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Abstract

:

Herein, a novel composite material containing UiO-66 and palygorskite (Pal) clay mineral was prepared using a facile one-pot synthesis process. The material was studied using a variety of techniques and applied as did not affect the structure of the metal-organic framework (MOF) part, but induced a small increase in specific surface area. The developed Pal/UiO-66 composite presented excellent adsorption efficiency against MO removal, as evidenced by detailed kinetic and isotherm experiments. An impressive maximum adsorption capacity at equilibrium was evidenced; 340 mg g−1 at pH = 5 and T = 25 °C. This corresponds to a 34.5 % increase compared with pure UiO-66, considering only the MOF content. Furthermore, the Pal/UiO-66 composite was proven stable and highly recyclable, losing less than 9% of the removal capacity after five consecutive cycles. The study highlights the synergistic effect of the coupling of MOF structures with low-cost and abundant clay minerals for the development of advanced absorbents.
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1. Introduction


Natural environments, and especially water bodies, receive high amounts of xenobiotics due to human activities [1]. Synthetic dyes represent a class of organic pollutants that end up in wastewater in high amounts, having detrimental effects on the natural environment [2]. They are commonly used in different production lines such as the paper, printing, textile, food, and pharmaceutical industries. The annual discharge of dyes and wastes containing high amounts of dyes into water streams worldwide by textile industries is estimated to be around 5000–8000 tons [3,4,5], and many of the dyes found in industrial wastes are harmful for living organisms [6]. Different technologies have been developed and applied for dye removal from effluents, including biological treatment, advanced oxidation, membrane separation, and adsorption [7,8,9]. However, some of these methods are insufficient, and they may require the use of specialized set-ups or the introduction of chemicals that end up in the environment [10,11]. Among the different processes suggested, adsorption is probably the most effective method for contaminated water treatment for the removal of a variety of pollutants, both organic and inorganic. This is mostly due to operational advantages, simplicity, high efficiency, and cost effectiveness [12,13,14,15].



In absorption processes, efficiency is solely defined by the absorbent. Therefore, given their vital role, many different types of adsorbents, such as natural media and bioproducts of another process [16,17], activated carbon [18], and synthetic porous materials [19], have been applied in wastewater treatment. Among the different types of absorbents, natural clay minerals have been identified as decisive media for dye adsorption due to their inherent properties such as nontoxicity, swelling, cation exchange, significant surface capacity, and their wide availability [20,21]. However, although untreated natural clays have high cation exchange capacity due to their negatively charged layers, they present significant limitations in anion adsorption [22,23]. Palygorskite is characterized by micro-fibrous morphology with a Si8O20Al2Mg2(OH)2(OH2)4·4H2O structural formula [24]. It possesses excellent physical and chemical properties, showing high potential for industrial, catalytic, and environmental cleaning-up applications [23,25,26,27]. Usually, chemical or thermal surface modification is a prerequisite to increase the adsorption ability against anionic chemical moieties [28,29]. This adds an extra step to the development of efficient absorbents.



Metal–organic frameworks (MOFs) are a new class of synthetic materials that possess highly crystalline and porous structures. MOFs have been effectively applied as solid absorbing media in the gas and the liquid phases, including dye removal [3,11,30,31]. They are made of metal clusters or metal ions that are connected together with organic linkers, forming a highly porous structure. Different MOF structures have been studied for the removal of organic dyes, such as UiO-66, MIL-family, ZIF-8, and their derivatives [3,11,32]. Due to the vast range of ligands and metal nodes, their properties can be fine-tuned toward a specific application, including dye adsorption [3,33]. Among the different MOF structures, UiO-66 and its derivatives have received great attention due to their great stability and exceptional tunability and functionality [34]. As a general rule, dye adsorption is mostly driven through electrostatic interactions, although other mechanisms may occur, i.e., via π–π interactions [3,11]. Yang showed the great efficiency of UiO-66 and modified versions with immobilized phosphate over a range of dyes including anionic dyes [35]. However, other studies showed low removal efficiency via adsorption of methyl orange (MO) using UiO-66 and its NH2– derivative [36]. This highlights the importance of the synthesis conditions used for the development of absorbents. Very recently, Far et al. developed composite absorbents made of monometallic Cr-MOF, bimetallic CoNi-MOF, and clay minerals [37]. A significant improvement in dye adsorption was observed compared with the removal efficiency of the clay.



Herein, palygorskite clay mineral (Pal) of micro-fibrous morphology was coupled with UiO-66 using a facile one-step open-vessel thermal process. The structure, composition, morphology, and the textural properties of the prepared materials were studied using X-ray diffraction (XRD), attenuated total reflectance (ATR), N2 physisorption, and thermogravimetric analysis (TGA). The results of adsorption experiments revealed that the adsorption efficiency against MO removal of the composite bearing 90 wt.% of UiO-66 was improved by ~21% compared with that of pure UiO-66. This was raised to a ca. 34% improved efficiency taking into account the UiO-66 content. The present study highlights the importance of developing MOF-based composites via coupling with low-cost and abundant materials for the development of advanced absorbents.




2. Materials and Methods


2.1. Materials


All chemicals were purchased from Sigma Aldrich (Germany) and were used as received. The palygorskite (Pal) sample was obtained from the Ventzia continental basin, Western Macedonia, Greece. Gravity sedimentation was used to obtain particles <2 μm. The clay fraction was collected by centrifugation [25,26]. Composites were obtained using only the clay fraction. Clay was used without any thermal pretreatment.



2.1.1. Synthesis of UiO-66


A synthesis protocol previously developed was used for the preparation of pure UiO-66 [31,38]. Typically, 1.25 g of ZrCl4 (Aldrich, 99.5%) was added to 50 mL N,N-dimethyl formamide (DMF, 99.9%), followed by the addition of 10 mL acetic acid and sonication for 20 min. A second solution was prepared by adding 1.23 g of terephthalic acid to 100 mL DMF followed by 20 min of sonication. The two solutions were mixed in a round-bottom flask. The solution was heated under stirring to 150 °C for 24 h in an oil bath. After naturally cooling to room temperature, the material was recovered and washed three times with ethanol and once with acetone using centrifugation. Activation was performed by exchanging the solvent with acetone over a period of four days. The solvent was changed every second day. Finally, the material was dried at 100 °C overnight and stored in a desiccator for further use. The yield of the synthesis was 1.095 g.




2.1.2. Synthesis of Palygorskite/UiO-66 Composite


A similar synthesis process with a slide modification was used for the development of the palygorskite/UiO-66 composite (Pal/UiO-66). First, 0.1 g of Pal was placed in 50 mL of DMF and sonicated for 30 min. Then, 0.83 g of ZrCl4 and 10 mL of acetic acid were added and further sonicated for 20 min. A second solution containing 0.81 g of terephthalic acid and 100 mL DMF was prepared. The two mixtures were placed in a round-bottom flask and then received the same heating treatment as described in the pure UiO-66 protocol. The material was collected, washed, and activated following the same steps as those for the pure UiO-66. The Pal amount used for the development of the composite corresponded to 10 wt.% of Pal with respect to the yield of the pure UiO-66 synthesis. The yield of the synthesis was 0.838 g.





2.2. Materials Characterization


X-ray diffraction (XRD) measurements were performed using a Bruker D8-Advance diffractometer (Karlsruhe, Germany) equipped with a Lynx-Eye detector operating at 40 kV and 40 mA, using Cu Kα radiation at 1.5418°. A Thermo Fisher Nicolet iS10 spectrometer (Waltham, MA, United States) was used to obtain the attenuated total reflectance (ATR) IR spectra in the 400–4000 cm−1 range. Nitrogen adsorption–desorption isotherms were performed at 77 K using a Micromeritics Asap 2420 porosimeter (York, PA, United States). The samples were first vacuum-treated at 150 °C for 5 h. Thermogravimetric analysis (TGA) was performed using a TA Instrument Q5000IR (New Castle, DE, Germany). TGA analysis was performed under air flow (25 mL min−1) up to 650 °C, with a dynamic ramping rate depending on the weight loss.




2.3. Adsorption Experiments


The material (0.4 g L−1) and 50 mL of MO aqueous solution of the desired concentration (40–300 mg L−1) were placed in an Erlenmeyer flask. The pH of the suspension was adjusted to 5, a typical pH value used to estimate the adsorption efficiency of adsorbents against MO removal. Milli-Q water was used for all experiments. Adsorption experiments were performed in a temperature-controlled incubator. The temperature was set to 25 °C and controlled throughout the adsorption process. The suspensions were under dark conditions throughout the whole experiment. Quantification of the adsorbed MO was performed by recording the UV–Vis spectra using a Varian Cary 100 Scan spectrophotometer. Aliquots of 1.5 mL were periodically taken, and the adsorbent was removed via filtration using a 0.45 μm PTFE Millipore disc. Quantification was based on a comparison to standards. The adsorption capacity was estimated according to following equation:


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



(1)




where qe (mg g−1) is the adsorbed amount at equilibrium; C0 and Ce (mg L−1) are the initial dye concentration and the dye concentration at equilibrium, respectively; V is the volume of the mixture (mL); and m is the mass of the material (mg). The removal efficiency was calculated based on the following equation:


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



(2)








2.4. Theoretical Simulations


The adsorption data at equilibrium were fitted with a Langmuir-type isotherm [39]:


   q e  =    q  max   ·  C e  ·  K L    1 +  K L  ·  C e     



(3)




where qe represents the equilibrium dye concentration onto the absorbents (mg g−1), Ce is the dye concentration in the solution at equilibrium (mg L−1), qmax is the adsorbents’ monolayer adsorption capacity (mg L−1), and KL is the Langmuir adsorption constant (L mg−1). The corresponding linear form of Equation (3) is:


     q e     C e    =  1   q  max   ·  K L    +    C e     q  max        



(4)







Based on Equation (4), the linear regression between        q e     C e      and    C e    was analyzed, and the variables    q  max     and    K L    were estimated.



The pseudo-first- and pseudo-second-order rate-laws were used to fit the kinetic data [34,37]:


      dq  t    dt   =  k 1  ·  (   q e  −  q t   )   



(5)






      dq  t    dt   =  k 2  ·    (   q e  −  q t   )   2   



(6)







The corresponding linear forms of Equations (5) and (6) are:


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



(7)






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



(8)




where    q t    is the amount of dye adsorbed onto adsorbents (mg g−1); t is time (min); and    k 1    (min−1) and    k 2    (g mg−1 min−1) are the first- and second-order adsorption rate coefficients of substance onto absorbents, respectively. Based on Equations (7) and (8), the linear regression between   ln  (   q e  −  q t   )    and    1   q t      and t was analyzed, and the variables    q e    and    K 1    and    K 2    were estimated, separately.



The comparison of the theoretical simulations with the experimental data was conducted using the Nash and Sutcliff efficiency index (E) [40]:


  E = 1 −     ∑   i = 1  n     (   Y i  −  S i   )   2      ∑   i = 1  n     (   Y i  −   Y ¯    )   2     



(9)




where n is the number of samples;    Y ¯    is the average of the measured values; and    S i    and    Y i    are the simulated values by the model and measured data, respectively.




2.5. Recycling Experiments


After the first use, Pal/UiO-66 was collected, redispersed in water, sonicated for 10 min, and thoroughly washed via centrifugation. This process was repeated three times followed by the same procedure once using ethanol. Finally, the solvent was exchanged with acetone over a period of four days and dried overnight at 100 °C. Pal/UiO-66 was reused for adsorption of a 50 mL solution with 60 mg L−1 MO. The amount absorbed was calculated via UV–Vis spectroscopy following the same protocol as above.





3. Results and Discussion


3.1. Materials Characterization


Quantification of the clay content in the composite was performed by means of thermogravimetric analysis (TGA). Figure 1 presents the TGA profiles of the pure UiO-66 and Pal as well as that of the Pal/UiO-66 composite. In the Pal sample, there was a smooth drop of the mass until 500 °C, consistent with previous reports [41,42,43]. The mass loss in the region 80–300 °C was ascribed to surface adsorbed water and to loosely bonded zeolitic water. The mass loss at T > 300 °C was attributed to a residual fraction of structural OH2. Dehydroxylation is expected at higher temperatures than those applied [41]. Concerning the UiO-66 and the Pal/UiO-66, they both presented similar profiles. A small weight loss was observed in the temperature range 50–400 °C. This was attributed to the removal of guest molecules. The drop of the mass was higher in the Pal/UiO-66 composite in this region probably due to the presence of the clay mineral. In the materials containing the MOF structure, the second mass loss beyond 400 °C was attributed to the oxidation of the framework. This occurred at the same temperature range for both materials. This observation suggests that the thermal stability of UiO-66 is not influenced by the presence of Pal. The final mass of the material at 580 °C was used to quantify the MOF loading. The extracted clay content was ~9 wt.% in the Pal/UiO-66 composite.



The structural information of the prepared materials was obtained by performing X-ray diffraction (XRD) analysis. The XRD patterns are given in Figure 2. UiO-66 displayed a diffraction pattern typical for this particular MOF [31,35]. The Pal/UiO-66 composite presented an identical diffraction pattern (Figure 2a). These data indicate that the preparation process adopted for the development of the composite did not affect the formation of UiO-66. No diffraction peaks related with Pal were detected in the composite. The inability to detect any diffraction peaks related with Pal probably occurred due to two reasons. First, the amount of Pal in the composite was low, as evidenced by the results of thermogravimetric analysis. Second, UiO-66 had an intense diffraction peak in the region where the main diffraction peak of Pal was expected (ca. 8.5°) [15,25]. Palygorskite has good acid resistant properties [44]; however, in order to verify its stability, Pal was treated under the synthesis conditions applied in the absence of the MOF precursors. The XRD patterns of the treated Pal were similar to those of the parent sample (Figure 2b). This observation suggests that Pal is stable under the conditions adopted for UiO-66 synthesis and that the inability to detect any diffraction peaks assigned to Pal in the composite sample probably originates from the low Pal content.



The materials were further studied using attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy (Figure 3). All characteristic vibrational modes of UiO-66 were detected [45,46,47]. The two intense peaks centered at 1392 and 1582 cm−1 were assigned to the asymmetric and symmetric stretch vibrations in the carboxylate group of the organic ligand. The sharp peak at ca. 1510 cm−1 was assigned to the vibration of the C−C in the benzene ring. The peaks in the region 667–745 cm−1 originated from the O–H and C–H vibrations modes of the organic linker. The vibration mode at 555 cm−1 was attributed to the Zr-(OC) asymmetric stretch. These observations agree with those in previous reports [45,46,47]. The Pal/UiO-66 presents a similar ATR spectrum to that of pure UiO-66. These results further suggest that the presence of Pal did not affect the synthesis of the MOF. The vibrational mode of the pure UiO-66 centered at 1582 cm−1 shifted to a higher wavenumber (1588 cm−1). This shift may suggest an interaction of the organic part of the MOF with the clay mineral through the carboxylate groups. In addition to the peaks related with UiO-66, the Pal/UiO-66 composite presented a broad peak in the range 970–1060 cm−1 that was not seen in the pure UiO-66 (indicated with the arrow in the inset in Figure 2). This was attributed to Pal and corresponded to the Si-O-Mg asymmetric stretching vibration [26,44,47]. Peaks in the region 1650 cm−1 were also detected in Pal/UiO-66 material, attributed to the OH bending vibration of adsorbed water on the clay structure [44]. Overall, the results of ATR verified the presence of both phases in the composite and suggested an interaction between them.



Because specific surface area plays a vital role in adsorption reactions, the Brunauer–Emmett–Teller (BET) surface area was determined for the prepared materials by N2 adsorption–desorption isotherms at 77 K. The data are given in Figure 4. The pure UiO-66 had a BET specific surface area (SSA) of 929.0 m2 g−1, in accordance with the literature [35]. Pal had a low SSA (174.3 m2 g−1) The introduction of palygorskite in the composite resulted in an increased BET SSA, 1086.5 m2 g−1. An increase in the SSA of MOF-based composites compared with the bear MOF structure has been previously seen [48,49]. Herein, this was most likely linked with the formation of porosity at the interface formed between the two parts in the composite, as shown by Petit and Bandosz [48]. An interface between the two parts probably formed due to the in situ strategy applied for the development of the Pal/UiO-66 composite, as also suggested by the findings of ATR spectroscopy. The increased surface area of the composite in comparison with that of the pure MOF structure is expected to affect the adsorption properties.




3.2. Dye Adsorption Evaluation


The effect of contact time on the adsorption over the pure UiO-66 and Pal materials as well as the Pal/UiO-66 composite was first evaluated. The data are given in Figure 5a. Pure Pal had low adsorption efficiency over MO. This was expected because under the conditions of the adsorption experiments, both Pal and MO were negatively charged [15,23,50], resulting in an electrostatic repulsion force generated between the adsorbent and MO. On the contrary, both pure UiO-66 and Pal/UiO-66 presented significant adsorption efficiency against MO removal (Figure 5a). Considering that the adsorption efficiency of Pal was very low compared with that of pure UiO-66, the Pal content in the composite was kept low during the synthesis process. Taking into account the adsorption kinetics using UiO-66 and Pal/UiO-66 in Figure 5a, specifically the fast adsorption process that was completed within 5 min and the high removal efficiencies, both UiO-66 and Pal/UiO-66 could effectively and quickly remove MO from water. We also highlight that the high sorption rates that led to the almost immediate achievement of equilibrium using the materials containing UiO-66 in this study (i.e., ~5 min) are not usual for this specific MOF family, which is used as adsorbents for similar substrates [35,39].



The adsorption kinetic curves for pure UiO-66 and Pal/UiO-66 composite as a function of time, fitted using a pseudo-first-order and pseudo-second-order kinetic model, are shown in Figure 5b,c, respectively. As evidenced, the pseudo-second-order kinetic model better described the adsorption data for both materials. The correlation coefficient R2 for the pseudo-second-order kinetic model (R2 > 0.999) was acceptable for both materials. In addition, the calculated adsorption at equilibrium (qe,cal) using the pseudo-second-order kinetic model matched the experimentally obtained values (qe,exp) for both materials. The correlation coefficient R2 for the pseudo-first-order model was not sufficient, and the model did not reproduce the experimental qe,exp.



The adsorption isotherms of MO over UiO-66 and Pal/UiO-66 are given in Figure 6a. The Pal/UiO-66 composite presented superior adsorption capacity compared with pure UiO-66. The removal efficiency of Pal/UiO-66 against MO was 94.7%, while pure UiO-66 removed only 86.7% at an initial MO concentration 90 mg L−1. A similar increase in the removal efficiency was also observed at higher initial MO concentrations, i.e., 67.8% and 57.8% for Pal/UiO-66 and pure UiO-66, respectively, using 180 mg L−1 initial MO concentration. An impressive maximum equilibrium adsorption capacity (qmax,exp) was obtained for the composite material (ca. 340 mg g−1), which is among the highest reported in the literature using UiO-66-based materials [35,39,51,52]. This was more important considering that the MOF structure accounted for only 90 wt.% of the composite material. The maximum equilibrium adsorption capacity was further increased to 378 mg g−1 considering only the mass of the UiO-66 in the composite. This corresponded to a 34.5% increase in qmax compared with that of pure UiO-66.



For further insights regarding the adsorption behavior, the Langmuir model was used to simulate the isotherm data (Figure 6b,c) [35,39]. As evidenced by the R2 values (0.9983 and 0.9991 for pure UiO-66 and composite material, respectively), the Langmuir model described the isotherm data well. In addition, the calculated maximum equilibrium adsorption capacity (qmax,cal = 285.7 and 344.8 mg g−1 for UiO-66 and composite material, respectively) matched the experimental values in both cases (qmax,exp = 281 and 340 mg g−1 for UiO-66 and Pal/UiO-66, respectively). The isotherms parameters are also given in Figure 6b,c.



Stability is a critical parameter and a prerequisite for practical applications. UiO-66 is highly stable adsorbent for dye adsorption from aqueous media including MO [35]. The stability of the prepared composite under working conditions was tested by contacting recycling experiments. As evidenced in Figure 7, Pal/UiO-66 retained more than 91% of its adsorption efficiency after five consecutive uses compared with the fresh material. These results indicate its high potential as a reusable adsorption material.





4. Conclusions


An easy open vessel thermal process was developed for the efficient in situ coupling of UiO-66 with palygorskite clay mineral, allowing the development of a composite. Both structures were unaltered in the composite. Palygorskite presented low adsorption capacity against MO. On the contrary, both UiO-66 and Pal/UiO-66 presented excellent adsorption capacity. Comparing the materials containing UiO-66, the composite presented 21% enhanced maximum equilibrium adsorption capacity compared with that of the pure UiO-66. This enhancement was further improved to 34.5% considering the actual content of the MOF structure. Pal/UiO-66 was also proven to be highly recyclable, losing less than 9% of tits adsorption capacity after five recycles. The present study highlights the importance of coupling MOF structures with low-cost clay minerals for the development of advanced adsorbents.
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Figure 1. Thermogravimetric analysis (TGA) profiles of the pure UiO-66 and the composite containing palygorskite (Pal). 
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Figure 2. X-ray diffraction (XRD) patterns of the prepared materials, UiO-66, and the Pal/UiO-66 composite (a) and the Pal sample before and after being treated under the synthesis conditions (b). 
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Figure 3. Attenuated total reflectance Fourier infrared spectroscopy (ATR-FTIR) spectra of Pal, UiO-66, and composite containing palygorskite (Pal). 
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Figure 4. N2 adsorption–desorption isotherms for pure UiO-66 and Pal/UiO-66 composite. 
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Figure 5. Time dependence of MO adsorption on the pure UiO-66 and Pal samples as well as the Pal/UiO-66 composite material (a). Plots of pseudo-first- (b) and pseudo-second-order rate-law (c) for MO adsorption on pure the UiO-66 and Pal/UiO-66 composite. Experimental conditions: 90 mg L−1 initial MO concentration, 0.4 g L−1 of the adsorbent, pH = 5, volume 50 mL, and T = 25 °C. 






Figure 5. Time dependence of MO adsorption on the pure UiO-66 and Pal samples as well as the Pal/UiO-66 composite material (a). Plots of pseudo-first- (b) and pseudo-second-order rate-law (c) for MO adsorption on pure the UiO-66 and Pal/UiO-66 composite. Experimental conditions: 90 mg L−1 initial MO concentration, 0.4 g L−1 of the adsorbent, pH = 5, volume 50 mL, and T = 25 °C.



[image: Applsci 12 07468 g005]







[image: Applsci 12 07468 g006 550] 





Figure 6. Adsorption isotherms using different MO initial concentration on the pure UiO-66 and composite material (a). Isotherms based on the Langmuir model for pure UiO-66 (b) and Pal/UiO-66 (c) and the corresponding isotherms parameters. Experimental conditions: initial MO concentration 40–300 mg L−1, 0.4 g L−1 of the adsorbent, pH = 5, volume 50 mL, and T = 25 °C. 
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Figure 7. Removal efficiency of Pal/UiO-66 over five consecutive cycles. Experimental conditions: 60 mg L−1 initial MO concentration, 0.4 g L−1 of the adsorbent, pH = 5, volume 50 mL, and T = 25 °C. 
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