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            Abstract

            
               
Objectives: To study the simultaneous removal of metal ions to understand the dynamics of the adsorption process for the assessment of
                  the actual potential of an adsorbent in real-life applications. Methods: A one-step hydrothermal method was employed for the synthesis of nanomaterial. The hydrothermal treatment was performed at
                  110o C for 3 hours and calcined at 300o C for 2 hr to complete the nickel oxide nanoparticle synthesis. A systematic study of metal ion adsorption onto the nickel
                  oxide nanoparticle was conducted to evaluate the maximum adsorption capacity and to understand the adsorption behaviour of
                  the metal ions in presence of the others. The estimation of metal ion adsorption was done by measuring the residual concentrations
                  using an atomic absorption spectrophotometer. Findings: The microscopic and spectroscopic characterizations confirmed the formation of nickel oxide nanostructures. The experimental
                  results suggested that the adsorption process follows the Langmuir isotherm and the pseudo-second-order model for metal ion
                  adsorption in single and mixed solutions. A synergistic effect was observed for Pb (II) adsorption and an antagonistic effect
                  for Cd (II) adsorption. The maximum adsorption capacity of ~650 mg/g of Pb (II) and ~475 mg/g of Cd (II) were noticed for
                  simultaneous adsorption by the NiO nanoparticle. Novelty/improvement: The presence of more than one heavy metal ion in the wastewater is obvious, and one kind of metal ion may interface with
                  the adsorption behaviour of the others. Further, limited studies on simultaneous adsorption of metal ions using metal-oxide
                  nanoparticles are available in the literature. Hence, this work will provide an idea about the applicability of the NiO nanoparticle
                  for real-life applications.
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               Introduction

            Transition metals and metal oxides have been receiving significant attention because of their diverse applications in the
               field of catalysis 1, 2, batteries 3, electromagnetism 4, gas sensors 5, 6, and photocatalysis 7, 8. These metal/metal oxide-based nanomaterials possess a large surface-to-volume ratio, unique adsorptive properties, surface
               defects, and fast diffusivities 9, 10. These materials are of much interest because of their unique shape and size-dependent properties 11, 12 as compared to bulk crystals with the same chemical composition. At the nanoscale level, the size and shape of particles
               play an important role in determining the optical, magnetic, and electronic properties of the materials. 
            

            In recent time, Nickel oxide (NiO) have gained much attention in various applications such as catalysis, energy, and environmental
               remediation due to its superior chemical, magnetic, and optical properties, and thermal stability 13, 14, 15. The ease of synthesis and possibilities to making a very high surface mesoporous structure make the NiO a potential adsorbent
               for the removal of metal ions 15. There are reports on the efficient removal of toxic metal ions using various NiO and NiO-based hybrids 16, 17, 18. Most of the research reported the performance evaluation of the nanomaterial as an adsorbent in the presence of single ion
               solutions. However, very limited studies can be seen in the literature related to the adsorption performance in the presence
               of binary or multiple ion solutions. 
            

            Generally, wastewater contains various kinds of pollutants such as organic pollutants and inorganic pollutants 19, 20. Among the inorganic pollutants, the presence of one or more heavy metal ions in wastewater is common in most cases. Furthermore,
               the presence of one metal ion can interfere with the adsorption behavior of other metal ions and may alter the removal efficiency
               as well as adsorption kinetics 18. Hence, it is imperative to evaluate the adsorption performance of an adsorbent in presence of multiple metal ions to assess
               the potential for real-life applications.
            

            Here, I report, the evaluation of the nanomaterial’s potential for metal ion removal and their adsorption characteristics
               in a multicomponent system. A hydrothermal route was followed for the synthesis of the nanoparticle. Adsorption studies were
               conducted in the presence of single metal ions and binary metal ions. The experiments were designed in a unique combination
               of the parameter to get a clear idea about the adsorption pattern in a single as well as in a binary metal ion-containing
               system. The equilibrium studies provide an idea about the adsorption capacity of the nanomaterial and the kinetics experiments
               provide an insight into the factors that affect the adsorption process. Various microscopic and spectroscopic characterizations
               were performed to confirm the NiO formation. 
            

            Cadmium and lead ions are the two common metal ions that are available in most of the wastewater. These metal ions are toxic
               and are responsible for many health-related issues. Long-time exposure to these metal ions may affect human health and can
               be the reason for cancer too 20, 21. Hence, Cd (II) and Pb (II) were selected for the experiments. Adsorption studies suggested a synergistic effect for Pb (II)adsorption
               and an antagonistic phenomenon for Cd (II)adsorption for simultaneous removal of ions.
            

         

         
               Materials and Methods

            Analytical grade nickel chloride (NiCl2.6H2O), sodium hydroxide (NaOH), ammonia solution (NH3.H2O), cadmium nitrate [Cd (NO3)2], and lead nitrate [Pb (NO3)2] ethanol from Sigma Chemicals were used without any further purification for the experiments. 
            

            
                  2.1 NiO nanostructure synthesis

               A hydrothermal method was employed to synthesize NiO nanoparticles. 0.1 M precursor solution was prepared by dissolving the
                  nickel salt in deionized (DI) water. The pH of the solution was adjusted to 9 using 0.01M NaOH solution. The NH3H2O solution was then added to the solution and transferred into a Teflon-coated autoclave. Further, the autoclave was kept
                  inside a furnace at 110 °C for 3 h to complete the reaction. Finally, the reaction solutions were taken out from the autoclave,
                  washed with DI water after cooling down, and heated at 300 °C in presence of oxygen for 2 h to complete the NiO nanoparticle
                  formation. 
               

            

            
                  2.2 Characterizations

               Field emission scanning electron microscopy (FESEM) (FEI Quanta 200) was used to see the morphology of the nanoparticles.
                  The elemental analysis was done by capturing the energy-dispersive X-ray spectra (EDS) using an Oxford-EDX system. The X-ray
                  diffraction of the NiO nanoparticles was done for phase identification of crystalline material using CuKα radiation (λ= 0.15418 nm) (Netherland PANalytical X’Pert PRO diffractometer).
               

            

            
                  2.3 Adsorption Study

               All experiments were performed in batches mode. 0.1 mg of nanomaterial was used as an adsorbent for every mL of solution for
                  all experiments. A stock solution was used as a source for getting the solutions of various concentrations. The serial-dilution
                  technique was employed to get those diluted solutions. The stock solutions of 500 mg/L of Cd (II) and Pb (II) were prepared
                  by dissolving the respective salt in DI water. After completion of each experiment, the solution was centrifuged to separate
                  the solid adsorbent, and the residual metal ion concentration was estimated using an atomic absorption spectrophotometer (AAS).
                  Initial heavy metal ion concentrations of 5 mg/L to 300 mg/L range were taken for the adsorption equilibrium studies and a
                  fixed concentration of 100 mg/L was used for kinetic studies. 
               

               The adsorption capacity was computed using Equation 1.
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               In Equation 1, 
                     
                        
                           
                               
                              C
                           
                           0
                        
                      and  
                     
                        
                           C
                           e
                        
                      are the initial and equilibrium metal ion concentrations in mg/L,  
                     
                        V
                     is the solution volume in mL, and  
                     
                        m
                      is the amount of nanomaterial in mg. 
               

               Kinetic experimental data were fitted using two known model equations: pseudo-first-order (Equation 2) and pseudo-second-order (Equation 3) to find the progression of the adsorption process with time 17, 22. 
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               In the Equation 3,  
                     
                        
                           q
                           t
                        
                      (mg/g) and  
                     
                        
                           q
                           e
                        
                      (mg/g) are the amounts of ion adsorbed at time  
                     
                        t
                      (min) and equilibrium, respectively;  
                     
                        
                           k
                           1
                        
                      (min-1) and  
                     
                        
                           k
                           2
                        
                      (g.mg-1.min-1) are the rate constant of the respective rate equations. 
               

               Equilibrium experiments were conducted to estimate the adsorption capacity of the nanomaterial. Two commonly used isotherms,
                  the Langmuir isotherm which is given in Equation 4 22, and the Freundlich isotherm which is given in Equation 5 22 were used for experimental data analysis.
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               Where  
                     
                        
                           q
                           
                              m
                              a
                              x
                           
                        
                      (mg/g) is the maximum adsorption capacity.  
                     
                        b
                      (L/g) is the Langmuir adsorption constant. 
               

                  
                  
                        
                        l
                        o
                        g
                        
                           q
                           e
                        
                        =
                        l
                        o
                        g
                        
                           k
                           f
                        
                        +
                        
                           
                              1
                              n
                           
                        
                        l
                        o
                        g
                        
                           C
                           e
                        
                     
                        (5)

                  

               

               Where  
                     
                        
                           k
                           f
                        
                      (mg.g-1.L1/n.mg-1/n and  
                     
                        n
                      (dimensionless) are the Freundlich adsorption constants and adsorption coefficient, respectively.
               

               The separation factor (RL) is a dimensionless parameter. It can be calculated by using Equation 6.
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               RL provides information regarding the process’s feasibility. If the RL value of a process is < 1, then the process is considered to be favorable 17.
               

            

         

         
               Results and Discussion

            
                  3.1 Characterization of NiO nanostructures

               The morphology of the nanostructures was captured using a FESEM. The FESEM image of the nanomaterial is presented in Figure  1a. An aggregated structure of globular NiO particles is evident in the SEM image. The development of pore generation in the
                  nanostructure is also visible from the FESEM image. The presence of nickel and elemental oxygen was confirmed from the EDS
                  spectrum analysis of the nanomaterial (Figure 1b).
               

               The crystallinity of the nanostructures was done by using X-ray diffraction (XRD). The XRD pattern of the nanostructures is
                  shown in Figure  1c. The characteristic peaks at 2q = 37.26°, 43.29°, 62.89°, 75.43°, 79.43° are assigned to (111), (200), (220), (311) and (222)
                  planes corresponds to NiO cubic structure (JCPDS no- 78-0643) 23. 
               

               
                     
                     Figure 1

                     (a)FESEM image, (b) EDS spectrum, and (c) XRD of NiO nanoparticles
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                  3.2 Adsorption Studies in the presence of single ions

               For the equilibrium experiments, 5 mg/L to 300 mg/L concentrations of Cd (II) and Pb (II) were taken.Figure  2a shows the equilibrium adsorption capacities of NiO as a function of equilibrium concentrations of the respective metal ions.
                  An exponential decay kind of plot was found for both types of metal ions where the curves follow a sharp increase in adsorption
                  capacity, further plateaued to a fixed value of adsorption capacity with increasing metal ion concentrations. The qmax of the nanomaterial was to found be ~610 and ~515 mg./g for Cd (II) and Pb (II), respectively.
               

               The experimental results after analyzing plotted in terms of Langmuir and Freundlich isotherm in Figure  2b and Figure  2c, respectively. The values of the constants corresponding to the respective model equations were computed from the  
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                     , respectively, and presented in Table  1. The correlation coefficient (R2) value of the model fitting equations was found to be higher for Langmuir isotherm compared to the Freundlich isotherm indicating
                  that the Langmuir isotherm can better explain the metal ion adsorption on NiO nanoparticles data. Further, a positive and
                  <1 values of RL for all cases [ RL = 0.114 – 0.939 for Cd (II) and RL = 0.057 – 0.866 for Pb (II)] confirmed the favorable adsorption of metals ions onto NiO.﻿
               

               
                     
                     Figure 2

                     (a) qe versus Ce plot, (b) Langmuir isotherm, (c) Freundlich isotherm for Cd (II) and Pb (II) adsorption NiO.
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                     Table 1

                     The parameters of Langmuir and Freundlich isotherm for Cd (II) and Pb (II) adsorption onto NiO nanostructures.
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                               Pb (II)
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                               610

                              
                           
                           	
                                 
                              
                               ~475

                              
                           
                           	
                                 
                              
                               ~650

                              
                           
                        

                        
                              	
                                 
                              
                               b (L/mg)

                              
                           
                           	
                                 
                              
                               0.01

                              
                           
                           	
                                 
                              
                               0.02

                              
                           
                           	
                                 
                              
                               0.01
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                               21.20

                              
                           
                           	
                                 
                              
                               14.30

                              
                           
                           	
                                 
                              
                               22.76

                              
                           
                        

                        
                              	
                                 
                              
                               n
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                               1.59

                              
                           
                           	
                                 
                              
                               1.67

                              
                           
                        

                        
                              	
                                 
                              
                               R2

                              
                           
                           	
                                 
                              
                               0.96
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               Figure  3a represents the time-dependent adsorption capacity of the nanomaterial. It has been noticed that the adsorption capacity
                  is increasing with the increase in adsorption time. However, no significant change in adsorption capacity was observed after
                  60 min of the experiment. The experiment data were fitted using both the proposed model equations and presented in Figure  3b and Figure  3c, respectively. The model parameters of the respective equations were also calculated and presented in Table  2. The pseudo-second-order model fitting provides a higher correlation coefficient (R2) compared to the pseudo-first-order model fitting. These findings indicated that the time-dependent metal ion adsorption
                  process could be better explained by a pseudo-second-order kinetic model equation.
               

               
                     
                     Figure 3

                     (a) qe versus t, (b) pseudo-first-order, and (c) pseudo-second-order model plot for Cd (II) and Pb (II) adsorption.
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                     Table 2

                     The parameters of the model kinetic equations for Cd (II) and Pb (II) adsorption onto NiO.
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                              Pb (II) [100 mg/L]
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                              Pb (II) [100 mg/L]

                              
                           
                        

                        
                              	
                                 
                              
                              Pseudo-first-order 

                              
                           
                           	
                                 
                              
                              

                              
                           
                           	
                                 
                              
                              

                              
                           
                        

                        
                              	
                                 
                              
                              qe (mg.g-1)
                              

                              
                           
                           	
                                 
                              
                              ~149

                              
                           
                           	
                                 
                              
                              ~205

                              
                           
                           	
                                 
                              
                              ~112

                              
                           
                           	
                                 
                              
                              ~275

                              
                           
                        

                        
                              	
                                 
                              
                              k1 (min)
                              

                              
                           
                           	
                                 
                              
                              0.06
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                              0.07
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                              0.96

                              
                           
                           	
                                 
                              
                              0.98
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                              qe (mg.g-1)
                              

                              
                           
                           	
                                 
                              
                              ~370

                              
                           
                           	
                                 
                              
                              ~442

                              
                           
                           	
                                 
                              
                              ~344

                              
                           
                           	
                                 
                              
                              ~464

                              
                           
                        

                        
                              	
                                 
                              
                              k2 (× 103 g.mg-1.min-1)
                              

                              
                           
                           	
                                 
                              
                              1.02

                              
                           
                           	
                                 
                              
                              0.75

                              
                           
                           	
                                 
                              
                              0.98

                              
                           
                           	
                                 
                              
                              0.86

                              
                           
                        

                        
                              	
                                 
                              
                              R2

                              
                           
                           	
                                 
                              
                              0.99

                              
                           
                           	
                                 
                              
                              0.99

                              
                           
                           	
                                 
                              
                              0.99

                              
                           
                           	
                                 
                              
                              0.99

                              
                           
                        

                     
                  

               

               

            

            
                  3.3 Adsorption Studies: Binary-component system

               The study of multi-component adsorption is important, as a single pollutant is rarely present in industrial wastewater. This
                  type of adsorption is very significant, as it depicts the interference of one pollutant to other. The multi-component adsorption
                  consisting of Cd (II) and Pb (II) were studied and the experimental data was then compared with the data of the single-component
                  system. To better understand the multi-component adsorption, three effects were taken into account. (i) If the interaction
                  between multi-component species when compared is equal to the single-component system (qm = qo), then the effect is considered to be non-interactive. (ii) If the interaction between multi-component species dominates
                  over a single-component system (qm > qo), then the effect is considered to be synergistic. (iii) If the effect of a single-component system dominates over the multi-component
                  system (qm < qo), then the effect is considered to be antagonistic 18, 24, 25. Here, the qm represents the adsorption capacity for a multi-component system and the qo represents the adsorption capacity for a single-component system. 
               

               Hence, adsorption experiments were performed by varying the concentrations of one metal ion and keeping the concentration
                  of other metal ions constant. The maximum adsorption capacity of the nanomaterial at two different initial concentrations,
                  50 mg/L, and 100 mg/L of Cd (II) keeping the Pb (II) fixed at 0 mg/L, 50 mg/L, and 100 mg/L is presented in Figure  4a. Similar experiments were also conducted for (II) and presented in Figure  4b. A decrease in adsorption capacity was observed for all concentrations of Cd (II) in the presence of Pb (II) (Figure  4a). However, an opposite phenomenon was noticed for Pb (II) adsorption (Figure  4b). qm/qo >1 for Pb (II)suggesting the dominance of synergistic effect, and qm/qo <1 for Cd (II) suggesting the dominance of antagonistic effect for simultaneous removal of metals ions in a binary system.
                  The possible reasons for easy adsorption of Pb (II) compared to Cd (II) could be the higher values of electronegativity of
                  Pb (II) compared to Cd (II) which may possess a higher electrostatic attraction due to the charge to radius ratio 18, 24. 
               

               
                     
                     Figure 4

                     Adsorption capacity of (a) Cd (II) at varied concentration of Pb (II), and (b) Pb (II) at varied concentration of Cd (II)
                        by NiO nanoparticles.
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               To check the effect of other metal ions on the adsorption capacity of nanomaterial, equilibrium experiments were performed
                  in the presence of both metal ions. The concentrations of the metal ion were varied from 5 to 300 mg/L, and the concentration
                  of Cd (II) and Pb (II) were kept equal to their initial concentrations, i.e., CCd (II) = CPb (II)for all experiments. Estimation of the adsorption capacity was done by measuring the residual ion concentration of the respective
                  samples at equilibrium conditions. 
               

               The nature of the qe versus Ce plot for binary experiments was found to be similar to the single system experimental results (Figure  5a). However, the maximum adsorption capacity was found to be ~475 mg/g for Cd (II) and ~650 mg/g for Pb (II). A reduction in adsorption
                  capacity for Cd (II) and enhancement in adsorption capacity for Pb (II) was observed in binary-component adsorption compared
                  to single-component adsorption. A comparison chart for the adsorption capacity of Cd (II) and Pb (II) is presented in Table  3. The results indicated that the adsorption capacity in NiO nanoparticles is either comparable or better than the other adsorbents.
               

               The Langmuir and Freundlich isotherm plots are shown in Figure  5b and Figure  5c, respectively. The constants of the model equations are presented in Table  1. Like single component adsorption studies, in the case of binary adsorption also the Langmuir isotherm was found to be better
                  explaining the experimental results in a better way than the Freundlich isotherm as the R2 value for Langmuir model fitting is found to be higher than the Freundlich model. Further, computed  
                     
                        
                           R
                           L
                        
                     <1 for both metal ions [RL = 0.07-0.09 for Cd (II) and 0.04 – 0.8 for Pb (II)] indicating favorable adsorption of ions onto NiO.
               

               
                     
                     Figure 5

                     (a) qe versus Ceplot, (b) Langmuir isotherm, and (c) Freundlich isotherm in a binary-component system.
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                     Table 3

                     Comparison of adsorption capacity NiO with other adsorbents
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                               Cd (II)

                              
                           
                           	
                                 
                              
                               Pb (II)

                              
                           
                           	
                                 
                              
                               

                              
                           
                        

                        
                              	
                                 
                              
                               Dithizone SBA-15

                              
                           
                           	
                                 
                              
                               189

                              
                           
                           	
                                 
                              
                                208

                              
                           
                           	
                                 
                              
                               26

                              
                           
                        

                        
                              	
                                 
                              
                               Hydroxyapatite/alginate/gelatin NPs

                              
                           
                           	
                                 
                              
                               323

                              
                           
                           	
                                 
                              
                               575

                              
                           
                           	
                                 
                              
                               25

                              
                           
                        

                        
                              	
                                 
                              
                               Silica Gel

                              
                           
                           	
                                 
                              
                               45.5

                              
                           
                           	
                                 
                              
                               27.1

                              
                           
                           	
                                 
                              
                               27

                              
                           
                        

                        
                              	
                                 
                              
                               PMMAgMMT

                              
                           
                           	
                                 
                              
                               19.27

                              
                           
                           	
                                 
                              
                               34.25

                              
                           
                           	
                                 
                              
                               28

                              
                           
                        

                        
                              	
                                 
                              
                               Cystine modified hydrogel

                              
                           
                           	
                                 
                              
                               130

                              
                           
                           	
                                 
                              
                               263

                              
                           
                           	
                                 
                              
                               29

                              
                           
                        

                        
                              	
                                 
                              
                               Cs-PMA/HNT

                              
                           
                           	
                                 
                              
                               303.6

                              
                           
                           	
                                 
                              
                               313.7

                              
                           
                           	
                                 
                              
                               30

                              
                           
                        

                        
                              	
                                 
                              
                               NiO

                              
                           
                           	
                                 
                              
                               ~515

                              
                           
                           	
                                 
                              
                               ~650

                              
                           
                           	
                                 
                              
                               This work

                              
                           
                        

                     
                  

               

               A solution of 100 mg/L of Cd (II) and Pb (II) each was used for kinetics studies. The Adsorption capacities of the nanostructure
                  were plotted as a function of time in Figure  6a. It is observed that contact of 60 min is enough to achieve the equilibrium, which is similar to the results of the single-component
                  experiments. The kinetic data was further fitted using pseudo-first-order and pseudo-second-order models and presented in
                  Figure  6b and Figure  6c, respectively. The values of the constants of the respective model equation are presented in Table  2. A higher magnitude of the R2 values was observed for pseudo-second-order model fitting compared to the pseudo-first-order model. These observations indicate
                  that the pseudo-second-order model could better explain binary-component adsorption like single-component adsorption.
               

               
                     
                     Figure 6

                     (a) qe versus t plot,(b) Pseudo-first-order and (c) pseudo-second-order model plots.
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               Conclusion

            The synthesis of NiO nanostructures through the one-pot synthesis method and the metal ion adsorption studies in one-component
               and two-component systems have been successfully demonstrated here. The time required to equilibrate the process for simultaneous
               removal of Cd (II) and Pb (II)from an aqueous solution is found to be 60 min for the one-component and two-component metal
               ion removal process. The synthesized NiO showed better adsorption capacity of Cd (II) and PB (II) compared to many reported
               adsorbents. An increase in adsorption capacity from ~610 mg/g to ~650 mg/g for Pb (II) and a decrease in adsorption capacity
               from ~515 mg/g to ~475 mg/g for Cd (II) was observed in a two-component system compared to one-component system. These phenomena
               indicated that the Pb (II), and Cd (II)adsorption is affected by the synergistic and antagonistic effect, respectively. The
               metal ion adsorption also follows the Langmuir isotherm and pseudo-second-order model in both types of systems. An excellent
               adsorption capacity and no change in the adsorption mechanism in single- and multiple metal ion-containing solutions make
               NiO nanoparticles a potential adsorbent for real-life application for metal ions removal from wastewater. 
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