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Abstract

:

A nanorope is comprised of several carbon nanotubes (CNTs) with different chiralities. A molecular dynamic model is built to investigate the ionic adsorption and desorption of the CNT nanoropes. The charge distribution on the nanorope is obtained by using a modified gradient method based on classical electrostatic theory. The electrostatic interactions among charged carbon atoms are calculated by using the Coulomb law. It was found here that the charged nanorope can adsorb heavy metal ions, and the adsorption and desorption can be realized by controlling the strength of applied electric field. The distance between the ions and the nanorope as well as the amount of ions have an effect on the adsorption capacity of the nanorope. The desorption process takes less time than that of adsorption. The study indicates that the CNT nanorope can be used as a core element of devices for sewage treatment.
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1. Introduction


With the rapid development of industry, heavy metal pollution and its control have become the major environmental problems [1,2]. Metal plating equipment, petroleum and chemical industry, battery industry, pesticide residues, and so on are producing more and more heavy metal which directly or indirectly emit to the environment [3], especially in the developing world. Heavy metal is different from organic pollutants [4]. When in water, it is not biodegradable and easy to accumulate in organisms. As we all know, Cu2+, Hg2+, Cd2+, and Pb2+ are common toxic pollutants. Water, soil [5], and biology are difficult to detoxify once polluted by the heavy metal ions. It has been proved that many heavy metal ions are poisonous and carcinogenic substances and cause serious harm to ecological environments and humans, endangering life and health. Considering these serious public health implications, how to remove heavy metal ions from water has become a major challenge confronting humanity. Moreover, the most detrimental impurities in the feed water are high molar mass substances, except metal ions and organic pollutants. When the content of ions like AsIII, AsV, F−, NO3−, etc. exceed an acceptable level, these ions are released into the environment, which causes serious environmental and health problems.



One way to remove ions in industrial wastewater is adsorption [6,7], which is simple and inexpensive. Repeated utilization is an important consideration for evaluating the stand or fall of adsorption material. It is required that the materials should not only have good adsorption ability, but also have good desorption ability [8,9]. The structure and properties of carbon nanotubes (CNTs) may make it a good adsorption material [10,11]. CNTs, as a new type of nanomaterials, not only have excellent mechanical, thermal, and electrical properties, but also possess good chemical and thermal stability and a large specific surface area. They have important application value in adsorbing heavy metal ions effectively and in the extraction of minerals, especially rare earth elements [12]. Ajayan et al. [13] found that CNTs can be filled with lead without inducing any damage. When applying voltage to one end of the tubes, extra charges can be attached to tubes and then charge redistribution takes place [14]. The charge properties of CNTs can vary with the amount of charge [15]. The corresponding carbon quantum wires, CNT field emission devices, nanotubes tweezers, and carbon nanotube actuators [14,15] have been developed successively. A series of results show that charged CNTs have enormous development potential [16,17,18]. It has been shown that, due to the additional charges in CNTs, the ionic velocity in NaCl solutions markedly changes [18]. Alijani et al. [19] came up with a new application for magnetic CNTs, namely the removal of lead ions, and the results suggest that this sorbent is suitable for the removal and solidification of metal ions from polluted environmental samples. Doubt studied the changing structure and dynamic behavior of metal salt, Ru, Bi, Ag, Pt, Pd, and biomolecules when they are encapsulated in CNTs [20]. Guo et al. [21] investigated a CNT system decorated with transition metals such as Ni, Cu, Au, and Pt. Valentini et al. [22] concluded that water molecules in CNTs can be influenced by an electric field. Water molecules are very stable and have a high efficient adsorption in electric fields. When the electric field is removed, CNTs can recover their initial state.



Although the adsorption of single CNTs has been widely investigated, their size makes them difficult for industrial applications. CNT assemblies including different CNT-based nanostructures are expected to deliver the superb properties of CNTs from nano-scale to macro-scale. It is important to investigate the adsorption ability of CNT-based nanostructures. Akin to the common geometry of synthetic fiber ropes [23], a model of a CNT nanorope was built by twisting a CNT bundle. In this paper, the ionic adsorption and desorption of CNT nanoropes were realized by changing the strength of the applied electric field. Firstly, molecular dynamic models of CNT nanoropes were built. Then, the charge distribution on the nanorope was obtained by using a gradient method based on classical electrostatic theory. Finally, the adsorption and desorption of the metal ions and negative ions of the charged nanoropes were investigated.




2. Molecular Dynamics Model of Nanoropes


A CNT bundle including seven CNTs was generated in the quantum mechanics software Materials Studio. The initial length in the free state was 20.168 nm. Then, the bundle was twisted around a core axis to form a nanorope by using LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) code [24]. In this paper, the Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential function [25,26,27] is used to describe the interaction between carbon atoms. The potential consists of three terms.


    E =  1 2    ∑ i     ∑  j ≠ i     [   E  i j  REBO  +  E  i j  LJ  +   ∑  k ≠ i , j      ∑  l ≠ i , j , k     E  k i j l  TOR       ]       ,   



(1)




where     E  i j  REBO     represents the reactive empirical bond-order potential developed by Brenner et al. [26],     E  i j  LJ     represents the longer-ranged interactions in a form similar to the standard Lennard–Jones potential, and     E  i j  TOR     stands for the torsional interaction. The simulation process made use of the NVT ensemble (the system is isolated from changes in moles, volume, and temperature). In order to avoid the effects of thermal activation, the Nose/Hoover thermostat kept the temperature of the system at 1 × 10−3 K, and the velocity obeyed the Boltzmann distribution. The time step was set to be 1 fs, and the trajectory information was output every 500 steps. Three-dimensional non-periodic boundary conditions and rotation load were applied. Under the rotation, the CNTs were self-assembled into a nanorope under the action of Van der Waals force. After the full energy relaxation (1 ns) of the system, the model of nanorope was obtained. Figure 1 shows three nanoropes including CNTs with chiralities (3, 3), (6, 6), and (9, 9).



The charge distribution was calculated by using a modified gradient method [28] based on classical electrostatic theory [29,30]. It is assumed that the nanorope is subjected to an ideal electric field, and the charges induced by the electric field distribute on the surface of CNTs. For a nanorope with n atoms, the electric potential at an arbitrary atomic position can be expressed by


    V  (   r i   )  =   ∑  j = 1  n    q j  /    (  4 π  ε 0   |   r i  −  r j   |   )   ,   



(2)




where     q j     (j = 1, 2, 3 …, n) denotes the charge on each carbon atom,     r i     and     r j     represent the location of carbon atoms i and j, respectively, and ε0 is the permittivity of vacuum. n equations can be written in a matrix form as following:


     [ A ]   { q }  =  [   V x   ]   ,   



(3)




where {q} and [Vx] stand for charge vector and electric potential vector. [A] is a diagonal matrix of n × n dimension, and its elements can be written as


       a  i j     = 1 /  (  4 π  ε 0   |   r i  −  r j   |   )       = 1 /  (  4 π  ε 0       (   x i  −  x j   )   2  +    (   y i  −  y j   )   2  +    (   z i  −  z j   )   2     )     ,   



(4)




where x, y, and z represent the Cartesian coordinates of the carbon atoms. Apparently, Equation (4) is not applicable when i = j. In order to obtain the diagonal elements, the charges are supposed to be distributed uniformly on a triangular surface area surrounding the carbon atom. The area of a triangle is s = 3    3    b2, where b = 0.142 nm is the length of the C–C bond. The charge density of the triangle area can be expressed as d = qi/s. The electric potential of the atom can be expressed as


    V    (   r i   )   i  =    ∬ s    q i  /  (  4 π  ε 0  s    ξ 2  +  η 2     )     d ξ d η  ,   



(5)




The diagonal elements can be obtained:


       a  i i     = 1 /  (  4 π  ε 0  s  )     ∬ s   1 /    ξ 2  +  η 2       d ξ d η      = b  3  ln  (  2 +  3   )  /  (  4 π  ε 0  s  )     ,   



(6)




The total charges Q on a nanorope are


   Q =   ∑  i = 1  n    q i     ,  



(7)




The electric potential in the middle of the nanorope is taken as 0. The charge distribution of the nanorope can be obtained by solving Equations (3) and (7) using a MATLAB program.




3. Calculation of Adsorption of Metal and Negative Ions


Based on the contact mechanics, the CNTs of the nanorope pile onto each other during the twisting process, and CNTs with larger chiralities produce more marked distortion. CNT nanoropes with small extrusion deformation possess more porosity, which is beneficial for ions entering. Here, the nanorope including CNTs with less chirality (3, 3) was used to simulate the adsorption of metal ions and negative ions.



The molecular dynamics software LAMMPS was adopted to simulate the adsorption and desorption of ions. The NVT ensemble was used for the whole system, and the temperature was 300 K. The L-J pair style potential and Coulomb force were applied to describe the interaction between atoms [28]. The time step was set to be 1 fs and the simulation time was 200 ps. According to our previous study, the large strength of the electric field can cause the nanorope to rotate back to the CNT bundle over a long period of time [28]. In order to reduce the deformation of the nanorope caused by the applied electric field, the electric strength was set to be 1 × 10−5 V/Å. After adsorption, we increased the strength of the electric field to realize the desorption. In the present work, we denoted A+ with one positive charge to represent Na+ or other metal ions as well as B− with one negative charge to describe Cl− or other ions. The nanorope included 6888 carbon atoms, and its combination with 28 A+ or 28 B− was simulated. The conditions of the adsorption of the metal and negative ions are listed in Table 1.



The amount of total charge on the nanorope had an effect on ionic adsorption. The adsorption was trivial when there were few charges on the nanorope. As charges increased, a mutation would appear in a narrow scope. During the scope, the adsorption increased from 0% to 100%. In the simulation, a total charge of 4 × 10−4 e was chosen. The reason is that it is small to reduce the effect of an initial charge, and the nanorope possessed good adsorption ability with the charge. Trajectory tracking indicated that ions around the charged nanorope were influenced by the applied electrostatic field.



The ionic configuration diagrams are shown in Figure 2 when the simulation time varies from 0 fs, to 400 fs, to 3.0 ps, and to 4.0 ps. The ions in a gray color are adsorbed into nanorope from the top and side directions. The top view shows that, when the ions expanded into nanorope, some may have existed in the gap between the CNTs, and others may have entered into the inside of the CNTs. The side view displays clearly how the ions filled the nanorope along the axial direction. In the initial stage of adsorption, ions were distributed on the surface of the nanorope. After a while, the ions accepted the geometric modulation of the nanorope, and most ions began to enter the rope. Some ions were pushed along the ropes in one direction, close to a CNT. Few ions drifted away due to the long distance from the nanorope.



Similarly, the charged nanorope adsorbed negative ions as well. We replaced the metal ions with the negative ones, and all other conditions remained unchanged to perform the simulation. The process of the adsorption of negative ions is shown in Figure 3, which is similar to that of the metal ions. The ions distributing on the surface accepted the geometric modulation and entered the rope in time. The difference is that all negative ions could be adsorbed by the rope.



The adsorption of the negative ions was better than that of metal ions, which may be caused by the charge distribution of the whole system. It can be seen from Figure 2 and Figure 3 that some adsorbed ions may have amassed in the rope under the action of Van der Waals force and static electricity, which can lead to a local increase in ionic density. We also found that the arrangement of adsorbed ions was influenced by the geometrical structure of the nanorope. The control of the ionic adsorption and storage of the nanorope could be realized by changing the strength of the electric field or by applying different charges.




4. Adsorption Capacity of Nanorope


The relative distance between ions and nanorope has an important influence on the adsorption capacity of the nanoropes. The ions distant from the nanorope could not be adsorbed. In this section, we describe how 24 metal ions were used to investigate the influence of the distance on the adsorption capacity of the nanorope. The ions were in random distribution around the rope along the length direction and formed a circle in a cross section. The distance between the ions and the nanorope were 2 Å, 4 Å, 6 Å, 7 Å, and 8 Å, as is depicted in Figure 4. Figure 4 indicates that each ion with a distance less than 6 Å could be adsorbed by the nanorope. However, with the increase in distance, the adsorption of the nanorope was significantly reduced, especially as the distance exceeded 6 Å. The numerical results show that the maximal adsorption rate of 7 Å was 91.7%, and the adsorption rate could plunge when the distance was 8 Å. It can be concluded that, when the distance exceeds a certain value, the charged nanorope can no longer adsorb ions. Figure 5 visually demonstrates the variation of the adsorption rates of the nanorope with the distance between the nanorope and the ions.



Although ions can be adsorbed by a nanorope within a certain distance, the amount of ions should be limited. To determine the ionic adsorption capacity of a nanorope, 120 ions were located around a nanorope with a distance less than 6 Å, as shown in Figure 6. Along the length of the CNT nanoropes, the ions were distributed at random. Compared with the example with 24 metal ions, the adsorption rate was no longer 100%, and the process needed more time.




5. Desorption of Negative Ions


Desorption of ions is a reversible process of adsorption, and the ions need to be released from the nanorope. Here, the rope with 28 adsorbed negative ions was used to simulate the desorption process. It was found that, with the increase of the applied electric field, the electric field force was larger than the Van der Waals force and the electrostatic force, which led to the desorption of ions. The strength of the electric field was set to 2 V/Å, and other simulation conditions were the same as the adsorption ones. Figure 7 illustrates the releasing process of the ions. It can be seen that the twisted nanorope rotated back to some extent, and the ions promptly deviated from the rope. We can see that full desorption was shorter when the strength of the electric field was greater. However, because the highest strength of the electric field subjected to the nanorope was never more than 3 V/Å [28], we had to control the strength of the electric field in a certain range to satisfy the desorption demand. After the desorption process, the nanorope was rebuilt by applying a twist load, which demonstrated the recycle of the nanorope.




6. Conclusions


In this paper, we built a molecular dynamics model of a nanorope by twisting a CNT bundle. The charge distribution of the nanorope was calculated using a modified gradient method based on classical electrostatic theory. For the charged nanorope, the adsorption and desorption of metal ions and negative ions were achieved by adjusting the strength of the applied electric field. Two factors that influenced the adsorption capacity of the nanorope were found: One is the relative distance between the ions and the rope, and the other is the amount of ions. The results indicate that the nanorope cannot absorb ions distant from it. As the amount of ions increase, adsorption reaches its limit, and process time is prolonged. The strength of the electric field can be taken as an adjusting switch, making it possible to provide a standard system for the adsorption and desorption of ions at the nano scale. This is very significant for applications in sewage treatment.







Acknowledgments


This work was supported by the National Natural Science Foundation of China under Nos. 11502007 and 11472020, which is gratefully acknowledged.




Author Contributions


Jun-Jun Shang and Xiao-Hui Yan performed the simulation and participated in manuscript preparation. Qing-Sheng Yang analyzed the data and wrote the paper. Xiao-Qiao He and Kim-Meow Liew provided suggestions on the concept and research methodology, and participated in data analysis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Radbin, R.; Vahedi, F.; Chamani, J. The influence of drinking-water pollution with heavy metal on the expression of IL-4 and IFN-γ in mice by real-time polymerase chain reaction. Cytotechnology 2014, 66, 769–777. [Google Scholar] [CrossRef] [PubMed]

	



Fujimori, T.; Takigami, H. Pollution distribution of heavy metals in surface soil at an informal electronic-waste recycling site. Environ. Geochem. Health 2014, 36, 159–168. [Google Scholar] [CrossRef] [PubMed]

	



Corrales, J.; Naja, G.M.; Rivero, R.G.; Miralles-Wilhelm, F.; Bhat, M.G. Water quality trading programs towards solving environmental pollution problems. Irrig. Drain. 2013, 622, 72–92. [Google Scholar] [CrossRef]

	



Murgolo, S.; Petronella, F.; Ciannarella, R.; Comparelli, R.; Agostiano, A.; Curri, M.L.; Mascolo, G. UV and solar-based photocatalytic degradation of organic pollutants by nano-sized TiO2 grown on carbon nanotubes. Catal. Today 2015, 240, 114–124. [Google Scholar] [CrossRef]

	



Taghipour, H.; Mosaferi, M.; Armanfar, F.; Gaemmagami, S.J. Heavy metals pollution in the soils of suburban areas in big cities: a case study. Int. J. Environ. Sci. Technol. 2013, 10, 243–250. [Google Scholar] [CrossRef]

	



Ebrahimzadeh, H.; Tavassoli, N.; Sadeghi, O.; Amini, M.M. Optimization of solid-phase extraction using artificial neural networks and response surface methodology in combination with experimental design for determination of gold by atomic absorption spectrometry in industrial wastewater samples. Talanta 2012, 97, 211–217. [Google Scholar] [CrossRef] [PubMed]

	



Ipeaiyeda, A.R.; Odola, A.J. Co-precipitation of Ni, Cr, Mn, Pb and Zn in industrial wastewater and sediment samples with copper(II) cyclo-hexylmethyldithiocarbamate for their flame atomic absorption spectrometric determination. Water Sci. Technol. 2012, 66, 105–112. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.Y.; Luo, T.; Zhang, Y.X.; Jia, Y.; Zhu, B.J.; Fu, X.C.; Liu, J.H.; Huang, X.J. Adsorption of lead(II) on O2-plasma-oxidized multiwalled carbon nanotubes: thermodynamics, kinetics, and desorption. ACS Appl. Mater. Interfaces 2011, 3, 2585–2593. [Google Scholar] [CrossRef] [PubMed]

	



Samadi, N.; Hasanzadeh, R.; Rasad, M. Adsorption isotherms, kinetic, and desorption studies on removal of toxic metal ions from aqueous solutions by polymeric adsorbent. J. Appl. Polym. Sci. 2015, 132, 86–93. [Google Scholar] [CrossRef]

	



Li, Y.H.; Wang, S.G.; Wei, J.Q.; Zhang, X.F.; Xu, C.L.; Luan, Z.K.; Wu, D.H.; Wei, B.Q. Lead adsorption on carbon nanotubes. Chem. Phys. Lett. 2002, 357, 263–266. [Google Scholar] [CrossRef]

	



Bastos, M.; Camps, I. First-principles calculations of nickel, cadmium, and lead adsorption on a single-walled (10,0) carbon nanotube. J. Mol. Model. 2014, 20, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Ayala, P.; Kitaura, R.; Nakanishi, R.; Shiozawa, H.; Ogawa, D.; Hoffmann, P.; Shinohara, H.; Pichler, T. Templating rare-earth hybridization via ultrahigh vacuum annealing of ErCl3 nanowires inside carbon nanotubes. Phys. Rev. B 2011, 83. [Google Scholar] [CrossRef]

	



Ajayan, P.M.; Iijima, S. Capillarity-induced filling of carbon nanotubes. Nature 1993, 361, 333–334. [Google Scholar] [CrossRef]

	



Kim, P.; Lieber, C.M. Nanotube nanotweezers. Science 1999, 286, 2148–2150. [Google Scholar] [CrossRef] [PubMed]

	



Baughman, R.H.; Cui, C.X.; Zakhidov, A.A.; Iqbal, Z.; Barisci, J.N.; Spinks, G.M.; Wallace, G.G.; Mazzoldi, A.; De Rossi, D.; Rinzler, A.G.; et al. Carbon nanotube actuators. Science 1999, 284, 1340–1344. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, S.; Mashl, R.J.; Jakobsson, E.; Aluru, N.R. Electrolytic transport in modified carbon nanotubes. Nano Lett. 2003, 3, 1399–1403. [Google Scholar] [CrossRef]

	



Mashl, R.J.; Joseph, S.; Aluru, N.R.; Jakobsson, E. Anomalously immobilized water: A new water phase induced by confinement in nanotubes. Nano Lett. 2003, 3, 589–592. [Google Scholar] [CrossRef]

	



Qiao, R.; Aluru, N.R. Atypical dependence of electroosmotic transport on surface charge in a single-wall carbon nanotube. Nano Lett. 2003, 3, 1013–1017. [Google Scholar] [CrossRef]

	



Alijani, H.; Beyki, M.H.; Shariatinia, Z.; Bayat, M.; Shemirani, F. A new approach for one step synthesis of magnetic carbon nanotubes/diatomite earth composite by chemical vapor deposition method: Application for removal of lead ions. Chem. Eng. J. 2014, 253, 456–463. [Google Scholar] [CrossRef]

	



Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M. Chemistry of carbon nanotubes. Chem. Rev. 2006, 106, 1105–1136. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.Y.; Xu, C.X. Comparative investigation on decorating carbon nanotubes with different transition metals. Appl. Phys. A 2011, 102, 333–337. [Google Scholar] [CrossRef]

	



Valentini, L.; Armentano, I.; Kenny, J.M. Electrically switchable carbon nanotubes hydrophobic surfaces. Diam. Relat. Mater. 2005, 14, 121–124. [Google Scholar] [CrossRef]

	



Ghoreishi, S.R.; Davies, P.; Cartraud, P.; Messager, T. Analytical modeling of synthetic fiber ropes. Part II: A linear elastic model for 1+6 fibrous structures. Int. J. Solids Struct. 2007, 44, 2943–2960. [Google Scholar] [CrossRef][Green Version]

	



Plimpton, S. Fast parallel algorithms for short-range molecular-dynamics. J. Comput. Phys. 1995, 117, 1–19. [Google Scholar] [CrossRef]

	



Stuart, S.J.; Tutein, A.B.; Harrison, J.A. A reactive potential for hydrocarbons with intermolecular interactions. J. Chem. Phys. 2000, 112, 6472–6486. [Google Scholar] [CrossRef]

	



Brenner, D.W.; Shenderova, O.A.; Harrison, J.A.; Stuart, S.J.; Ni, B.; Sinnott, S.B. A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons. J. Phys.-Condens. Matter 2002, 14, 783–802. [Google Scholar] [CrossRef]

	



Zhao, J.; Wei, N.; Fan, Z.; Jiang, J.W.; Rabczuk, T. The mechanical properties of three types of carbon allotropes. Nanotechnology 2013, 24, 95702–95712. [Google Scholar] [CrossRef] [PubMed]

	



Yan, X.H.; Yang, Q.S. Rotation, elongation and failure of CNT nanoropes induced by electric field. Comp. Mater. Sci. 2015, 98, 333–339. [Google Scholar] [CrossRef]

	



Li, C.Y.; Chou, T.W. Charge-induced strains in single-walled carbon nanotubes. Nanotechnology 2006, 17, 4624–4628. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Chou, T. Theoretical studies on the charge-induced failure of single-walled carbon nanotubes. Carbon 2007, 45, 922–930. [Google Scholar] [CrossRef]








[image: Nanomaterials 06 00177 g001 550] 





Figure 1. Nanoropes including carbon nanotubes (CNTs) with chiralities (3, 3) (left), (6, 6) (middle), and (9, 9) (right). 
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Figure 2. Adsorption of metal ions. 
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Figure 3. Adsorption of negative ions. 
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Figure 4. Relation between distance and adsorption. 
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Figure 5. Variation of adsorption rate with distance. 
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Figure 6. Ionic adsorption capacity of a nanorope. 
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Figure 7. Desorption of negative ions. 
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Table 1. The conditions of adsorption of metal and negative ions.







Table 1. The conditions of adsorption of metal and negative ions.







	
Conditions

	
A+

	
B−

	
C-atom

	
Ensemble

	
Time






	
1

	
28

	
0

	
6888

	
NVT

	
200 ps




	
2

	
0

	
28

	
6888

	
NVT

	
200 ps
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