triethylamine (AR), zirconium tetrachloride (AR), 1,4-dicarboxybenzene acid (AR), methanol (AR), sodium chloride (AR), Sodium nitrate (AR), sodium carbonate (AR), sodium phosphate (AR), sodium sulfate (AR), potassium dichromate (GR), nitric acid (GR) and hydrochloric acid (GR), which were purchased from Sinopharm Chemical Reagent Co. Ltd. Corncob pellets (≤0.6 mm) were obtained from Dezhou in the Shandong province (China). The Chromium standard solution (GSB04-1723-2004(a)) was purchased from the National Nonferrous Metals and Electronic Materials Analysis and Testing Center (China). Deionized water was produced by a laboratory ultrapure water machine (UPC-III-10T, Sichuan Youpu).




2.2. Synthesis of UiO-66 Modified Corncob


UiO-66 modified corncob was synthesized by a modified method [20]. Briefly, 20 g of dried corncob was added to 250 mL NaOH (10 wt%) ethanol and water (V:V = 1:2) solution and the suspension was stirred at room temperature for 1 h. Then, the mixed solution was heated to 90 °C, after which 100 mL of 50 wt% chloroacetic acid solution was added, then stirred at 80 °C for 1.5 h and cooled to room temperature. After filtering, the sample was first washed with 0.2 mol/L NaOH and 0.2 mol/L HCl and then washed with deionized water to neutrality, before being dried at 50 °C for 24 h to obtain a corncob with a negatively charged surface (Corn−). Next, 20 g of dried corncob was added to 175 mL of N-dimethylformamide (DMF) and stirred at room temperature for 2 h. Then, 25 mL of epichlorohydrin was added to the mixture and stirred at 85 °C for 1 h. Then, 10 mL of ethylenediamine and 50 mL of triethylamine (grafted with quaternary amino groups on the surface of the corncob) were added dropwise during the stirring and continued to be stirred at 85 °C for 4 h. After the reaction, corncob pellets were collected through filtration. The samples were washed sequentially with 0.2 mol/L NaOH and 0.2 mol/L HCl solutions and finally with deionized water. Samples were dried at 50 °C for 24 h to obtain a corncob with a positive charge on the surface (Corn+). Next, 1 g ZrCl4 was dissolved in 75 mL DMF and ultrasonically treated for 30 min, and 0.7 g terephthalic acid was dissolved in 25 mL DMF and this solution was added to the ZrCl4 solution. A measure of 1 g Corn+ or Corn− was added into the mixed solution. After being stirred for 30 min, the mixed solution was transferred to a 150 mL Teflon-lined stainless autoclave and reacted at 110 °C for 24 h. After, the solid products were collected and washed three times with DMF or methanol and dried at 50 °C for 24 h to obtain UiO-66@Corn+ or UiO-66@Corn−.




2.3. Characterization


The X-ray diffraction (XRD) spectrum of the sample was analyzed by an X-ray diffractometer (Bruker D8 ADVANCE) with the Cu Kα radiation and scanning range of 5°~85°. The microscopic morphologies of the samples were observed by a field emission scanning electron microscope (Thermo scientific Apreo 2C). The elemental chemical analysis was performed using the energy-dispersive X-ray analysis (EDS) system attached to the SEM instrument. The functional groups in the sample were analyzed by Fourier infrared spectroscopy (FTIR, Thermo Fisher Nicolet Is5-transmission/ATR mode). The element’s content and morphology of the sample surface were analyzed by X-ray photoelectron spectroscopy (XPS, Thermofei Escalab Xi + Al target (full spectrum + narrow scan)) with a test Passing-Energy of full spectrum of 100 eV, narrow scan of 30 eV, step length of 0.1 eV and residence time of 40–50 ms. The concentration of Cr(VI) in water was measured by an inductively coupled plasma spectrometer (ICP-5000, Concentrator Technology).




2.4. Adsorption Experiments


Adsorption kinetics study: Cr(VI) sorption dynamics were carried out by adding 0.1 g adsorbents to a 100 mL 40 mg/L Cr(VI) aqueous solution (pH = 6.5 ± 0.2) in a 250 mL conical flask. Unless otherwise specified, the pH of the Cr(VI) aqueous solution in all adsorption experiments was controlled at 6.5 ± 0.2. The mixed solution was shaken at 25 °C and 120 r/min. A series of contact time (5, 15, 30, 60, 120, 180, 300, 500, 900 and 1500 min) was set. After each contact time, 20 mL of the solution was filtered with a 0.45 μm syringe filter, and the content of Cr(VI) in the filtrate was analyzed by ICP.



Adsorption equilibrium experiment: The adsorption capacities of virgin corncob, Corn+, Corn−, UiO-66@Corn−, UiO-66@Corn+ and UiO-66 for Cr(VI) were evaluated by batch Cr(VI) adsorption experiments. A measure of 0.1 g adsorbent was added to the 100 mL solution with Cr(VI) concentration of 0~150 mg/L (pH = 6.5 ± 0.2). The mixed solution was shaken at 25 °C 120 r/min for 12 h. After filtration, the concentration of Cr(VI) in the filtrate was analyzed.



Effects of solution environment: The effect of solution pH on Cr(VI) adsorption by UiO-66@Corn+ was carried out by adding 0.1 g UiO-66@Corn+ in 100 mL 40 mg/L Cr(VI) solution with the pH varying from 3.0 to 12.0. The mixed solution was shaken at 25 °C 120 r/min for 12 h, then the solution was filtered and the content of Cr(VI) in the filtrate was measured. The effect of ionic strength on the adsorption of Cr(VI) by UiO-66@Corn+ was conducted by adding different concentrations of NaCl (0.01, 0.1, 0.3 and 0.5 mol/L) during the adsorption experiment. The effect of coexisting anions on the adsorption of Cr(VI) by UiO-66@Corn+ was operated by adding 0.05 mol/L NaNO3, Na2CO3, Na2SO4 or Na3PO4 to the 100 mL 40 mg/L Cr(VI) solution (pH = 6.5 ± 0.2).



Regeneration studies: To evaluate the reusability of UiO-66@Corn+, 0.1 g of used UiO-66@Corn+ was collected and eluted with different concentrations (0.01, 0.1, 0.5 mol/L) of NaOH solutions for 12 h. After washing with ultrapure water several times, the UiO-66@Corn+ was added to the 100 mL 40 mg/L Cr(VI) solution at pH 6.5. The mixed solution was shaken at 25 °C 120 r/min for 12 h, then the solution was filtered and the content of Cr(VI) in the filtrate was measured to determine the optimal NaOH concentration. The adsorption-desorption process was repeated five times with the optimal NaOH concentration.




2.5. Data Analysis


The Cr(VI) adsorption capacity and remove efficiency were calculated by the following Equations [21]:



Adsorption capacity:


   q e  =   (  C 0  −  C e  ) × V  m   



(1)







Remove efficiency:


   R e  =   (  C 0  −  C e  ) × 100    C 0       



(2)




where qe was the equilibrium adsorption capacity of Cr(VI) (mg/g), C0 was the initial concentration of Cr(VI) (mg/L), Ce was the concentration of Cr(VI) at equilibrium (mg/L), V was the volume of the solution (L), m was the amount of the adsorbent added (g) and Re was the remove efficiency of Cr(VI) (%).



Kinetic models (pseudo-first-order model (Equation (3)), pseudo-second-order (Equation (4)) and intra-particle diffusion model (Equation (5)) [22,23], were applied to describe different steps involved in the Cr(VI) adsorption process.


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



(3)






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



(4)






   q t  =  k  pi    t  1 / 2   + c  



(5)




where qe and qt are the Cr(VI) adsorption capacity (mg/g) at equilibrium moment and time t (min),    k 1    and    k 2    are the rate constant of the pseudo-first-order (1/min) and pseudo-second-order model (g/(mg min)).    k  p i     (mg/(g min0.5) is the rate constant of intraparticle diffusion, and c is associated with the thickness of the boundary layer at each adsorption stage.



Adsorption isotherms were conducted to study the adsorption behavior of Cr(VI) on synthesized adsorbents. The experimental equilibrium data were fitted by the Freundlich (Equation (6)), Langmuir (Equation (7)) and Langmuir-Freundlich models (Equation (8)).



The Freundlich model [24]:


   q e  =  K F   C e  1 / n    



(6)




where qe is the equilibrium adsorption capacity of Cr(VI) (mg/g), Ce is the Cr(VI) concentration in solution at equilibrium moment (mg/L),    K F    is the Freundlich constant related to the sorption affinity and 1/n is the Freundlich exponential coefficient.



The Langmuir model [25]:


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



(7)




where    q m    is the maximum adsorption capacity of Cr(VI) (mg/g) and    K L    is the Langmuir constant refer to the adsorption affinity (L/mg).



The Langmuir-Freundlich model [26]:


   q e  =    Q g  (  K  L F    C e   ) n    1 +    (   K  L F    C e   )   n     



(8)




where    Q g    is the Cr(VI) maximum adsorption capacity (mg/g),    K  L F     is the Langmuir-Freundlich constant related to the adsorption affinity and n is the relating to the heterogeneity of adsorbent surface.



The experimental data in this paper were processed and analyzed by Origin 9.0 and Jade 6.0.





3. Results and Discussion


3.1. Characterization of UiO-66 Modified Corncob


Figure 1 displays the general SEM images of the corncob and the UiO-66 modified corncob. The surface of the virgin corncob is relatively smooth with a small amount of pore structure (Figure 1a,b). The surface of the UiO-66@Corn− was loaded with a small amount of fragments and particles (Figure 1c), and the pore structure was more abundant than the virgin corncob (Figure 1d). Compared to the virgin corncob and the UiO-66@Corn−, the surface of UiO-66@Corn+ was more porous and loaded with more UiO-66 particles (Figure 1e,f). The UiO-66 showed irregular agglomeration, which was consistent with a previous study [27]. The SEM pictures indicated that after the Corn+ treatment, the corncob pore structure was more abundant and more UiO-66 could be loaded. The EDS element content analysis also showed that the Zr content in UiO-66@Corn+ (2.95%) was higher than in UiO-66@Corn− (1.53%) (Table S1 in Supplementary Materials), which was in accordance with the XPS element results: the Zr content in UiO-66@Corn+ was 2.02% and in the UiO-66@Corn− it was 1.31%.



XRD patterns of the virgin corncob, UiO-66, used UiO-66, Corn+, Corn−, UiO-66@Corn+ and UiO-66@Corn− are shown in Figure 2. The peaks at 7.4 and 8.5 are characteristic peaks of UiO-66, which verified that UiO-66 was successfully synthesized. They are also appeared on UiO-66@Corn+ which indicated that UiO-66 was loaded on Corn+. The characteristic peaks of UiO-66 did not appear on UiO-66@Corn−, presumably because the loading was too low. The peaks on UiO-66 and used UiO-66 was similar, indicating that the UiO-66 was very stable during the Cr(VI) adsorption process. The broad peak at about 2θ = 22.1° appeared on the virgin corncob, Corn+, Corn−, UiO-66@Corn+ and UiO-66@Corn− and was standing for the amorphous state of the corncob.




3.2. Adsorption Kinetics


Adsorption kinetics of Cr(VI) by UiO-66@Corn+ and UiO-66@Corn− were studied, and the results were shown in Figure 3. At the beginning, the adsorption loading and removal efficiency of Cr(VI) increased rapidly with time. After about 180 min, the adsorption loading and removal efficiency of Cr(VI) reached equilibrium. The equilibrium time of Cr(VI) on the two adsorbents was similar. The equilibrium time of isotherm adsorption was set at 12 h and was enough for Cr(VI) adsorption to reach equilibrium. The equilibrium adsorption capacity of Cr(VI) on UiO-66@Corn+ was about three times greater than that on UiO-66@Corn−. The process of adsorbate in the solution reaching the adsorption sites on adsorbent is usually divided into three stages [28,29]: (1) membrane diffusion or boundary layer diffusion, which refers to the diffusion of the adsorbate from the solution to the outer surface of the adsorbent; (2) intra-particle diffusion, also known as capillary diffusion, which refers to the adsorbate molecules enter the internal pores of the adsorbent from the boundary layer; (3) adsorbent molecules attaching to the active sites of the adsorbent through physical and chemical reactions. The pseudo-first-order kinetic model, pseudo-second-order kinetic model and intra-particle diffusion model were used to fit the kinetic data. The kinetic parameters are summarized in Table 1. The adsorption kinetic curves of Cr(VI) on the two adsorbents were well fitted with the pseudo-second-order kinetic model (R2 values ≥ 0.999), indicating that the Cr(VI) adsorption that occurred on UiO-66@Corn+ and UiO-66@Corn− were mainly chemical adsorption. Previous studies have shown that there were two adsorption mechanisms of Cr(VI) on the adsorbent: one was that Cr(VI) was reduced to Cr(Ⅲ) on the surface of the adsorbent, then Cr(Ⅲ) was adsorbed; the other was that Cr(VI) directly adsorbed on adsorbent [30]. Therefore, it is speculated that the process of UiO-66 modified corncob adsorption of Cr(VI) may contain the process of reducing Cr(VI) to Cr(Ⅲ). The relevant adsorption mechanism will be further discussed in a later section.




3.3. Cr(VI) Adsorption Equilibrium


To study the adsorption process and mechanism, the experimental data of adsorption isotherm were fitted by the Langmuir model (LM), Freundlich model (FM) and Langmuir–Freundlich model (LFM). The fitting parameters were calculated and presented in Table 2. The Langmuir model assumes that the adsorption process is monolayer adsorption, the surface of the adsorbent is uniform, and the adsorption sites are limited. The Freundlich model usually assumes that the adsorption process is multi-layer adsorption and that there is more than one interaction between the adsorbent and the adsorbate. Generally, smaller 1/n value in the Freundlich model means easier adsorption, when 1/n < 1, the adsorption is prone to occur. The larger the KL in the Langmuir model, the stronger the adsorption affinity. The maximum adsorption capacities of Cr(VI) on UiO-66, Corn+, UiO-66@Corn+ and UiO-66@Corn− were 109.88 mg/g, 60.232 mg/g, 90.038 mg/g and 22.383 mg/g, respectively (Table 2). It can be inferred from the value of 1/n that the adsorption processes of Cr(VI) on the four adsorbents were easy to occur. It is easier to adsorb on UiO-66@Corn−, and Cr(VI) has a higher adsorption affinity on UiO-66@Corn−. According to the correlation coefficient (R2), the Langmuir model and the Langmuir–Freundlich model could well fit the adsorption data. The results indicated that the process of Cr(VI) adsorption on UiO-66 and UiO-66 modified corncobs tend to be monolayer adsorption, the adsorption capacity of Cr(VI) is closely related to the number of adsorption sites and the specific surface area of the adsorbent.



The isotherm curves are shown in Figure 4. It was clear that the adsorption capacity of Cr(VI) on corn and Corn− were very low. The equilibrium adsorption capacity (qe) of Cr(VI) on UiO-66, Corn+, UiO-66@Corn+ and UiO-66@Corn− both increased with the Cr(VI) equilibrium concentration and then slowly reached equilibrium (Figure 4). While the removal efficiency (Re) of Cr(VI) on these adsorbents gradually decreased as the Cr(VI) equilibrium concentration increased. The adsorption isotherm curves of Cr(VI) on the four adsorbents belonged to the “L” shape, and the equilibrium adsorption capacity of Cr(VI) on the four adsorbents followed UiO-66 > UiO-66@Corn+ > Corn+ > UiO-66@Corn−. UiO-66 has the highest adsorption capacity for Cr(VI) (109.88 mg/g). The adsorption capacity of Cr(VI) by Corn+ was 60.232 mg/g, after loaded with UiO-66, it increased to 90.038 mg/g. Therefore, UiO-66 loading can significantly increase the adsorption capacity of Cr(VI) by Corn+.



Table 3 lists the maximum adsorption capacity (qm) of Cr(VI) on different adsorbents. Obviously, the qm of Cr(VI) on UiO-66@Corn+ synthesized in this study exceeds most adsorbents reported in the literature in recent years. Therefore, UiO-66@Corn+ is a cost-effective adsorbent, which has broad prospect in eliminating Cr(VI) from water.




3.4. Effects of Solution Chemistry


The adsorption behavior of Cr(VI) on UiO-66@Corn+ differed in solutions of different pH. The pH value of the solution can change the surface charges and the type of functional groups of the adsorbent through protonation and deprotonation, which in turn has an important impact on its adsorption behavior. In addition, the solution pH will also affect the ionic form of the heavy metals [31]. As shown in Figure 5a, with increasing solution pH, the adsorption capacity of Cr(VI) on UiO-66@Corn+ increased, reaching its maximum value at pH 5 and then decreased as the pH value increased. The adsorption capacity of Cr(VI) by UiO-66@Corn+ increased from 33.30 mg/g to 37.23 mg/g when the pH value was raised from 3 to 5 and then dropped gradually to 28.35 mg/g with the pH raising to 9, before further dropping sharply to 4.45 mg/g after the pH changed from 9 to 11. In the aqueous solution, the Cr(VI) generally existed in the form of Cr2O72− (2 < pH < 6), H2CrO4 (pH < 1), HCrO4− (2 < pH < 6), CrO42− (pH > 6.8) in different proportions, which depended on the pH value of the solution [43]. It is clear that when Cr(VI) exists in the form of CrO42−, double the number of active adsorption sites were required to remove Cr(VI) from the aqueous solution. The pHpzc of UiO-66@Corn+ is about 5.86 (Figure 5b), which means that at pH < 5.86, the surface of UiO-66@Corn+ is positively charged. There is electrostatic attraction between the UiO-66@Corn+ and Cr(VI). At pH > 5.86, the surface of UiO-66@Corn+ is negatively charged. There is electrostatic repulsion between UiO-66@Corn+ and Cr(VI). When the pH of the solution is 5–9, although the equilibrium adsorption capacity of Cr(VI) decreases, it still maintains at a relatively high level, suggesting that in addition to electrostatic attraction, there is also other adsorption force. At pH > 10, the equilibrium adsorption capacity of Cr(VI) dropped sharply. This is because the increased OH- concentration in the solution competes with Cr(VI) for adsorption sites while the electrostatic repulsion between UiO-66@Corn+ and Cr(VI) increases. In this study, the optimal pH range for Cr(VI) adsorption by UiO-66@Corn+ is 4–6.



The effects of ionic strength and coexisting anions such as NO3−, CO32−, SO42− and PO43− on the adsorption of Cr(VI) by UiO-66@Corn+ were studied. As the ionic strength of the solution increased, the equilibrium adsorption capacity of Cr(VI) first decreased to 0.1 mol/L and then increased (Figure 6a) with the minimal and maximum being 21.60 mg/g and 26.01 mg/g, respectively. Among the coexisting anions, except for Cl− and NO3−, the other three common anions significantly reduce the equilibrium adsorption capacity of Cr(VI). The influence of CO32−, SO42− and PO43− on the equilibrium adsorption capacity of Cr(VI) is mainly due to competition for surface adsorption sites. However, the influence of CO32− on Cr(VI) adsorption exceeds SO42− and PO43− (Figure 6b). This phenomenon may be the result of the released OH- from the hydrolysis of CO32− ions that causes the solution pH to increase and decreases Cr(VI) equilibrium adsorption capacity. In addition, Zr has a greater affinity for OH−, so CO32− and OH− can compete with Cr(VI) for adsorption sites [44]. CO32−, SO42− and PO43− in the water body can significantly reduce the equilibrium adsorption capacity of Cr(VI). Further research on the selective adsorption of Cr(VI) in complex water environments is needed.




3.5. Regeneration Studies


Reusability is an important factor for evaluating the performance of adsorbents. In this work, the desorption of Cr(VI) for Corn+ and UiO-66@Corn+ was evaluated with 0.01, 0.1 and 0.5 mol/L NaOH solutions. The adsorption capacity of Cr(VI)on Corn+ and UiO-66@Corn+ both decreased with NaOH concentration and increased from 0.01 mol/L to 0.5 mol/L (Figure 7a). Thus, the 0.01 mol/L NaOH solution was chosen as the eluant. The adsorption performance of Corn+ for Cr(VI) clearly decreased with an increase of adsorption cycles. After five cycles, Corn+ only retained 35.58% of its initial Cr(VI) adsorption capacity. The UiO-66@Corn+ could be utilized for up to five cycles without any loss of their Cr(VI) adsorption capacity (Figure 7b). These results revealed that the UiO-66@Corn+ had excellent regeneration and recycling efficiencies.




3.6. Adsorption Mechanism of Cr(VI)


As shown in Figure 5b, the point of zero charge (pHzpc) of UiO-66@Corn+ was 5.86. The adsorption capacity of UiO-66@Corn+ changes with the pH value of the solution and the zeta potential distribution of UiO-66@Corn+ changes with pH are highly consistent. As the surface electronegativity of UiO-66@Corn+ increases, the adsorption capacity of chromium on UiO-66@Corn+ decreases. The significantly decreasing adsorption capacity of Cr(VI) on UiO-66@Corn+ with the solution’s increasing pH indicated that electrostatic attraction played a leading role in the adsorption process of Cr(VI) and the surface charge of the adsorbent was critical to the adsorption capacity. It is speculated that electrostatic attraction plays an essential role for Cr(VI) adsorption on UiO-66@Corn+, which is consistent with the conclusions of previous studies [34,45].



The adsorption mechanism was further evaluated by FTIR analysis (Figure 8). The broad peak that appeared at 3340–3349 cm−1 was attributed to stretching vibrations of O-H. The band at 1650 cm−1 was assigned to stretching vibrations of C=O. The bands at 1050 cm−1, 1380 cm−1 and 1260 cm−1 were attributed to stretching vibration of C-O-C, bending vibration of O-H and stretching vibration of C-NH2, respectively. Both bands at 747 cm−1 and 664 cm−1 corresponded to the stretching vibration of Zr-O. Above analysis shows there are abundant hydroxyl, amino and other oxygen-containing functional groups on the surface of the UiO-66 modified corncob. Compared to UiO-66@Corn+ and UiO-66@Corn−, the band at 1380 cm−1 of used UiO-66@Corn+ and used UiO-66@Corn− became stronger, which was not found on Corn+. This might be caused by the abundant unsaturated coordination sites of Zr, which make the Zr6O4(OH)4 node protonated to [Zr6(OH)8]4 in an acidic environment and offers more –OH adsorption sites for Cr(VI) adsorption [46]. The band at 1260 cm−1 was weakened after adsorption, indicating that C-NH2 was consumed in the adsorption process. The fresh peak on used UiO-66@Corn+ and used Corn+ appearing at 803 cm−1 was the characteristics of Cr(III)-OH [47], which indicates that Cr(VI) was reduced to Cr(III) and the Cr(III) was adsorbed by the –OH on UiO-66@Corn+. It can be speculated from FTIR that the Cr(VI) was adsorbed on the surface of adsorbents through electrostatic attraction and then was reduced to Cr(III) by the electron donor on the surface of adsorbent [30]. The FTIR results indicated that the hydroxyl groups and amino on the surface of adsorbents played an important role during Cr(VI) adsorption. It was speculated that Cr(VI) was reduced by the electron donor on the surface of adsorbent such as the lone pair electrons on hydroxyl and amino on Corn+.



The XPS full spectrum analysis (Figure 9a) showed that UiO-66 modified corncob only had four elements: Zr, O, N and C before adsorption. After adsorption, a new peak at 575 eV appeared as Cr2p, confirming that Cr was successfully adsorbed on the UiO-66 modified corncob. The narrow scan of O showed that the content of –OH increased after Cr(VI) adsorption (Figure 9b), which was consistent with the FTIR result. This could be due to the Zr6O4(OH)4 node being protonated to [Zr6(OH)8]4 in the acidic environment [46]. The –OH could be protonated –OH2+ in the acidic solution, which could increase the electrostatic attraction and promote Cr(VI) adsorption [47]. During Cr(VI) adsorption, Zr content on corncob remained unchanged (Figure 9c), indicating that the UiO-66 was very stable and there was no exchange of Zr with Cr during adsorption. According to the XPS peak splitting spectrum (Figure 9d–f), the Cr2p spectrum was further decomposed into Cr(VI) (579.6 eV, 588.9 eV) and Cr(III) (577.5 eV, 586.6 eV) [45]. The Cr(VI) and Cr(Ⅲ) accounted for 38.4% and 61.6% on used UiO-66@Corn+, respectively. This shows that the adsorption of Cr(VI) on UiO-66@Corn+ existed in both physical adsorption and chemisorption. Additionally, it was also confirmed Cr(VI) is reduced to Cr(Ⅲ) by the electron donor on the surface of UiO-66@Corn+ during the adsorption process [48]. Only Cr(Ⅲ) exited on used UiO-66@Corn− (Figure 9e) and used Corn+ (Figure 9f), indicating that the adsorption of Cr(VI) by UiO-66@Corn− and used Corn+ was mainly chemisorption. The intensity of the Cr(VI) and Cr(Ⅲ) peaks on used UiO-66@Corn− was much less than on used UiO-66@Corn+, indicating that the loading content of Cr by UiO-66@Corn+ was much greater than UiO-66@Corn−.





4. Conclusions


In this study, two kinds of UiO-66 modified granular corncob composite adsorbents were prepared by a hydrothermal method, and their removal process of Cr(VI) in water was studied. Compared with UiO-66@Corn−, UiO-66@Corn+ was more porous and loaded by more UiO-66 particles. The adsorption isotherm experiment data fit well with the Langmuir isotherm model. The maximum adsorption capacities of Cr(VI) on UiO-66, Corn+, UiO-66@Corn+ and UiO-66@Corn− were 109.88 mg/g, 60.232 mg/g, 90.038 mg/g and 22.383 mg/g, respectively. UiO-66 loading can significantly increase the adsorption capacity of Cr(VI) by Corn+. The adsorption kinetics of Cr(VI) followed the pseudo-second-order kinetic model, proposing that the adsorption process tended to be chemical adsorption and the equilibrium time was 180 min. The optimal pH range for UiO-66@Corn+ to adsorb Cr(VI) was 4–6. Bivalent and trivalent anions that coexisted in the solution can significantly reduce the equilibrium adsorption capacity of Cr(VI). Electrostatic attraction was the main force for Cr(VI) adsorption, and most of Cr(VI) was reduced to Cr(Ⅲ) during the adsorption process, which could reduce the toxicity of chromium. Further research on the selective adsorption of Cr(VI) in complex water environments is needed. The hydroxyl groups and amino on the surface of adsorbents played an important role during Cr(VI) adsorption. UiO-66 modified corncob exhibited enhanced adsorption capacity, Cr(VI) specific adsorption and reusability, compared to virgin corncob and Corn+. These results additionally provided new insight into resource utilization of agricultural waste as well as adsorption by MOFs.
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Figure 1. SEM images of synthesized UiO-66 modified corncob: (a,b) corncob; (c,d) UiO-66@Corn−; (e,f) UiO-66@corn+. 
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Figure 2. XRD patterns of corncob and synthesized UiO-66 modified corncob. 
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Figure 3. Kinetic study of Cr(VI) adsorption on UiO-66 modified corncob. 
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Figure 4. Adsorption isotherms of Cr(VI) by UiO-66 and UiO-66 modified corncob. 
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Figure 5. Effects of pH values on the adsorption of Cr(VI) by UiO-66@Corn+ (a) and Zeta potentials of UiO-66@Corn+ (b). 
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Figure 6. Effects of the ionic strength (a) and the co-existing anions (b) on the adsorption of Cr(VI) by UiO-66@Corn+. 
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Figure 7. Regeneration studies of Corn+ and UiO-66@Corn+. (a) The influence of NaOH concentration on adsorbents regeneration; (b) Adsorption-desorption experiment of Cr(VI) on corn+ and UiO-66@Corn+. 
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Figure 8. FTIR patterns of the adsorbents before and after Cr(VI) adsorption. 
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Figure 9. XPS scan spectra of UiO-66 modified corncob before and after Cr(VI) adsorption: (a) full range, (b) O1s, (c) Zr3d, (d–f) Cr2p. 
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Table 1. Kinetic models parameters for the adsorption of Cr(VI) on UiO-66 modified corncob.
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Adsorbents

	
qe,exp (mg/g)

	
Pseudo-First-Order Model

	
Pseudo-Second-Order Model

	
Intra-Particle Diffusion Model




	
K1

(min−1)

	
qe,calculated (mg/g)

	
R2

	
K2

	
qe,calculated (mg/g)

	
R2

	
kpi

(mg/(g·min0.5)

	
c

	
R2




	
(g/(mg·min))






	
UiO-66@Corn+

	
30.621

	
0.003

	
8.802

	
0.813

	
0.002

	
31.056

	
1.000

	
0.540

	
15.473

	
0.550




	
UiO-66@Corn−

	
12.166

	
0.002

	
4.180

	
0.665

	
0.003

	
12.110

	
0.999

	
0.231

	
5.275

	
0.657











[image: Table] 





Table 2. Equilibrium parameters for the Cr(VI) adsorption on UiO-66 and UiO-66 modified corncobs.
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Adsorbents

	
Langmuir Model

	
Freundlich Model

	
Langmuir–Freundlich Model




	
KL

(L/mg)

	
qm

(mg/g)

	
R2

	
1/n

	
KF

(L/g)

	
R2

	
Qg

(mg/g)

	
KLF

(L/mg)

	
n

	
R2






	
Corn+

	
0.053

	
60.232

	
0.993

	
0.452

	
6.944

	
0.950

	
54.971

	
0.066

	
1.175

	
0.994




	
UiO-66

	
0.031

	
109.88

	
0.990

	
0.484

	
9.334

	
0.961

	
102.00

	
0.037

	
1.115

	
0.989




	
UiO-66@Corn+

	
0.032

	
90.038

	
0.993

	
0.565

	
5.810

	
0.975

	
84.940

	
0.037

	
1.059

	
0.992




	
UiO-66@Corn−

	
0.066

	
22.383

	
0.990

	
0.470

	
2.787

	
0.939

	
19.539

	
0.090

	
1.272

	
0.994











[image: Table] 





Table 3. Adsorption capacity of Cr(VI) on different adsorbents (mg/g).
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	Adsorbents
	qm
	Reference
	Adsorbents
	qm
	Reference





	Ce-UiO-66
	30.00
	[2]
	TiO2-Ag
	25.70
	[31]



	EDTA-chitosan/Cu-BTC
	46.51
	[32]
	CaAl-CO3 LDH
	20.24
	[33]



	UiO-66
	36.40
	[34]
	Rice husk
	25.2
	[35]



	UiO-66-(OH)2
	59.20
	[34]
	GO-NiFe LDH
	53.6
	[36]



	CoMgAl-LDH
	59.27
	[37]
	Wool keratin/PET composite
	75.86
	[38]



	MSS
	46.08
	[39]
	MOF-867
	53.4
	[40]



	MnO2-deposited diatomites
	48.2
	[41]
	UiO-66@Corn+
	90.04
	This study



	Modified montmorillonite
	43.84
	[42]
	UiO-66@Corn−
	22.38
	This study
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