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Abstract

:

A new nanocomposite consisting of activated carbon (AC) from the Cortaderia selloana flower and copper-based metal-organic framework (HKUST-1) was synthesized through a single-step solvothermal method and applied for the removal of lead ions from aqueous solution through adsorption. The nanocomposite, AC/HKUST-1, was characterized by Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier Transform Infrared (FTIR), and Energy-Dispersive X-ray Spectroscopy (EDX) methods. The SEM images of both HKUST-1 and AC/HKUST-1 contain octahedral crystals. Different factors affecting adsorption processes, such as solution pH, contact time, adsorbent dose, and initial metal pollution concentration, were studied. The adsorption isotherm was evaluated with Freundlich and Langmuir models, and the latter was fitted with the experimental data on adsorption of lead ion. The adsorption capacity was 249.4 mg g−1 for 15 min at pH 6.1, which is an excellent result rivalling previously reported lead adsorbents considering the conditions. These nanocomposites show considerable potential for use as a functional material in the ink formulation of lead sensors.
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1. Introduction


The different polluting agents released from human industrial and agricultural activities are placing the environment under immense strain. Amongst the various water pollution sources, heavy metals are considered the most dangerous contributors. Common water pollutant heavy metals such as copper, bismuth, lead, mercury, cadmium, and nickel have densities over 5 g cm−3. Due to their stability and biodegradability, they can cause severe environmental problems and endanger human health [1,2]. Lead is one of the most significant contributors to heavy metal contamination and is problematic in part because it is ubiquitous, reported to occur in water, air, vegetables, and soil [3]. As such, the maximum level of lead pollutant in drinking water permissible by the WHO and the Environmental Protection Agency (EPA) are 50 and 15 µg/L, respectively [4]. Lead is one of the most toxic elements and its devastating effects on human health are well documented; studies showed that lead can attack the brain and nervous system, cause intellectual disabilities (IDs) and behavioral disorders, and damage multiple organ systems including the kidneys and liver. The symptoms of lead poisoning include vertigo, insomnia, anemia, headaches, mortality, weakness, and hallucinations [4,5,6]. The situation is compounded further by lead being widely used across various industries such as printing, photographic materials, explosive production, ceramic and glass manufacturing, metal plating, and finishing [6,7]. Considering lead’s toxic nature and its abundance, it is imperative to accurately detect its presence and concentration to mitigate its adverse impacts. As such, the development and advancement of effective and accurate lead sensors is important and will have countless applications.



Looking at the various treatment systems available to remove heavy metals from aqueous solutions such as ion exchange, reverse osmosis, electrocoagulation, precipitation, membrane filtration, and electrochemical methods, adsorption remains superior due it is simplicity, effectiveness, low cost, and environmentally friendly contribution [8,9,10,11]. Several adsorbents such as zeolite [12], activated carbon (AC) [13], and silica gel [14] are used for the removal of heavy metals from an aqueous solution that are not as efficient as metal organic frameworks (MOFs) due to their low adsorption capacities and surface area [15]. Recently, researchers studied nanomaterials and found that they exhibit superior properties and show potential for increasing the adsorption of heavy metals in contrast to traditional adsorbents [16].



MOFs are some of the best materials used for adsorption. New MOFs have a high surface area, large pore volume, network design, large surface-to-volume ratio, and stable porosity [17,18]. MOFs are also applied widely in different fields, i.e., sensing [19], drug delivery, storage [20,21], catalysis [22,23], gas storage, separation [24], liquid and gas adsorption, and many more. MOFs are crystalline porous materials that consist of secondary building units, such as metal ions, and organic linkers connected into a three-dimensional network [17].



Plant biomass exists widely in nature and can be used as a readily available and low-cost adsorbent. These adsorbents have an unrivalled microstructure that is particularly favorable in applications such as catalysis and adsorption [25], and their chemical combination consists of cellulose and lignin with various polar functional groups such as carboxylic, ether, hydroxyl, carbonyl and phenolic groups [25,26,27]. Cortaderia selloana is a tussock and perennial grass native to South America; however, it is found in many countries and areas around the world. This plant can endure a vast variety of environmental conditions [28]. There are a few reports on the application of Cortaderia selloana flower spikes in the field of absorbance for removing heavy metals. To develop the MOF applications, a range of materials such as multi-walled carbon nanotubes (MWCNT), active carbon (AC), biomaterials, graphene oxide (GO), and nanofibrous membranes can be used as the supporting bed to grow improved MOF nanocrystals [29,30]. For instance, Mahmoodi et al. studied the AC/MIL-101 composite as a bio-based novel green adsorbent [31], Jia et al. synthesized low-cost absorption materials based on Cortaderia selloana flower spike biomass for dye removal [25], and Wang et al. successfully synthesized graphene/copper benzene-1,3,5-tricarboxylate metal organic framework (HKUST-1) in a direct one-step reaction [32]. There is a paucity in literature regarding the characterization and application of AC/copper-based metal-organic framework (HKUST-1) nanocomposites for heavy metal adsorption.



Improved sensing abilities of sensor devices are in part dictated by the ability of the functional material to uptake target molecules. Therefore, materials that exhibit notable adsorption properties can be exploited to improve the sensing abilities of sensors. As such, we aimed to produce and characterize a green nanocomposite from plant biomass as a potential functional material in the development of lead sensor technology. An AC/copper-based MOF was synthesized using the solvothermal method, then characterized, and employed as an adsorbent to remove lead ions (Pb (II)) from simulated solutions. The effects of variables such as the contact time, pH, and adsorbent dosage were investigated. Equilibrium adsorption isotherm and kinetic models were also studied to evaluate the experimental data.




2. Materials and Methods


2.1. Materials


Copper nitrate trihydrate, Cu(NO3)2·3H2O; lead nitrate, Pb(NO3)2; benzene-1,3,5-tricarboxylic acid, C6H3–1,3,5-(COOH)3, (H3BTC) 98%; and methanol, CH3OH 99.5% were all purchased from Merck and Sigma-Aldrich (Darmstadt, Germany).




2.2. Characterization Techniques


The powder X-ray diffraction analysis was carried out using a Phillips X-pert diffractometer (PXRD) (Almelo, The Netherlands) with monochromatic Cu-Kα radiation (λ = 1.54056Å). The morphology of surfaces was studied using a JEOL 630 -FSEM (Tokyo, Japan). The synthesized materials were controlled using a Nicolet 100 FTIR (Chicago, IL, USA) in the range of 4000–400 cm−1 by the KBr pellet method [33]. The inductively-coupled plasma optical emission spectrometry (ICP-OES) on a Varian Vista-PRO apparatus (Pau, France), equipped with a charge-coupled detector, was used to determine the concentration of heavy metal ions. Energy-Dispersive X-ray Spectroscopy (EDX) spectroscopy data were processed with a SAMx and P_X10p software (France). AC/HKUST-1 was analyzed by a UV–Vis spectrophotometer (Shimadzu UV-1700) (Kyoto, Japan). The sonication processes in this study were conducted using a Misonix Sonicator 2200 power output (maximum 300 W at 50/60 kHz) (New York, NY, USA).




2.3. Methods


2.3.1. Preparation of Active Carbon from Cortaderia selloana


Cortaderia selloana flowers were obtained from the garden of Iran University of Science and Technology’s campus and were sun-dried for five successive days to entirely dehydrate. The dried sample was then pulverized using a ball mill (Retsch MM 400) (Haan, Germany). The ground flowers (6 g) were soaked in 50 mL of 50% w/v phosphoric acid solution at 30 °C for 48 h. After filtration, the raw material was then carbonized in a muffle furnace at 300 °C for 2 h in an argon atmosphere. After cooling, the carbonized material was washed with 200 mL of hot distilled water, and then dried for 2 h at 120 °C. The dried activated carbon was weighed to determine the percentage yield [34]. The calculation and result are given in Equation (S1), Supplementary Materials.




2.3.2. Preparation of AC/HKUST-1


The nanocomposite AC/HKUST-1 was prepared by a one-step solvothermal method. In summary, 0.264 g (1.25 mmol) of H3BTC was dissolved in 7.5 mL of ethanol and was mixed with 0.545 g (2.25 mmol) of Cu(NO3)2·3H2O and then dissolved in 7.5 mL deionized (D.I.) water [32]. The mixture was ultrasonicated for 20 min to obtain a homogenous solution, then 4 mg of AC was added and shaken. The homogeneous solution was transferred to a Teflon-lined stainless-steel reactor and heated to 120 °C for 24 h. After cooling, the obtained precipitate was carefully collected by centrifugation, washed with D.I. water and ethanol several times, and dried at 80 °C for 10 h in a vacuum.




2.3.3. Lead Adsorption Experiments


To investigate the adsorption process and the removal of Pb (II) ions from aqueous solution by AC/HKUST-1, adsorption experiments were carried out by adding 10 mg of the adsorbent to 50 mL lead ion solution obtained from Pb(NO3)2. The solution containing controlled pH was centrifuged at high speed for 10 min. The amount of lead adsorbed by AC/HKUST-1 and the Pb (II) removal efficiency were calculated using Equations (1) and (2), respectively.


   q t  =    (   C 0  −  C t   )  V  M   



(1)






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



(2)




where qt (mg g−1) is the amount of absorbate per amount of absorbent at time t, R is efficiency, and Ce (mg L−1) and C0 (mg L−1) are the equilibrium and initial concentrations of Pb (II) ions, respectively. The solution volume is shown by V (L), and M (g) demonstrates the mass of the absorbent.






3. Results and Discussion


3.1. Characterization of Adsorbent and Its Components


Adsorption performance of AC/HKUST-1 in an aqueous solution of Pb (II) was studied by considering some parameters including contact time with lead ions in solution, effect of pH, initial concentration of the solution, and adsorbent dose determined at room temperature. We found that AC/HKUST-1 demonstrates admissible adsorption capacity for lead ions compared to the recently reported adsorbents. HKUST-1, as one of the oldest reported MOFs, was prepared with a simple synthetic process [35] and characterized by methods described in this section.



The SEM images show the surface structural characteristics of the AC (Figure 1a), HKUST-1 (Figure 1b), and AC/HKUST-1 (Figure 1c), and how visual changes can be observed at the SEM-level in the composition; the pseudo-octahedral crystals of HKUST-1 are shown in Figure 1b, which are also observed through the AC particles in Figure 1c. The pore structure of AC is detailed in Supplementary Materials Table S1.



The XRD pattern of HKUST-1 compared with the simulated pattern is illustrated in Supplementary Materials Figure S1, and the patterns of nanocomposite and its components are illustrated in Figure 2. The two figures confirm the presence of HKUST-1 and AC in the composite.




3.2. Factors Affecting Adsorption Processes


3.2.1. Effect of pH on Pb (II) Adsorption


One of the most critical factors that can improve the capacity of lead adsorption is the solution pH. The effect of pH on the adsorption of Pb (II) on AC/HKUST-1 is shown in Figure 3. First, 50 mL of 50 ppm lead solution and 10 mg adsorbent were mixed to check the adsorption efficiency of AC/HKUST-1. We found that when the pH is lower than three, the removal efficiency is very low. Hydronium ion (H3O+) and metal ions are located in the surface adsorption sites. However, at pH ≥ 7, precipitation occurred, and through further increases in pH and reduction of H3O+, an electrostatic interaction occurred between Pb (II) ions and the functional sites of AC/HKUST-1. Therefore, at pH 6.1, we identified the highest rate of lead ions adsorption by AC/HKUST-1.




3.2.2. Effect of Contact Time (Adsorption Kinetics)


Adsorption kinetics studies reveal key information about the mechanisms behind an adsorption system. Hence, the removal of lead ions by nanocomposite AC/HKUST-1 was checked as a function of contact time. The adsorbent (10 mg) was added to a 50 mL lead ion solution at pH = 6 and C0 = 50 ppm, then placed in an ultrasonic bath at 25 °C for a certain time. As shown in Figure 4, the adsorbent adsorbed lead ions in the first 15 min, after which an equilibrium was reached. This may potentially be due to an abundance of available adsorption sites and lead ions occupying most of the active sites [18].



To obtain more comprehensive data on the adsorption kinetics to further interpret the adsorption process, kinetic methods including pseudo-first order and pseudo-second-order models were investigated by the adsorption data of Pb (II) by Equations (3) and (4).
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(3)
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where qe and qt are the amounts of lead adsorbed (mg g−1) at equilibrium and at time t (min), respectively; k1 (min−1) and k2 (g mg min−1) are the constants for pseudo-first-order and pseudo-second-order reactions, respectively. The results of the kinetic models are shown in Table 1.



As shown in Figure 5, the value of correlation coefficient, R2, for the pseudo-second-order model and pseudo-first-order are 0.998 and 0.994, respectively. Therefore, the calculated value of pseudo-second-order equilibrium adsorption is higher than that of the pseudo-first-order model for lead ions. In addition, the R2 for the pseudo-second-order kinetic model demonstrates that the adsorption method is initiated by chemical reactions between the water pollutant Pb (II) ions and the active adsorbent sites [33].




3.2.3. Effect of Lead Concentration


To evaluate the performance of the adsorbent, different concentrations (5, 10, 15, 20, 25, 50, 75, 100, and 125 ppm) of aqueous Pb (II) were prepared and the adsorption percentage was measured. Ten mg of adsorbent was added to every solution and kept in an ultrasonic bath for 30 min at room temperature to obtain a homogenous solution. Observable in Figure 6, the results showed that with increasing concentration of Pb (II) from 5 to 50 ppm, the adsorption decreased very slightly from ~95% to ~90%, whereas a more significant decrease in adsorption was observed in the range of 50–70 ppm. Therefore, we concluded that the adsorbent is more efficient for aqueous lead solutions at concentrations of 5–50 ppm.




3.2.4. Effect of Adsorbent Dose


The efficacy of AC/HKUST-1 dose on adsorption was investigated at pH 6 and room temperature; the results are shown in Figure 7. We showed that with increasing quantity of adsorbent, the Pb (II) removal efficiency increased. This behavior could be attributed to the availability of sufficient active sites during the Pb (II) adsorption process that remained unsaturated. At an adsorbent dosage of 7.4 mg, an adsorption of 97% was achieved.




3.2.5. Comparison between Nanocomposite and Its Components


To measure the capacity of Pb (II) adsorption by HKUST-1 and AC, 10 mg of AC and HKUST-1 were added separately to 50 mL aqueous solution at pH = 6 and C0 = 50 ppm, then placed in an ultrasonic bath at 25 °C for 30 min. The adsorption capacities of the AC/HKUST-1, HKUST-1, and AC are shown in Table 2.



The results highlighted that the adsorption capacity of the nanocomposite (AC/HKUST-1) is significantly higher than that of its components, HKUST-1 and AC.



Scheme 1 illustrates the polyhedron structure and dimensions [36] of HKUST-1 and the Pb (II) fitting into the HKUST-1 pores.





3.3. Adsorption Isotherm


At several initial concentrations of AC/HKUST-1, the amount of lead adsorption was measured, and the results are shown in Figure 8. Adsorption isotherms can demonstrate the action and reaction between adsorbent and adsorbate, and are considerable on different adsorbents [37]. It was measured using two-parameter isotherm models Freundlich and Langmuir and the experimental data were analyzed using these models. Both were evaluated for adsorption isotherm following Equations (5) and (6).


   q e  =  k F   C e   1 n     



(5)




where Ce (mg L−1) is the equilibrium concentration of Pb (II) in aqueous solution, and n and kF (L mg−1) are Freundlich constant and adsorption capacity, respectively.


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



(6)




where qe (mg g−1) is the amount of Pb (II) adsorbed at equilibrium, qm (mg g−1) is the maximum amount of adsorption capacity, Ce (mg L−1) is the equilibrium concentration of Pb (II) in water solution, and KL is an equilibrium constant of Langmuir model. The results of two isotherm models are shown in Table 3.



The R2 for the Langmuir and Freundlich models are 0.99 and 0.79, respectively, as illustrated in Figure 8.



Therefore, since the calculated R2 for the Langmuir adsorption isotherm is higher than that for the Freundlich lead ions, the adsorption likely corresponds to the Langmuir model.



Figure 9 illustrates the effect of adsorbent amount on the adsorption capacity of AC/HKUST-1. Accordingly, the highest adsorption capacity of Pb (II) is 249.4 mg g−1.




3.4. A Comparative Adsorption Study with Various Ions


The efficiency of the adsorbent, AC/HKUST-1, was investigated for various metal ions. In comparison, several metal ions comprising Pb2+, Hg2+, Cr3+, Al3+, and Cd2+ in the solution were prepared, and their results illustrated in Figure 10 confirm the largest absorption of Pb (II).




3.5. Reusability Potential


One of the characteristics of the adsorbent is its reusability in the sorption procedure. To determine this function of the adsorbent, AC/HKUST-1, the lead metal ions were applied in three steps of the adsorption and desorption cycle. Desorption was performed by adding 2 mL of deionized water to 10 mg of adsorbent, and the resulting solution was placed into an ultrasonic bath and dispersed for 20 min. The released Pb (II) ions were then measured using Inductively Coupled Plasma (ICP) Spectroscopy. The results are shown in Figure 11 and after three cycles, the adsorption of AC/HKUST-1 is less than the first cycle.




3.6. Adsorption Mechanism


To study the performance and adsorption mechanism of AC/HKUST-1, FTIR spectroscopy was applied; the results are shown in Figure S2. All absorption bands of active carbon and HKUST-1 exist, which showed that the coordination position of HKUST-1 and active carbon is protected in the composite [38].



In addition, energy-dispersive X-ray spectroscopy (EDX) analysis was conducted to investigate the flow of Pb (II) adsorption, shown in Figure S3a–c, in which the elemental analysis of the nanocomposite after adsorption, nanocomposite before adsorption, and AC are compared. The presence of lead ion in the adsorbent structure is observed after adsorption.



To complete the investigation, the AC/HKUST-1 nanocomposite was synthesized, characterized, and applied to remove harmful Pb (II) ions from an aqueous solution. Any associated factors that could affect this process were investigated.



The nanocomposite exhibited a maximum adsorption capacity of 249.4 mg g−1 at optimum conditions of pH 6.1, which is an excellent result rivalling those of TMU-5 (Zn(oba)(4-bpdh)0.5]n·(DMF)y) [39] (Table 4). Whereas TMU-5 showed a slightly higher adsorption capacity of 251 mg g−1, the optimum conditions necessary to achieve this consisted of a pH 10, with reports that decreasing pH resulted in a decrease in the adsorption capacity of the adsorbent. Additionally, the materials used in TMU-5 are not commercially available. However, our nanocomposite works at a much lower pH of 6.1, near neutral, and the MOFs used are commercially available. These results make nanocomposite an attractive material to use, especially as a functional material in lead sensors.





4. Conclusions


In this research, we identified a method for successfully producing the nanocomposite AC/HKUST-1 to adsorb lead ions from an aqueous solution. The novelty of this work lies in the straightforward and eco-friendly preparation of the nanocomposite AC/HKUST-1 based on commercially available materials such as HKUST-1 and active carbon from Cortaderia selloana flowers. Evaluation of diverse parameters, such as dosage, pH, initial concentration of lead ions, and time of lead adsorption, confirmed a number of attractive properties of AC/HKUST-1, namely its adsorption capacity; the nanocomposite was able to adsorb 97% of lead ions from an aqueous solution with the maximum adsorption capacity of Pb (II) onto AC/HKUST-1 being 249.4 mg g−1. Additionally, tests conducted with the adsorption of other toxic metal ions confirmed that the nanocomposite produced is relatively selective for lead ions. Combining this with its proven reusability, AC/HKUST-1 has the potential to serve as a valuable functional material in lead sensors.



Future work will focus on harnessing the properties and adsorption capacity of this material and integrating it into sensor systems through ink formulations as a functional material. Successful integration will mean that the resulting sensor has the potential to exhibit enhanced sensitivity, attributed to AC/HKUST-1’s adsorption capacity of lead ions. Producing this through screen-printing will enable the up-scaling for potential commercial applications and so the resulting sensor systems can be produced at low cost and high volume, serving as an important development in lead sensor technology.



The application of sensitive lead sensors manufactured in volume at low cost has great commercial interest due to an array of potential applications such as industrial processing, biotechnology and medical diagnostics, particularly in the development of point of care (POC) devices.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-4991/10/9/1647/s1, Figure S1: XRD of as-synthesized and simulated HKUST-1; Figure S2: FTIR spectrum of HKUST-1 and AC/HKUST-1; Figure S3: EDX spectra of AC, AC/HKUST-1, AC/HKUST-1 before and after adsorption; Table S1: Brunauer–Emmett–Teller (BET) Analysis, and total pore volume of AC.





Author Contributions


Conceptualization, F.M. and Z.T.; Formal analysis, F.M.; Funding acquisition, F.M. and Z.T.; Investigation, P.S.A.; Methodology, F.M.; Resources, F.M.; Supervision, F.M.; Validation, P.S.A.; Visualization, P.S.A. and Z.T.; Writing—original draft, P.S.A.; Writing—review & editing, F.M. and Z.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was jointly funded by the Welsh Government and European Commission under European Regional Development Funds (ERDF) through Sêr Cymru II Fellowship (grant number: 80761-su-100) at Swansea University and by Iran University of Science and Technology. The APC was funded by the Welsh Government and European Commission under ERDF (Grant number: 80761-su-100).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the result.




References


	



Rouhani, F.; Morsali, A. Fast and Selective Heavy Metal Removal by a Novel Metal-Organic Framework Designed with In-Situ Ligand Building Block Fabrication Bearing Free Nitrogen. Chem. A Eur. J. 2018, 24, 5529–5537. [Google Scholar] [CrossRef]

	



Zhu, H.; Yuan, J.; Tan, X.; Zhang, W.; Fang, M.; Wang, X. Efficient removal of Pb2+ by Tb-MOFs: Identifying the adsorption mechanism through experimental and theoretical investigations. Environ. Sci. Nano 2019, 6, 261–272. [Google Scholar] [CrossRef]

	



Bensacia, N.; Fechete, I.; Moulay, S.; Hulea, O.; Boos, A.; Garin, F. Kinetic and equilibrium studies of lead (II) adsorption from aqueous media by KIT-6 mesoporous silica functionalized with–COOH. C. R. Chim. 2014, 17, 869–880. [Google Scholar] [CrossRef]

	



Alghamdi, A.A.; Al-Odayni, A.B.; Saeed, W.S.; Al-Kahtani, A.; Alharthi, F.A.; Aouak, T. Efficient adsorption of lead (II) from aqueous phase solutions using polypyrrole-based activated carbon. Materials 2019, 12, 2020. [Google Scholar] [CrossRef] [PubMed]

	



Largitte, L.; Laminie, J. Modelling the lead concentration decay in the adsorption of lead onto a granular activated carbon. J. Environ. Chem. Eng. 2015, 3, 474–481. [Google Scholar] [CrossRef]

	



Chen, W.; Yan, C. Comparison of EDTA and SDS as potential surface impregnation agents for lead adsorption by activated carbon. Appl. Surf. Sci. 2014, 309, 38–45. [Google Scholar] [CrossRef]

	



Nagajyoti, P.C.; Lee, K.D.; Sreekanth, T.V.M. Heavy metals, occurrence and toxicity for plants: A review. Environ. Chem. Lett. 2010, 8, 199–216. [Google Scholar] [CrossRef]

	



Shi, X.; Zhang, S.; Chen, X.; Mijowska, E. Evaluation fo Nanoporous Carbon Synthesised from Direct Carbonization of a Metal-Organic Complex as a Highly Effective Dye Asorbent and Supercapacitor. Nanomaterials 2019, 9, 601. [Google Scholar] [CrossRef]

	



Gorzin, F.; Abadi, M.B.R. Adsorption of Cr(VI) from aqueous solution by adsorbent prepared from paper mill sludge: Kinetics and thermodynamics studies. Adsorpt. Sci. Technol. 2017, 36, 149–169. [Google Scholar] [CrossRef]

	



Osasona, I.; Aiyedatiwa, K.; Johnson, J.; Faboya, L. 45 Activated Carbon from Spent Brewery Barley Husks for Cadmium Ion Adsorption from Aqueous Solution. Indones. J. Chem. 2018, 18, 145–152. [Google Scholar] [CrossRef]

	



Yang, Z.; Zhang, Y. Mn-doped zirconium metal-organic framework as an effective adsorbent for removal of tetracycline and Cr(VI) from aqueous solution. Microporous Mesoporous Mater. 2019, 277, 277–285. [Google Scholar] [CrossRef]

	



Kussainova, M.Z.; Chernyakova, R.M.; Jussipbekov, U.Z.; Temel, H. Sorption removal of Pb2+, Cd2+, Cu2+ from diluted acid solution by chitosan modified zeolite. J. Chem. Technol. Met. 2018, 53, 94–100. [Google Scholar]

	



Gupta, V.K.; Gupta, B.; Rastogi, A.; Agarwal, S.; Nayak, A. A comparative investigation on adsorption performances of mesoporous activated carbon prepared from waste rubber tire and activated carbon for a hazardous azo dye-Acid Blue 113. J. Hazard. Mater. 2011, 186, 891–901. [Google Scholar] [CrossRef] [PubMed]

	



Tzvetkova, P.; Nickolov, R. Modified and unmodified silica gel used for heavy metal ions removal from aqueous solutions. J. Univ. Chem. Tech. Met. 2012, 47, 498–504. [Google Scholar]

	



Yusuff, A.S.; Popoola, L.T.; Babatunde, E.O. Adsorption of cadmium ion from aqueous solutions by copper-based metal organic framework: Equilibrium modeling and kinetic studies. Appl. Water Sci. 2019, 9, 1–11. [Google Scholar] [CrossRef]

	



Chowdhury, T.; Zhang, L.; Zhang, J.; Aggarwal, S. Removal of arsenic(III) from aqueous solution using metal organic framework-graphene oxide nanocomposite. Nanomaterials 2018, 8, 1062. [Google Scholar] [CrossRef]

	



Kobielska, P.A.; Howarth, A.J.; Farha, O.K.; Nayak, S. Metal–organic frameworks for heavy metal removal from water. Coord. Chem. Rev. 2018, 358, 92–107. [Google Scholar] [CrossRef]

	



Bakhtiari, N.; Azizian, S. Adsorption of copper ion from aqueous solution by nanoporous MOF-5: A kinetic and equilibrium study. J. Mol. Liq. 2015, 206, 114–118. [Google Scholar] [CrossRef]

	



Chen, B.; Wang, L.; Zapata, F.; Qian, G.; Lobkovsky, E.B. A luminescent microporous metal-organic framework for the recognition and sensing of anions. J. Am. Chem. Soc. 2008, 130, 6718–6719. [Google Scholar] [CrossRef]

	



Wu, M.X.; Yang, Y.W. Metal–Organic Framework (MOF)-Based Drug/Cargo Delivery and Cancer Therapy. Adv. Mater. 2017, 29, 1606134. [Google Scholar] [CrossRef]

	



Liu, Y.; He, Y.; Vargun, E.; Plachy, T.; Saha, P.; Cheng, Q. 3D Porous Ti3C2 MXene/NiCo-MOF Composites for Enhanced Lithium Storage. Nanomaterials 2020, 10, 695. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Farha, O.; Roberts, J.; Scheidt, K.A.; Nguyen, T.S.; Hupp, J.T. Metal–organic framework materials as catalysts. Chem. Soc. Rev. 2009, 38, 1450–1459. [Google Scholar] [CrossRef] [PubMed]

	



Xia, Y.; Shang, S.; Zeng, X.; Zhou, J.; Li, Y. A Novel Bi2MoO6/ZIF-8 Composite for Enhanced Visible Light Photocatalytic Activity. Nanomaterials 2019, 9, 545. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, A.; Forster, M.; Clowes, R.; Bradshaw, D.; Myers, P.; Zhang, H. Silica SOS@HKUST-1 composite microspheres as easily packed stationary phases for fast separation. J. Mater. Chem. 2013, 1, 3276–3286. [Google Scholar] [CrossRef]

	



Jia, Z.; Li, Z.; Ni, T.; Li, S. Adsorption of low-cost absorption materials based on biomass (Cortaderia selloana flower spikes) for dye removal: Kinetics, isotherms and thermodynamic studies. J. Mol. Liq. 2017, 229, 285–292. [Google Scholar] [CrossRef]

	



Angelova, R.; Baldikova, E.; Pospiskova, K.; Maderova, Z.; Safarikova, M.; Safarik, I. Magnetically modified Sargassum horneri biomass as an adsorbent for organic dye removal. J. Clean. Prod 2016, 137, 189–194. [Google Scholar] [CrossRef]

	



Tahir, N.; Bhatti, H.N.; Iqbal, M.; Noreen, S. Biopolymers composites with peanut hull waste biomass and application for Crystal Violet adsorption. Int. J. Biol. Macromol. 2017, 94, 210–220. [Google Scholar] [CrossRef]

	



Domènech, R.; Vilà, M. Cortaderia selloana invasion across a Mediterranean coastal strip. Acta Oecol. 2007, 32, 255–261. [Google Scholar] [CrossRef]

	



Sarker, M.; Song, J.Y.; Jhung, S.H. Adsorptive removal of anti-inflammatory drugs from water using graphene oxide/metal-organic framework composites. Chem. Eng. J. 2018, 335, 74–81. [Google Scholar] [CrossRef]

	



Tanhaei, M.; Mahjoub, A.R.; Safarifard, V. Sonochemical synthesis of amide-functionalized metal-organic framework/graphene oxide nanocomposite for the adsorption of methylene blue from aqueous solution. Ultrason. Sonochem. 2018, 41, 189–195. [Google Scholar] [CrossRef]

	



Mahmoodi, N.M.; Taghizadeh, M.; Taghizadeh, A. Activated carbon/metal-organic framework composite as a bio-based novel green adsorbent: Preparation and mathematical pollutant removal modeling. J. Mol. Liq. 2019, 277, 310–322. [Google Scholar] [CrossRef]

	



Wang, Q.; Yang, Y.; Gao, F.; Ni, J.; Zhang, Y.; Lin, Z. Graphene Oxide Directed One-Step Synthesis of Flowerlike Graphene@HKUST-1 for Enzyme-Free Detection of Hydrogen Peroxide in Biological Samples. ACS Appl. Mater. Interfaces 2016, 8, 32477–32487. [Google Scholar] [CrossRef] [PubMed]

	



Seyfi Hasankola, Z.; Rahimi, R.; Shayegan, H.; Moradi, E.; Safarifard, V. Removal of Hg2+ heavy metal ion using a highly stable mesoporous porphyrinic zirconium metal-organic framework. Inorg. Chim. Acta 2020, 501, 119264. [Google Scholar] [CrossRef]

	



Abdulrazak, S.; Hussaini, K.; Sani, H.M. Evaluation of removal efficiency of heavy metals by low-cost activated carbon prepared from African palm fruit. Appl. Water Sci. 2017, 7, 3151–3155. [Google Scholar] [CrossRef]

	



Petit, C.; Burress, J.; Bandosz, T.J. The synthesis and characterization of copper-based metal organic framework/graphite oxide composites. Carbon N. Y. 2011, 49, 563–572. [Google Scholar] [CrossRef]

	



Schlichte, K.; Kratzke, T.; Kaskel, S. Improved synthesis, thermal stability and catalytic properties of the metal-organic framework compound Cu3(BTC)2. Microporous Mesoporous Mater. 2004, 73, 81–88. [Google Scholar] [CrossRef]

	



Igberase, E.; Osifo, P.; Ofomaja, A. The adsorption of copper (II) ions by polyaniline graft chitosan beads from aqueous solution: Equilibrium, kinetic and desorption studies. J. Environ. Chem. Eng. 2014, 2, 362–369. [Google Scholar] [CrossRef]

	



Xu, J.; Chen, L.; Qu, H.; Jiao, Y.; Xie, J.; Xing, G. Preparation and characterization of activated carbon from reedy grass leaves by chemical activation with H3PO4. Appl. Surf. Sci. 2014, 320, 674–680. [Google Scholar] [CrossRef]

	



Tahmasebi, E.; Masoomi, M.Y.; Yamini, Y.; Morsali, A. Application of Mechanosynthesized Azine-Decorated Zinc(II) Metal–Organic Frameworks for Highly Efficient Removal and Extraction of Some Heavy-Metal Ions from Aqueous Samples: A Comparative Study. Inorg. Chem. 2014, 54, 425–433. [Google Scholar]

	



Yang, Q.X.; Zhao, Q.Q.; Ren, S.S.; Lu, Q.Q.; Guo, X.M.; Chen, Z.J. Fabrication of core-shell Fe3O4@MIL-100(Fe) magnetic microspheres for the removal of Cr(VI) in aqueous solution. J. Solid State Chem. 2016, 244, 25–30. [Google Scholar] [CrossRef]

	



Abbasi, A.; Moradpour, T.; Van Hecke, K. A new 3D cobalt (II) metal-organic framework nanostructure for heavy metal adsorption. Inorg. Chim. Acta 2015, 430, 261–267. [Google Scholar] [CrossRef]

	



Fang, Q.-R.; Yuan, D.-Q.; Sculley, J.; Li, J.-R.; Han, Z.-B.; Zhou, H.-C. Functional Mesoporous Metal−Organic Frameworks for the Capture of Heavy Metal Ions and Size-Selective Catalysis. Inorg. Chem. 2010, 49, 11637–11642. [Google Scholar] [CrossRef] [PubMed]

	



Zou, F.; Yu, R.; Li, R.; Li, W. Microwave-Assisted Synthesis of HKUST-1 and Functionalized HKUST-1-@H3PW12O40: Selective Adsorption of Heavy Metal Ions in Water Analyzed with Synchrotron Radiation. ChemPhysChem 2013, 14, 2825–2832. [Google Scholar] [CrossRef]

	



Jamali, A.; Tehrani, A.A.; Shemirani, F.; Morsali, A. Lanthanide metal-organic frameworks as selective microporous materials for adsorption of heavy metal ions. Dalt. Trans. 2016, 45, 9193–9200. [Google Scholar] [CrossRef] [PubMed]

	



Kikuchi, Y.; Qian, Q.; Machida, M.; Tatsumoto, H. Effect of ZnO loading to activated carbon on Pb(II) adsorption from aqueous solution. Carbon N. Y. 2006, 44, 195–202. [Google Scholar] [CrossRef]

	



Johns, M.M.; Marshall, W.E.; Toles, C.A. Agricultural by-products as granular activated carbons for adsorbing dissolved metals and organics. J. Chem. Technol. Biotechnol. 1998, 71, 131–140. [Google Scholar] [CrossRef]

	



Issabayeva, G.; Aroua, M.K.; Sulaiman, N.M.N. Removal of lead from aqueous solutions on palm shell activated carbon. Bioresour. Technol. 2006, 97, 2350–2355. [Google Scholar] [CrossRef]








[image: Nanomaterials 10 01647 g001 550] 





Figure 1. The SEM images of (a) Active Carbon (AC), (b) Copper benzene-1,3,5-tricarboxylate metal organic framework (HKUST-1), and (c) AC/HKUST-1. 
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Figure 2. XRD patterns of AC (top), AC/HKUST-1 (middle), and HKUST-1 (bottom). 
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Figure 3. Effect of the solution pH on Pb (II) adsorption on AC/HKUST-1 nanocomposite. 
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Figure 4. Effect of the contact time on Pb (II) adsorption on AC/HKUST-1. 
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Figure 5. (a) Pseudo-second order and (b) pseudo-first-order kinetics models for adsorption of Pb (II) on AC/HKUST-1 at different initial concentrations. 
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Figure 6. Effect of primary concentration of Pb (II) adsorption onto AC/HKUST-1 at 25 °C. 
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Figure 7. Effect of adsorbent dosage on the adsorption percentage of Pb (II) onto AC/HKUST-1. 
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Scheme 1. The structure and dimension of HKUST-1 pores shown in black and Pb (II) in blue. 
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Figure 8. Two-parameter isotherm models for adsorption of Pb (II) on AC/HKUST-1: (a) Langmuir and (b) Freundlich. 
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Figure 9. Effect of adsorbent dosage on Pb (II) ions adsorption capacity. 
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Figure 10. Comparative adsorption of various toxic ions. 
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Figure 11. Cycles of adsorption-desorption on AC/HKUST-1. 
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Table 1. Parameters and kinetics models for the adsorption of Pb (II) by AC/HKUST-1.
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	Kinetics Model
	k
	R2
	qe





	Pseudo-first order
	0.34
	0.994
	135.69



	Pseudo-second order
	1.09 × 10−2
	0.998
	250
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Table 2. Comparison of the adsorption capacities of HKUST-1, AC, and AC/HKUST-1.
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	HKUST-1
	AC
	AC/HKUST-1





	Adsorption (%)
	72.98
	40.58
	97
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Table 3. Constants of Langmuir and Freundlich models for adsorption of Pb (II) ions.
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Langmuir Model

	
Freundlich Model






	
Adsorbent

	
qm (mg/g)

	
k1 (L/mg)

	
R2

	
kF

	
n

	
R2




	
AC/HKUST-1

	
227.77

	
0.507

	
0.99

	
76.39

	
3.017

	
0.79
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Table 4. A comparison between reported adsorbents for Pb (II) ion.
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	Adsorbents
	Adsorption Capacity of Pb (II) Ions (mg g−1)
	Time of Adsorption (min)
	Optimum pH
	Ref





	TMU-5 (Zn(oba)(4-bpdh)0.5]n·(DMF)y)
	251
	15
	10
	[39]



	HKUST-1 TMW@H3PW12O40
	98
	10
	7
	[40]



	UiO-66NHC(S)NHMe
	232
	240
	-
	[41]



	AMOF-1
	71
	1440
	-
	[42]



	Cu-terephthalate Metal Organic Framework (MOF)
	80
	120
	7
	[43]



	Dy(BTC)(H2O)(DMF)1.1
	5
	10
	6.5
	[44]



	ZnO/AC from coconut shell
	76.66
	-
	5.6
	[45]



	AC from rice straw
	36.05
	-
	5
	[46]



	AC from palm shell
	95.20
	-
	3.0 and 5.0
	[47]



	AC/HKUST-1
	249.4
	15
	6.1
	This work
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