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            Abstract
          
        

        
          In this study, we present a novel approach to improve electrochemical heavy metal ion (HMI) sensing responses via post-synthetic modification of carbon nanotube-based metal-organic framework (MOF) nanocomposites with a Schiff base. UiO66-NH2 was employed as the MOF and incorporated with multi-walled carbon nanotubes (MWCNT) through in-situ growth, enhancing the electrical conductivity of the MWCNT-UiO66-NH2 composite. Subsequently, the Schiff base, which has been proven to be an excellent ligand for metal ion detection, was functionalized onto MWCNT-UiO66-NH2 via post-synthetic modification to improve its HMI absorption capacity. To evaluate the effect of the Schiff base on HMI detection capacity, electrochemical sensing of Cd2+, Pb2+, Cu2+, and Hg2+ was performed in an aqueous solution utilizing the MWCNT-UiO66-Schiff modified electrode as well as the bare electrode. Individual differential pulse anodic stripping voltammetry results revealed that the modified electrode with MWCNT-UiO66-Schiff exhibited increased HMI sensing properties, especially with 1.82-fold improvement in average oxidation currents toward 10 μM of Cu2+ compared to that for a bare glassy carbon electrode. The selective Cu2+-sensing properties of MWCNT-UiO66-Schiff were reflected in the highly selective Cu2-binding affinity of the Schiff base-containing model molecules compared to those of Cd2+, Hg2+, and Pb2+. Our work provides a new strategy for improving the sensing properties of electrochemical HMI sensors by the post-synthetic modification of MWCNT-UiO66 with a Schiff base.
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      1. INTRODUCTION
      Heavy metal ions (HMIs) are highly hazardous water pollutants and pose a serious threat to human health and aquatic ecosystems [1,2]. HMIs are non-degradable in water and can accumulate in the human body through the ingestion of contaminated water or the food chain [3]. Therefore, many analytical techniques have been developed for their detection in water [4-7]. Among the available analytical technologies, spectroscopic methods can accurately determine HMI concentrations with low detection limits [8-10]. However, these methods require complex analytical procedures, are expensive, and have low portability. Therefore, there is a high demand for alternative technologies that are efficient and suitable for on-site HMI detection.

      To address these issues, electrochemical methods, which offer rapid analysis, simple operation, and cost-effectiveness, have been proposed [11-14]. Among these methods, differential pulse anodic stripping voltammetry (DPASV) is a widely used method for HMI detection at low concentrations, providing high selectivity, fast screening rate, and excellent sensitivity [15-17].

      Metal-organic frameworks (MOFs) are promising sensing materials for HMI absorption because of their large surface area, high porosity, and excellent chemical stability [18-21]. Post-synthetic modifications can further enhance the HMI absorption properties through the functionalization of organic ligands on MOFs. Schiff base groups, which contain nitrogen and oxygen donor atoms, are the ligands that serve as outstanding metal chelators as they can stabilize metal ions by forming metal complexes [22,23]. Therefore, Schiff bases have been functionalized on MOFs to maximize their metal ion absorption capacity [24,25]. Thus, the electrochemical sensing properties of MOFs can be improved by functionalization with Schiff bases. However, the applications of MOFs as electrical insulators in electrochemical sensors are limited. To increase electrical conductivity, carbon nanotubes (CNTs) are frequently incorporated into MOFs to facilitate ion transport in aqueous electrolytes [26-28].

      The incorporation of MOFs into CNTs can be achieved by in-situ and ex-situ approaches [29]. In the in-situ approach, MOF particles are directly grown on multi-walled CNTs (MWCNTs) and chemically integrated with acid-activated MWCNT surfaces [30,31]. This chemical interaction between MOFs and CNTs exhibits strong binding compared to the ex-situ strategy relying on physical interaction such as hydrogen bonding and π–π stacking [32].

      In this paper, we report the improved HMI detection capability of an electrochemical sensor using a MWCNT-UiO66 composite functionalized with a Schiff base (MWCNT-UiO66-Schiff). We used UiO66-NH2, which contains amine groups, as the MOF template for MWCNT-MOF to increase the density of the Schiff base functional groups on the electrode. A comparative HMI-binding study of the Schiff base-containing model molecule was conducted to investigate the effect of the Schiff base group on the selective HMI absorption affinity among various HMIs, such as Cd2+, Pb2+, Cu2+, and Hg2+. The selective and sensitive Cu2+ detection capabilities of the electrodes modified with the MWCNT-UiO66-Schiff composite were investigated via simultaneous and individual DPASV analyses and the results were compared with those obtained using bare electrodes.

    

    

  
    
      2. EXPERIMENTAL
      
        2.1 Materials
        All chemicals and reagents were used as received without further purification. Carboxylic acid-functionalized multi-walled carbon nanotube (MWCNT-COOH), zirconium chloride, 2-aminoterephthalic acid (NH2-BDC), salicylaldehyde, aniline, anhydrous methanol (MeOH, 99.8%), and monobasic and dibasic potassium phosphate were purchased from Sigma-Aldrich. N, N-dimethylformamide (DMF, 99.5%) and dimethyl sulfoxide (DMSO) were purchased from Daejung Chemical & Materials. Ethanol (EtOH, 99.5%), acetone (99.7%), and hydrochloric acid (HCl, 35–37%) were purchased from Samchun Chemical Co., Ltd.

      

      
        2.2 Synthesis of MWCNT-UiO66-NH2
        MWCNT-UiO66-NH2 was synthesized through in-situ growth of UiO66-NH2 on the surface of MWCNTs using solvothermal synthesis. During this process, the UiO66-NH2 crystals were nucleated and grown on the acid-activated surface of the MWCNTs. MWCNT-COOH (30 mg) was dispersed in DMF (100 mL) via sonication for 1 h to obtain a homogeneous MWCNT-COOH dispersion. Subsequently, 1.1 mmol of zirconium chloride and 1.0 mmol of NH2-BDC were dissolved in the MWCNT dispersion. After stirring for 30 min at 85°C, the mixture was autoclaved and heated to 120°C in a furnace for 24 h. After cooling to room temperature, the product solution was washed with DMF to remove unreacted UiO66-NH2 precursors and centrifuged at 4,500 rpm for 10 min. The precipitate was washed with acetone for solvent exchange from the pores of UiO66-NH2 and centrifuged. The precipitates were dried under vacuum at 60°C overnight and ground in a mortar to obtain MWCNT-UiO66-NH2.

      

      
        2.3 Synthesis of MWCNT-UiO66-Schiff
        Schiff base functionalization was performed on MWCNT-UiO66-NH2 using salicylaldehyde molecule via condensation reaction, producing MWCNT-UiO66-Schiff (Fig. 1). Specifically, 50 mg MWCNT-UiO66-NH2 was dispersed in EtOH (12 mL) via sonication for 1 h to obtain a homogenous MWCNT-UiO66-NH2 dispersion. Subsequently, 2.56 mmol salicylaldehyde was added to the dispersion and refluxed for 24 h. After the reaction, the mixture was poured into 100 mL EtOH to dissolve the unreacted salicylaldehyde. After being stirred overnight, the diluted mixture was dispersed by sonication for 30 min and centrifuged to obtain supernatants containing the products. The supernatants were filtered, washed with EtOH several times, and dried at 60°C in a vacuum. The resulting black powder was obtained using the grinding procedure described above.

        
          
          

          Fig. 1. 
				
          

          
            Schematic illustration of MWCNT-UiO66-Schiff.
          
          

          

        

      

      
        2.4 Electrochemical measurement
        
          2.4.1 Modification of GCE
          Before modification, a glassy carbon electrode (GCE) was polished on a polishing pad with an alumina slurry and rinsed with distilled water. The MWCNT-UiO66-NH2 and MWCNT-UiO66-Schiff composites were dispersed in MeOH using a sonication bath for 1 h, resulting in 1 mg/mL of homogeneous dispersion. Of this dispersion, 2 μL was drop-coated on the polished GCE. Subsequently, the modified GCE was dried under vacuum to evaporate MeOH.

        

        
          2.4.2 DPASV sensing measurement
          The modified GCE was used as the working electrode in a 3-electrode system with a Pt wire as the counter electrode and Ag/AgCl as the reference electrode. The three electrodes were immersed in an electrochemical cell containing 10 mL of a 1.0 M potassium phosphate buffer solution (pH 7.0) as the electrolyte, into which the HMI solutions were injected. The HMI stock solutions (10–1 μM) were prepared by dissolving the nitrate- or chloride-based metal salts in DI water. HCl was added to achieve a concentration of 10–1 μM for pH 2, thereby obtaining a metal-soluble stock solution.

          The DPASV measurement was performed in three steps: deposition (at 1.0 V, 300 s), stripping (potential range from –1.0 V to 0.6 V), and cleaning (at 1.0 V, 600 s) with a scan rate of 5 mV/s, an amplitude of 50 mV, and a pulse width of 50 msec. Before each deposition step, the electrolyte containing the HMI stock solution was stirred for 1 min to evenly distribute the HMIs. The DPASV sensing properties of MWCNT-UiO66-Schiff modified GCE toward HMIs were evaluated in comparison with those obtained with the bare GCE, thereby revealing the influence of MWCNT-UiO66-Schiff on HMI detection.

        

      

    

    

  
    
      3. RESULTS AND DISCUSSION
      
        3.1 Morphology and structure of MWCNT-UiO66-Schiff
        The morphologies of MWCNT-COOH, UiO66-NH2, MWCNT-UiO66-NH2, and MWCNT-UiO66-Schiff were examined by scanning electron microscopy (SEM) (Fig. 2). The SEM image of MWCNT-COOH exhibited a stem-like structure (average diameter 20 nm) (Fig. 2 (a)), whereas that of the UiO66-NH2 particles exhibited an octahedral nanocrystal structure (average diameter 150 nm) (Fig. 2 (b)). The UiO66-NH2 particles were decorated on the surface of MWCNT-COOH by the in-situ growth (Fig. 2 (c)). The morphology of the chemically modified MWCNT-UiO66-Schiff composite was maintained after the post-synthetic modification, similar to that of MWCNT-UiO66-NH2 (Fig. 2 (d)). Based on these results, we confirmed that the carboxylic acid groups acted as nucleation sites for the growth of the UiO66-NH2 crystals and maintained their structure after chemical treatment. In addition, no significant changes in morphology were observed for MWCNT-UiO66-Schiff after Schiff base functionalization.

        
          
          

          Fig. 2. 
				
          

          
            XRD patterns of MWCNT-UiO66-Schiff, MWCNT-UiO66-NH2, and simulated UiO66-NH2.
          
          

          

        

        The X-ray diffraction (XRD) patterns of MWCNT-UiO66-Schiff, MWCNT-UiO66-NH2, and simulated UiO66-NH2 are displayed in Fig. 3. The XRD peaks of the in-situ grown MWCNT-UiO66-NH2 were well matched with those of simulated UiO66-NH2, especially at 2θ = 7.25° (111), 8.68° (200), and 25.7° (600). These results indicate that UiO66-NH2 particles were successfully formed on the surface of MWCNT-COOH via solvothermal synthesis. After the post-synthetic modification with salicylaldehyde, the XRD peaks of MWCNT-UiO66-Schiff were consistent with those of MWCNT-UiO66-NH2, indicating that crystallinity was preserved after the Schiff base functionalization of UiO66-NH2.

        
          
          

          Fig. 3. 
				
          

          
            SEM images of (a) MWCNT-COOH, (b) UiO66-NH2, (c) MWCNT-UiO66-NH2, and (d) MWCNT-UiO66-Schiff.
          
          

          

        

        Attenuated total reflection-Fourier transform infrared (ATR-FTIR) analysis was performed to confirm Schiff base functionalization of the surface of MWCNT-UiO66-NH2 (Fig. 4). The NH2 vibration peaks of the amine group of NH2-BDC were observed in the FTIR spectra of MWCNT-UiO66-NH2 at 3338 cm–1 and 3454 cm–1 [33]. In contrast to MWCNT-UiO66-NH2, the NH2-related peaks disappeared in the spectrum of MWCNT-UiO66-Schiff, which was attributed to the formation of a Schiff base by the reaction with the amine group during post-synthetic modification [34,35]. Furthermore, the O–Zr–O stretching peaks originating from the [Zr6O4(OH)4]12+ secondary building unit of UiO66-NH2 were confirmed at 657 and 765 cm–1 in the FTIR spectra of MWCNT-UiO66-NH2 and MWCNT-UiO66-Schiff [36,37]. The C–O peaks of NH2-BDC were observed at 1382 and 1564 cm–1 [36,37]. The peaks originating from the O–Zr–O and C–O bonds after the in-situ synthesis and post-synthetic modification indicated the structural and chemical stabilities of the MWCNT-UiO66-NH2 and MWCNT-UiO66-Schiff composites.

        
          
          

          Fig. 4. 
				
          

          
            ATR-FTIR spectra of MWCNT-UiO66-Schiff and MWCNT-UiO66-NH2.
          
          

          

        

      

      
        3.2 HMI binding study of Schiff base model molecule
        UV-vis spectroscopy was used to evaluate the HMI-binding properties of the Schiff base toward HMIs. To conduct UV-vis titration, a model molecule of MWCNT-UiO66-Schiff was synthesized by a condensation reaction (Fig. 5 (a)). To analyze the chemical interaction between the Schiff base and HMI, we used aniline, which has a structure derived from NH2-BDC except for the two carboxylic acid groups, for model molecule synthesis. Specifically, 1 mmol aniline and 1 mmol salicylaldehyde were added to MeOH, and the mixture was refluxed for 12 h. After the reaction, MeOH in the resulting solution was evaporated using a rotary evaporator. The product was further dried at 60°C in vacuum overnight to obtain yellow precipitates (ANS).

        
          
          

          Fig. 5. 
				
          

          
            (a) Synthesis of ANS by condensation reaction between aniline and salicylaldehyde. (b) UV-vis titration of ANS toward Cu2+ in DMSO. (c) UV-vis absorbance transitions of ANS with addition of 1 equivalent each of Cu2+, Cd2+, Hg2+, and Pb2+ in EtOH.
          
          

          

        

        The HMI-binding properties of ANS toward various HMIs such as Cu2+, Cd2+, Hg2+, and Pb2+ were investigated using UV-vis spectroscopy (Fig. 5 (b) and (c)). UV-vis titrations were performed by adding Cu2+ to a 3 mL DMSO-filled cuvette cell containing 5.07 × 10–5 M ANS (Fig. 5 (b)). With the addition of Cu2+, the UV-vis absorbance band of ANS gradually increased at 297 and 389 nm and decreased at 340 nm, with isosbestic points at 364 and 328 nm. To further investigate the selective binding properties of ANS, 1 equivalent each of Cu2+, Cd2+, Hg2+, and Pb2+ was added to an EtOH solution containing 5.07 × 10–5 M ANS (Fig. 5 (c)). Among the HMIs, significant absorbance transitions were observed for Cu2+, whereas negligible absorbance transitions were observed for Cd2+, Hg2+, and Pb2+, indicating the selective Cu2+- binding properties of ANS.

      

      
        3.3 Electrochemical HMI sensing property
        
          3.3.1 Simultaneous DPASV sensing property
          The simultaneous sensing properties of MWCNT-UiO66-Schiff modified GCE and bare GCE were evaluated by measuring the oxidation peak currents toward the HMIs in the anodic stripping step (Fig. 6 (a)). The modified GCE with MWCNT-UiO66-Schiff exhibited improved oxidation currents toward 10 μM of Cd2+, Pb2+, Cu2+, and Hg2+ compared to those observed with the bare GCE (Fig. 6 (b)). In particular, an additional oxidation peak at – 0.2 V was observed for the bare GCE, attributed to the Pb–Cu overlapping oxidation peaks due to the formation of an intermetallic compound at the deposition site, leading to the degradation of the oxidation currents [38,39]. However, the mixed peak disappeared for the MWCNT-UiO66-Schiff modified GCE, indicating improved selective and sensitive Cu2+ detection capabilities. In addition, the MWCNT-UiO66-Schiff modified GCE exhibited a proportional increase in sensing responses with HMI concentrations increasing in the range of 0–10 μM (Fig. 6 (c)). These results indicate that the GCE modified with MWCNT-UiO66-Schiff exhibit enhanced HMI detection capability and improved selective Cu2+ sensing properties.

          
            
            

            Fig. 6. 
				
            

            
              (a) Optical images of the bare and modified GCEs. (b) Simultaneous DPASV curves of MWCNT-UiO66-Schiff modified GCE and bare GCE toward 10 μM of Cu2+, Cd2+, Hg2+, and Pb2+. (c) Simultaneous DPASV curves of MWCNT-UiO66-Schiff modified GCE with HMI concentrations increasing in the range of 0–10 μM.
            
            

            

          

        

        
          3.3.2 Individual DPASV sensing property
          To further investigate the effect of the Schiff base on the HMI sensing properties, the individual DPASV sensing properties of the MWCNT-UiO66-Schiff modified GCE were investigated under identical DPASV sensing conditions with simultaneous sensing characterization. Table 1 displays the improvement in oxidation current value toward 10 μM of HMI after individual DPASV sensing evaluation using MWCNT-UiO66-Schiff modified GCE and bare GCE. The MWCNT-UiO66-Schiff modified GCE exhibited an improved sensing response toward Cd2+, Pb2+, Cu2+, and Hg2+ compared to the bare GCE. Notably, the average oxidation current improvement (I/I0) from the bare GCE to MWCNT-UiO66-Schiff modified GCE was the highest for Cu2+, a 1.82-fold improvement, followed by Cd2+, Hg2+, and Pb2+. The selective oxidation current improvement for the MWCNT-UiO66-Schiff modified GCE demonstrated highly selective responses toward Cu2+, corresponding to the simultaneous sensing results. These improvements were attributed to the strong interaction between Cu2+ and the Schiff base molecules. The simultaneous and individual DPASV results of MWCNT-UiO66-Schiff modified GCE were in good agreement with the HMI-binding study of ANS confirmed by UV-vis titrations.

          
            Table 1. 
				
            

            
              Individual oxidation current improvement for MWCNT-UiO66-Schiff modified GCE compared to that for bare GCE toward 10 μM of HMI.
            
            

          

          
            
              
                	Analyte HMI
                	GCE condition
                	Oxidation current (μA)
                	Improvement (I/I0)*
              

            
            
              	Cd2+
              	Bare
              	23.64
              	1.78
            

            
              	Modified
              	41.98
            

            
              	Pb2+
              	Bare
              	0.55
              	1.31
            

            
              	Modified
              	0.72
            

            
              	Cu2+
              	Bare
              	10.34
              	1.82
            

            
              	Modified
              	18.80
            

            
              	Hg2+
              	Bare
              	9.52
              	1.32
            

            
              	Modified
              	12.52
            

          

          
            
              *I/I0: Oxidation peak current improvement for modified GCE (I: oxidation peak current of modified GCE, I0: oxidation peak current of bare GCE)
            

          

          

        

      

    

    

  
    
      4. CONCLUSIONS
      In summary, we developed an electrochemical HMI sensor by modifying a GCE using a Schiff base-functionalized MWCNTUiO66 composite. MWCNT-UiO66-Schiff composites were synthesized via the post-synthetic modification using salicylaldehyde on the MWCNT-UiO66-NH2. The functionalization of the Schiff base on MWCNT-UiO66-NH2 was confirmed by SEM, XRD, and ATR-FTIR analyses. The HMI-binding properties of ANS, the model molecule of MWCNT-UiO66-Schiff, were investigated by UV-vis spectroscopy, revealing the selective Cu2+-binding affinity of ANS. This result was consistent with the DPASV sensing result of MWCNT-UiO66-Schiff modified GCE, showing a 1.82-fold improvement in individual oxidation current compared to that with the bare GCE. In addition, we confirmed that the MWCNT-UiO66-Schiff modified GCE expands the HMI deposition sites, reducing the competitive deposition of Cu2+ and Hg2+ in simultaneous HMI sensing measurements. This work paves the way for an electrochemical HMI sensor via post-synthetic modification of MWCNT-UiO66 composites using a Schiff base, providing real-time and on-site HMI detection capabilities.
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