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Abstract

:

Lead is one of the most toxic heavy metals released into the environment through industrial sources. Its direct determination is often a problem due to the presence of relatively complex matrices as well as low content. Thus, the additional separation and preconcentration steps are necessary in the analytical procedures. Carbon nanotubes (CNTs) continue to attract significant interest for these purposes as they exhibit a high specific surface area, exceptional porosities, and numerous adsorption sites. The modified CNTs with active groups, reagents, or materials have been widely explored using more mutual interactions that can significantly improve their sorption capacity and selectivity. This paper summarizes the recent developments from 2017 in the application of carbon nanotubes for the separation of Pb(II) and its enrichment/removal from the matrix components. Attention is given to oxidized CNTs, their modification with complexing compounds, functionalization with metal oxides and polymers, new nanocomposites, and carbon nanotube membranes.
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1. Introduction


Carbon nanotubes (CNTs), ever since their discovery by Iijma, have gained considerable sustained attention from the scientific community [1,2,3,4]. Their structure consists of a tubular sheet of graphene with a honeycomb structure of carbon atoms. They can be divided into single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) according to the number of graphene sheets. The properties and the type of CNT structure are significantly influenced by the synthesis techniques and subsequent parameters. Their high surface-to-volume ratio, geometry, and hollow structure make them widely applicable as sorbents, filters, or membranes for separation and enrichment purposes. MWCNTs provide a greater surface in comparison to SWCNTs due to the presence of concentric graphene sheets, resulting in enhanced interaction with the analytes. CNTs strongly adsorb several pollutants through various interactions, such as π-π and electrostatic interactions, hydrophobic effect, and covalent bonding [5,6]. Many studies have been also carried out on their applications in device modelling, coating materials, thin-film electronics, actuators and capacitors, sensors and biosensors, and energy storage [7,8,9,10,11,12]. CNTs have also found several applications in biomedical science for medical diagnosis and drug delivery [13,14]. Their antibacterial and antifungal properties have been used to prevent bacterial adhesion on medical devices [15].



There are many methods for the synthesis of CNTs, but carbon arc discharge, laser ablation, and chemical vapor deposition (CVD) techniques are commonly applied [7,16,17,18]. The arc discharge method provides the growth of CNTs with minimum structural defects in comparison with other techniques, but needs the use of a high temperature (>1700 °C), low pressure, and expensive gases. The laser ablation method has the advantage of producing a high yield of CNTs of good quality and purity in a short time; however, it can be performed only in a vacuum with controlled inert gases, which results in high costs. The main advantages of different CVD techniques include the ease of controlling the reaction course, a high yield, small amount of impurities, and relatively low operating temperature (<800 °C). Taguchi orthogonal array technique was applied to investigate the interdependent effect of various parameters during the synthesis of CNTs using a catalytic CVD method, such as temperature, acetylene, and argon flow rates as well as time on the diameter of the final product [19]. The obtained smaller nanotubes with a diameter range of 5–15 nm revealed a larger BET surface area of 1306 ± 5 m2/g and higher maximum sorption capacity at pH 5 for Pb(II), equal to 215.38 ± 0.03 mg/g (at 50 °C, 60 min sorption time), in comparison to MWCNTs with a bigger diameter range of 16–25 nm (qmax = 201.35 ± 0.02 mg/g and surface area of 1245 ± 4 m2/g). The microwave irradiation method with low cost and high efficiency has been also employed [20,21,22]. It operates at low temperatures and is easy to control. The synthesis methods are quickly improved year by year to produce a large amount of size-controlled CNTs for different applications. Purification of CNTs from amorphous carbon and catalyst particles is required after synthesis. It is usually achieved using hydrochloric acid treatment and sonication of nanotubes in different media [20].



Similar to graphene-based nanomaterials, pristine CNTs can be modified by covalent, non-covalent, defect-group and endohedral functionalization using small molecules as well as doping with heteroatoms [23,24,25,26,27]. The functionalization of pristine carbon nanotubes (for the example of SWCTs) is schematically depicted in Figure 1 [23]. The functional groups increase their hydrophilicity and may also act as a stabilizer against the aggregation of individual nanotubes, caused by the strong van der Waals interactions. Moreover, the functionalization with magnetic nanoparticles facilitates their separation from the solution, together with adsorbed analytes, by applying an external magnetic field without filtration or centrifugation [2,28]. Thus, the modified CNTs with active groups, reagents, or materials are widely explored using more mutual interactions that can significantly improve their sorption performance.



The application of carbon nanotubes is very helpful for preconcentration, separation, and speciation analysis of metal ions as well as for their removal from wastewaters [28,29]. The analysis of environmental samples is often difficult due to intereferences from the complex matrices and low content of the analytes. Thus, a separation/preconcentration procedure is very often necessary to increase the sensitivity and selectivity of the applied analytical methods. Solid-phase extraction (SPE) and its alternatives are commonly used for this purpose owing to their rapid phase separation, high preconcentration factor, simple procedure, and the ability to combine them with different detection techniques [30,31,32].



This review summarizes achievements made over the last five years in the use of carbon nanotubes in solid-phase extraction for preconcentration and separation of lead ions. Lead is one of the most toxic elements for humans, animals, and plants. Even its low dose can cause serious health problems for the kidney, brain, liver, and bones, as well as for the haematological and nervous systems [33,34]. The World Health Organization (WHO) has set lead a maximum guideline value of 0.010 mg/L and the European Commission (EC) has proposed lead limits of 0.005 mg/L [35]. Considering these low permissible levels, the development of novel sorption materials used in analytical procedures is of great importance for the sensitive and accurate determination of lead. This review highlights the CNTs nanocomposites that are promising sorbents for Pb(II) uptake. The optimal experimental conditions, calculated sorption capacity, and kinetic evaluation are presented.




2. Variations of SPE with CNTs


In the most proposed applications of CNTs for separation and preconcentration of Pb(II), conventional homemade packed columns or cartridges were used, where the sample loading step is performed by gravity flow or is pressure/vacuum-assisted. Dispersive solid phase extraction (DSPE) has been also evaluated as an alternative approach [36,37]. The sorbent is dispersed in a sample solution interacting directly with the target analytes. After the dispersion process is completed, the sorbent together with the retained analytes is separated by a mechanical process, such as centrifugation or filtration. Ultrasonic treatment was also used for the dispersion of sorbent, as it facilitates mass transfer [38,39]. The advantage of DSPE is the reduction in sample treatment time which allows more samples to be analyzed in a shorter period time. In magnetic dispersive solid phase extraction (MDSPE), the combination of CNTs with magnetic nanoparticles makes their separation much easier after the enrichment process by using an external magnet [19].



Recently, the miniaturization in dispersive microextraction using stir bar sorptive material with magnetic nanoparticles was presented [40]. The amount of sample is significantly reduced to a few microliters; therefore, it is very helpful for the analysis of low-availability samples, such as saline solutions.



Solid-phase microextraction (SPME) technique integrates a few operations in a simple step, such as sampling and analyte separation from sample matrices, its preconcentration, and sample collection [41]. The sample is exposed to fused silica fibre or stainless steel wires coated with a layer of carbon nanotubes that are directly exposed to the sample for a sufficiently long time. Several methods can be found in the literature to deposit CNTs in SPME fibres, such as physical attachment, chemical bonding, sol-gel method, electrochemical polymerization, or electrophoretic deposition [42,43].



In all SPE techniques, several factors influence the sorption process of metal ions on carbon nanotubes’ surfaces. The factors include pH, contact time, temperature, amount of CNTs, their surface charge, and the presence of other sample components. Sorption of Pb(II) is favoured when the pH of a sample solution is higher than a point of zero charge of the particle surface due to the electrostatic interaction. However, at a higher pH, precipitation of Pb(OH)2 may have significant participation in sorption. For this reason, the proposed pH for sorption of Pb(II) was mainly in the range of 5–7. The efficiency of sorption usually increases when the sorbent amount and extraction time are increasing, achieving equilibrium. The competitive effect from other matrix components may affect the sorption process of Pb(II), causing a decrease in its efficiency; thus, the high sorbent capacity as well as selectivity are favoured. In the separation/preconcentration procedures, a used eluent volume has also a significant effect on obtaining the highest analytical signal. Its low volume could not facilitate quantitative desorption, while a large volume dilutes the analyte and consequently the value of the enrichment factor (EF) is decreased. EF is one of the important parameters for evaluating the efficiency of a given SPE method.




3. CNTs for Separation and Enrichment of Pb(II)


3.1. Oxidized CNTs


Oxidative treatment of carbon nanotubes is a common way to introduce the oxygen functional groups, such as hydroxyl, carboxyl, and carbonyl, on the surface, and different oxidizing reagents, such as concentrated HNO3 and H2SO4, H2O2, and KMnO4 were used [44,45,46,47]. Thus, CNTs can adsorb heavy metal ions due to a partial negative charge on their surface. The amount of these groups depends on the used oxidant and increases in this order: HCl < NH4OH/H2O2 < H2SO4/H2O2 < refluxed HNO3 [46]. Double-oxidized multiwalled carbon nanotubes have also been proposed to increase the efficiency of heavy metals removal from wastewater [47]. First, MWCNTs are oxidized with concentrated HNO3 solution by refluxing at 120 °C for 4 h. In the second oxidation process, the mixture of HNO3 + H2SO4 (1:3, v/v) was used with sonication at 40–50 °C for 3 h. One of the main drawbacks of this procedure is the occurrence of nanotubes shortening by fragmentation and generation of defects in the graphitic network, particularly for oxidation with nitric acid. Bayazit and Inci reported that oxidation of SWCNTs with concentrated HNO3 under irradiation by UV-light increased their surface acidity more than ultrasonication [48]. The theoretical sorption capacity value of carbon nanotubes prepared by the UV-light method was 511.99 mg/g, while for ultrasonication it was 342.36 mg/g.



Wang et al. found that during the oxidation of CNTs with concentrated HNO3, the total amount of oxygen-containing functional groups increased quickly during 2 h of treatment to 1.6 and 2.7 mmol/g at 1 and 2 h treatment of acid, respectively [49]. Then, the increase was very slow from 6 h (2.8 mmol/g) to 10 h acid treatment (3.1 mmol/g). In addition, the amount of -OH and –C=O groups decreased after 2 h treatment, which was explained by the fact that these groups are further oxidized into carboxylic acid groups. Figure 2 shows the TEM images of pristine MWCNTs and MWCNTs acidified with nitric acid. Most of the contaminants present in pristine carbon nanotubes were removed after HNO3 treatment (Figure 2b) and Pb(II) adsorbed onto oxidized MWCNTs aggregated on their surface (Figure 2c), mostly on the caps and defective sites (Figure 2d).



Several papers have reported the Pb(II) maximum sorption capacity calculated by applying Langmuir and Freundlich models or obtained experimentally using oxidized CNTs. However, as can be seen from Table 1, the reported values vary over a wide range. Part of the reason for this could be the differences in the oxidation condition of carbon nanotube surfaces, such as temperature and time. Other reasons may include differences in sorption pH, ionic strength, and experimental conditions, such as contact time or mixing rate. It has been stated that the average length of CNTs decreases significantly with the increase in oxidation time and temperature [50]. However, other studies have shown that for the oxidation time in the range of 0.5–7 days, the CNTs structure did not change considerably [51].



Oxygen plasma treatment, as an alternative method in relatively mild conditions to oxidation using strong chemical reagents, has been proposed [51,58,59]. The presence of -C=O and -COOH groups on carbon nanotubes was confirmed by data obtained from Fourier Transform Infrared spectroscopy. Compared to the acid treatment, fewer acidic groups was generated by plasma oxidation, but they had less damage and were generated in a much shorter treatment time. The sorption capacity of MWCNTs for lead(II) was greatly enhanced after plasma oxidation from 9.79 ± 0.46 mg/g (raw nanotubes) up to 54.11 ± 2.67 mg/g [51]. Hosseini et al. summarized the modification of carbon nanotubes through different types of plasma, notably plasmas that operate at an ambient temperature and atmospheric pressure [58]. It is worth mentioning that changing the gases used during plasma processing, different chemical groups, for example with nitrogen, can be generated on the CNT surface [59].



Sellaoui et al. analyzed the adsorption mechanism of Pb(II) ions onto carbon nanotubes via an experimental data set and physical models [60]. They used commercially available MWCNTs, which contained hydroxyl (content of 2.36–2.60% mass fraction) and carboxylic groups (content: 1.47–1.63% mass fraction). The experimentally quantified maximum metal adsorption capacity was about 240 mg/g at pH 5 and 300 min contact time. The obtained results were used to interpret the role of surface functionalities via statistical physics calculations. Two models (homogenous and heterogeneous) were applied for the analysis of adsorption data based on the model fitting results. The first model assumed that the adsorbent has a unique type of functional group responsible for the adsorption of Pb(II) and that a single adsorption energy generation can be hypothesized between the metal ions and the adsorbent surface. The second model hypothesizes the presence of two types of functional group binding lead ions, involving two different adsorption energies. The analysis of the model parameters showed that each functional group can adsorb several ions simultaneously [54]. The determined values of adsorption energies for both the functional groups were in the typical range of physical adsorption.



The adsorption mechanism of Pb2+ on a carbonaceous surface modified with oxygen functional groups was investigated by Xie et al. using the density functional theory method [61]. It was found that the adsorption of Pb(II) on the zigzag nanotube surface model (with seven benzene rings) was chemisorption with the adsorption energy in the range of −306.26 to −322.36 kJ/mol, while that on the armchair surface model with four benzene rings was physisorption (adsorption energy of −32.39 kJ/mol). The introduction of oxygen functional groups significantly enhanced the Pb(II) adsorption on the armchair surface. The physical sorption changed to chemisorption after introducing the oxygen functional groups, indicating the higher adsorption ability of the carbonaceous surfaces after modification. On the zigzag surface, however, the studied functional groups did not benefit the metal ions adsorption (Figure 3). Pb(II) tended to adsorb on the carbon atoms instead of moving to the oxygen atoms from the introduced functional groups for adsorption, which may suggest that the functional groups with oxygen promoted the Pb2+ adsorption by increasing the activity of their neighboring carbon atoms.




3.2. CNTs Modified with Organic Compounds


The modification of the surface of CNTs is one of the main research trends in the last years, as it is a way to improve their solubility as well as their sorption capacity and selectivity. Such modification increases the number of oxygen, nitrogen, sulfur, or other groups, and increases their dispersibility and the surface area [62,63]. Much research has been dedicated to the modification by forming covalent bonds between the carbon surface and the modifying reagent (covalent functionalization). The electrostatic and hydrophobic interactions, ion exchange, π–π electron binding, hydrogen bonding, and mesopore filling can be utilized for sorption of Pb(II) onto functionalized CNTs. In noncovalent functionalization, mainly hydrogen bonds, van der Waals, and hydrophobic interactions occur. The noncovalent functionalization of CNTs includes also coating with an appropriate ligand or surfactant, surface wrapping with polymer chains, and doping with metals or their oxides. The structure and original properties of CNTs are not changed after nonocovalent modification, but covalent functionalization is more stable and powerful.



The characterization of the presence of functional groups on the surface of CNTs and the efficiency of their functionalization can be carried out by various instruments, such as a transmission electron microscope (TEM), field emission scanning electron microscope (FESEM), energy dispersive X-ray (EDX), Raman spectroscope, thermogravimeter (TGA), Fourier transformed infrared spectroscope (FT-IR), and X-ray photoelectron spectroscope (XPS) [64]. The morphology and structure of carbon nanotubes are characterized by TEM and FESEM. The impurities and defects, such as amorphous carbon coatings and catalyst particles, could be observed as black dots on their surface inside the body. These techniques can allow the observing of the CNTs′ surface damage after chemical treatment. EDX measurements are used for quantitative measurements of the components on the CNTs′ surface. After the oxidation process, it is expected that EDX analysis shows more oxygen atoms as a result of grafting new oxygen-containing functional groups. FT-IR is used to analyze the chemical bonding and type of functional groups grafted onto the nanotubes.



Impregnation of magnetic MWCNTs with 1-(2-pyridazylo)2-naphtol (PAN) in vortex-assisted SPE was applied for preconcentration of Pb(II) at pH 5.5 from some herb and spice samples [65]. Elution was performed using 3 mL of 3 mol/L HNO3 in 10% acetone. The enrichment factor (EF), defined as the ratio of sample to eluent volume, was 10 in a very short time (1 min) [59]. The limit of detection was 16.6 µg/L with flame atomic absorption spectrometry (FAAS). The surface of oxidized carbon nanotubes was also modified with a cationic chelating agent, batophenanthroline [66]. Sorption was conducted at pH 9 in a borate buffer within 15 min. Due to the high preconcentration factor of 200, the proposed procedure for determination of Pb(II) in rice samples allowed researchers to obtain the limit of detection (LOD) as low as 0.25 µg/L using the simple FAAS detection in the range of 0.13 and 0.35 ng/mL.



Hanbali et al. evaluated the potential of MWCNTs grafted with various reagents for Pb(II) removal [67]. Carbon nanotubes were first oxidized with concentrated nitric acid and then converted to acid chloride. In the next step, MWCNTs were functionalized separately with hydroxylamine (HY), cysteine (CYS), and hydrazine (HYD). Finally, they were mixed with iron oxides and suspended for 2 h to obtain the appropriate nanocomposites with magnetic properties (Figure 4). The efficiency of these adsorbents toward Pb(II) was studied as a function of adsorbent dose, pH, metal ion initial concentration, temperature, and contact time. The optimum adsorption conditions were found to be at a pH of 8.0 and the maximum removal was attained after 30 min at room temperature. However, the adsorption capacities derived from Langmuir isotherm seem relatively low, even in comparison with only oxidized MWCNTs (Table 1). For MWCNT-CYS and MWCNT-HYD, these values were 1.15, 3.31, and 9.09 mg/g, respectively. Moreover, after the third regeneration step by treatment with 0.1 M HCl solution and reuse cycles, a small reduction in their efficiency was observed [67].



Other ligands which can form complexes with Pb(II) ions, such as 4′-(4-hydroxy-phenyl)-2,2′,6′,2′′-terpyridine [45], phenylenediamine [47], 5,7-dinitro-8-quinolinol [68], pyridine [69], sulfosalicylic acid [70], or hydroxamic acid derivatives [71], were covalently bonded on the carbon nanotube surface. According to the Langmuir adsorption model, the maximum adsorption capacity of Pb(II) after modification of MWCNTs with 5,7-dinitro-8- quinolinol was increased from 200 mg/g to 333.3 mg/g [68]. The adsorption rate of Pb(II) onto such modified carbon nanotubes reached equilibrium only after 1.5 h. The mean recovery of lead ions from the real wastewater samples collected from 4 different sites in the Suez Gulf in Egypt and spiked with 50 mg/L of Pb was 88.04%.



Bajaj et al. have proposed the flow injection system connected directly to the nebulizer of a FAAS spectrophotometer using MWCNTs modified with phenylenediamine for the preconcentration of lead ions before their determination in industrially contaminated water samples [55]. Such a methodology allows us to increase the sampling frequency up to 20 per hour. The preconcentration factors (PF), defined as the ratio of the slopes of the calibration curves with and without preconcentration step, were 94 and 73 for MWCNTs modified with phenylenediamine and for only oxidized MWCNTs, respectively. The linear relationship with the analyte concentration was obtained in the range of 3.80–260 μg/L with the LOD value equal to 1.2 μg/L.



MWCNTs functionalized with sulfosalicylic acid were obtained after oxidation and thiolation, followed by decoration with Fe3O4 nanoparticles [70]. Their high sorption capacity of 454.54 mg/g was used for lead preconcentration from water samples from electroplating industries.



Thiol-functionalized MWCNT was synthesised using 2-mercaptoethanol as a sulfur source [72]. The coordination between –SH groups and Pb(II) effectively enhances the adsorption performance of the obtained MWCNTs-SH nanoparticles. Their adsorption capacity at pH 5 was increased by approximately 30.5% in comparison to MWCNT-COOH. The maximum Pb(II) adsorption capacity derived from the Langmuir model was 144.9 mg/g. The surface of MWCNT-SH was negatively charged at pH > 1. This means that under these conditions the electrostatic repulsion increased, and the agglomeration phenomenon weakened. The chemical adsorption process was recognized as controlling the adsorption rate. To study the adsorption performance of MWCNT-SH in natural samples, various wastewaters with different concentrations of Pb(II) were used, such as copper smelting wastewater (lead concentration of 5.01 mg/L), tin tailings wastewater (54.07 mg/L), and antimony tailings wastewater (1.02 mg/L). The adsorption capacity of MWCNT-SH was 42.6, 239.7 and 9.4 mg/g, respectively, for these wastewaters.



The characteristics of Pb(II) adsorption from an aqueous solution onto multiwalled carbon nanotubes functionalised by di-t-butyl selenophosphoryl groups connected by a selenium atom were investigated by Kończyk et al. [73]. The structure of this newly proposed adsorbent is presented in Figure 5. The authors reported that adsorbent enabled the highest Pb(II) removal efficiency at pH 5.0 within 60 min. The adsorption capacity increased as the temperature increased, and the maximum value of 156.25 mg/g was obtained at 313 K. The obtained experimental data were well-matched with the pseudo-second-order kinetic model. For further analysis of the adsorption kinetics, the diffusion model proposed by Weber and Morris was considered. That model states that when the plot q(t) = f(t0.5) is linear and passes through the origin (0,0), the intraparticle diffusion process dominates. In a case where the linearity is ensured but the plot does not pass through the origin, the adsorption may be limited by film diffusion. However, deviation from the origin was observed, which indicated faster mass transfer through the boundary layer on the adsorbent surface at the beginning of adsorption; then, the process was controlled by slower Pb(II) diffusion inside the particles. The competitive adsorption studies from the solution containing also other metal ions indicated high selectivity for Pb(II) with the affinity decreasing in the following order: Pb(II) >> Cd(II) > Zn(II), Cu(II), Ni(II), Co(II).




3.3. CNTs Decorated with Metal Oxides


CNTs decorated with metal oxide form a new class of hybrid nanomaterials that could potentially display not only the unique properties of nanoparticles and nanotubes but also additional novel physical and chemical properties due to their mutual interactions [68]. Thus, metal oxide nanoparticles supported on carbon nanotubes have been extensively studied and found to be effective adsorbents for the removal of heavy metal ions. The synthesis methodology for such materials has already been presented and discussed [74,75].



Apart from Fe2O3 or Fe3O4, present mainly in magnetic carbon nanotubes, various metal oxide nanoparticles have been decorated on the surface of CNTs to enhance their sorption properties and to broaden their applications [18,76]. These nanoparticles act also as a stabilizer against the aggregation of individual tubes, which is caused by strong van der Waals interactions. The addition of magnetic properties to CNTs, as was mentioned earlier, facilitates their collection after Pb(II) sorption from a sample solution. The silica structure was introduced to protect the magnetic cores against leaching, oxidation, and digestion in acidic media, as well as for improving their reusability [77].



For the preconcentration and separation of Pb(II), CNTs were successfully fitted with other metal oxides, such as NiO [78], MnO2 [79], or Al2O3 [80], as well as decorated with Au/Fe3O4 nanocomposites [81], thereby increasing their removal efficiencies. Egbosiuba et al. proposed nickel nanoparticles supported on MWCNTs, activated in an alkaline media, for the removal of Pb(II) from industrial wastewaters [82]. The proposed mechanism of Pb(II) sorption onto MWCNTs-KOH@NiNPs included electrostatic attraction, surface adsorption, ion exchange, and pore diffusion due to the incorporated nickel particles. The maximum adsorption capacity for this sorbent reached 480.95 mg/g. The obtained value of the maximum adsorption capacity for NiO/CNts (24.63 mg/g) is significantly lower than that reported earlier in the literature, e.g., for MnO2/CNTs (78.74 mg/g) [79] or Al2O3/CNTs (67.11 mg/g) [80]. In turn, the equilibrium in the studied NiO/CNts adsorption system is achieved relatively fast (10 min) in comparison to the other systems with metal oxides. Although Pb(II) adsorption by MnO2/CNTs occurred rapidly within the first 15 min of contact time, at least 2 h were needed to attain adsorption equilibrium [79].




3.4. CNTs Wrapped with Polymers


Functionalization of carbon nanotubes based on the polymer wrapping enhances their stability and it is easy to remove the unbound (free) polymer (e.g., by filtration, centrifugation, or precioitation) while leaving the wrapping polymer on the CNT surface [83,84]. Various interactions, including π−π, CH−π, and cation−π, were utilized for the polymer wrapping of CNTs. Electropolymerization using CNTs as the electrode enables homogeneous and stable wrapping by the polymers, even in the absence of a strong interaction between the wrapping polymer and CNT surfaces. Such a procedure was applied for polyaniline wrapping on MWCNTs and formed (PANI)/MWCNTs composite [85].



Oxidized MWCNTs wrapped with polypyrrole were prepared by in situ chemical oxidative polymerization and were used for the removal of Pb(II) ions in aqueous media [86]. The used instrument techniques (SEM, TEM, and EDX) confirmed the successful synthesis of PPy/o-MWCNT nanocomposite. Batch experiments showed a maximum sorption capacity of 408 mg/g for the prepared adsorbent. It should be noted that PPy/o-MWCNT nanocomposite also exhibited high affinity for Ni(II) and Cd(II) ions with the adsorption capacities of 409 and 392 mg/g, respectively. The maximum recovery of adsorbed lead ions (94%) was obtained for 0.2 M H2SO4 solution. The regenerated nanocomposite could be reused up to five removal/desorption cycles without considerable loss of efficiency.



Bankole et al. proposed the functionalization of CNTs with polyhydroxylbutyrate (PHB) [87]. This polymer is highly permeable to oxygen and biodegradable. Beyond its industrial applications as an environmentally friendly and more sustainable alternative to traditional plastics, it has been used for the development of formulations in the pharmaceutical industry. PHB-CNTs sorbent gave optimum Pb(II) sorption at pH of 5.7, a contact time of 10 min, and a maximum sorption capacity of 227.3 mg/g. A schematic diagram of Pb(II) sorption using CNTs-PHB sorbent is presented in Figure 6. Different adsorption isotherm models were taken into account to provide information on the distribution of lead ions in solid and liquid phases. The consistency of matching to the appropriate model increases in this order: Langmuir < Freundlich < Dubinin-Radukevich < Temkin. It should be mentioned that in most of the reported works concerning the use of carbon nanotubes for Pb(II) preconcentration and separation, the obtained results were best described by the Langmuir model, which reveals that sorption on the surface of CNT is homogeneous and monolayer.



Dehghani et al. fabricated MWCNTs/Fe3O4@polythiophene sorbent and used it for magnetic solid-phase microextraction of lead ions [88]. The factors affecting the separation and preconcentration procedure, such as sample pH (6.0), extraction time (3 min), and desorption conditions (0.75 mL of 0.5 M HNO3), were optimized. The value of the enrichment factor was calculated as 200 and the sorption capacity of 117.0 mg/g was obtained. The eluted Pb(II) by 750 μL of 0.5 M nitric acid was quantified by flame atomic absorption spectrometry. For a sample volume of 150 mL, the method showed linearity in the concentration ranges of 2.0–200.0 µg/L with an LOD value of 0.54 µg/L. The capability of the proposed method for its determination in several matrices (environmental waters, tea, rice, milk, and infant dry formula milk) was investigated. The recoveries of the spiked samples (at 10 mg/L Pb concentration) were in the range of 96.0–104.8%.



The adsorption performance of MWCNTs/polyrhodanine nanocomposite for the removal of Pb(II) from aqueous solution was also evaluated [89]. This conductive polymer possesses strong metal binding functional groups containing nitrogen, sulfur, and oxygen atoms. In order to prevent aggregation and adherence phenomena, carbon nanotubes were sonicated with polyvinylpyrrolidone prior to chemical oxidation polymerization. From the TEM image present in Figure 7, it can be seen that the average diameter of carbon nanotubes increased from 10–20 nm to around 60 nm after polymerization, which further proves that polyrhodanine was coated on MWCNTs (Figure 8a). The optimal Pb(II) ions adsorption occurred at pH of 4. The positive value of ΔHo indicated the endothermic nature of the adsorption process, which was supported by the increase in Pb(II) adsorption capacity with an increase in temperature. In addition, the calculated ΔHo of 56.19 kJ/mol confirmed the chemisorption process. It was found that the adsorption of Pb(II) ions onto MWCNTs/polyrhodanine fitted properly with both the Langmuir and Freundlich adsorption isotherms. The good correlation to the Freundlich adsorption model was explained as a result of heterogeneous distribution of adsorption sites on MWCNTs. The maximum adsorption capacity was 8118 mg/g and the required time to reach equilibrium was about 2 h. The experimental data were also fitted to the kinetic models. The pseudo-second-order kinetic model showed better correlation as the vast majority of the published papers related to adsorption of lead ions on CNTs. Considering the kinetic diffusion model, it was observed that the plot of q(t) = f(t0.5) shows three straight lines with different slopes and intercepts values (Figure 7b). It was explained that the first line depicted rapid adsorption by the external surface of the adsorbent, while the second line (rate-limiting step) represents intraparticle diffusion of Pb(II) ions onto MWCNTs/polyrhodanine, and finally the third linear portion corresponds to the saturation of the adsorbent surface [89].




3.5. Other Nanocomposities with CNTs


The novel polyethersulfone/ethylenediamine-functionalized multiwall carbon nanotubes (PES/MWCNTs-NH2) nanocomposite, synthesized through three steps—acidic treatment, acylation with SOCl2, and amine functionalization—was proposed as an efficient sorbent for Pb(II) removal from aqueous solutions [90]. The optimum condition was obtained at a neutral pH and contact time of 10 min. The equilibrium studies revealed that Pb(II) adsorption onto PES/MWCNTs-NH2 was performed on a heterogeneous surface with a non-uniform distribution of adsorption heat. The studies confirmed that the chemisorption process was favorable and controlled by film diffusion.



Dendrimers are a type of hyperbranched polymer similar to a tree structure. They posses three distinguishable architectural components, i.e., an interior core, interior layer (generations) composed of repeating units radially attached to the interior core, and exterior (terminal functionality) attached to the outermost interior generation [91]. They are composed of repeated structural units created by repeated and alternating reactions. The core is designated as generation zero (G0) and the subsequent layers with primary and tertiary amine functional groups are referred to as the following generations. The general scheme for these compounds is presented in Figure 8. The length of the molecule chains can be effectively regulated [92,93].
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Figure 8. General structure of dendrimers. Reprinted with permission from Ref. [91] 2010 Elsevier. 






Figure 8. General structure of dendrimers. Reprinted with permission from Ref. [91] 2010 Elsevier.
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Dendrimers have a high efficiency for heavy metal removing via coordination and chelation linkages. To overcome the problem of their good aqueous solubility and difficulty in separating them from the solution, many researchers have grafted dendrimers to the surfaces of various nanomaterials. Hayati et al. reported the preparation of functionalized carbon nanotubes with polypropylene imine (PPI) dendrimer [94]. Raman analysis showed that the PPI dendrimer was covalently linked onto the surfaces of CNTs. This nanocomposite exhibited extremely high sorption capacity of 1750 mg/g at pH 7. The same research group modified carbon nanotubes with poly-amidoamine dendrimers which showed extremely high adsorption capacity for Pb(II) (4870 mg/g), achieved also at pH 7 [95]. The results showed that the Langmuir isotherm and pseudo-second-order kinetics are the most favourable models for Pb(II) ions adsorption onto these nanocomposities.



Zeolite, due to its interlaced structure with a negative charge that loosely binds exchangeable hydrated cations, was utilized for the preparation of the nanocomposite with magnetic carbon nanotubes [96]. The MWCNT-Fe3O4@Zeo nanocomposite was employed in ultrasonic-assisted SPE for the preconcentration of Pb(II). The optimal parameters affecting the preconcentration method were achieved using response surface methodology based on a central composite design: sample pH 8.3, preconcentration time 20 min, and eution with 1.8 M HNO3 solution. Under these conditions, the limit of detection was 0.023 µg/L using ICP OES. However, comparing this with the other nanocomposites containing carbon nanotubes described earlier, MWCNT-Fe3O4@Zeo exhibited relatively low adsorption capacity for lead ions, being 37.8 mg/g. It could be reused up to 11 cycles without evident decrease (>5%) in their sorption ablity [97].



The MoS2/SH-MWCNT nanocomposite was synthesized by acid treatment and sulfurization of carbon nanotubes, followed by a facile hydrothermal reaction technique using sodium molybdate and diethyldithiocarbamate as MoS2 precursors [38]. It demonstrated at pH 6 the sorption capacity for Pb(II) equals 90 mg/g. The metal−sulfur complex formation was identified as the key contributor to adsorption, followed by electrostatic interactions between lead ions and the negatively charged functional groups (such as −COOH, −OH, and −SH) for multilayer sorption (Figure 9). Scanning electron microscopy-energy dispersive spectrometry and X-ray diffraction studies confirmed that this nanocomposite after the adsorption process is converted into a PbMoO4–xSx complex. The authors suggested that the obtained Pb-loaded MoS2/SH-MWCNT nanocomposite can be also further utilized in photocatalytic approaches, e.g., for the degradation of some organic pollutants.



The recent examples of the applications of carbon nanotubes for the preconcentration, separation, and removal of Pb(II) using solid phase extraction are presented in Table 2.





4. Carbon Nanotube Membranes


Carbon nanotubes with a large specific surface area, chemical inertness, and outstanding water transport property have also received interest regarding the construction of new composite membranes for water treatment [97,98,99,100,101,102,103]. The stability of CNTs at high temperatures enables higher operating temperatures up to 673 K compared to conventional polymer membrane filters, which can operate up to 325 K [97]. They can also be reused after ultrasonication and autoclaving cleaning. Theoretical studies have demonstrated that in low diameter CNTs, the smallest SWCNTs reveal better water transport in comparison to MWCNTs of identical inner diameter, due to the lower hydrophobic contribution of the SWCNT walls [100]. Moreover, SWCNTs with small diameters allow the fabrication of highly permeable and very selective high-density membranes through the fabrication of vertically aligned CNT platforms, with water permeances that exceed those of conventional nano- and ultrafiltration membranes [101].



Based on the fabrication strategies, CNT-based membranes can be classified into three different types: vertically aligned (VA-CNT), CNT-based composite membranes (CNT-CPS), and buckypaper CNTs [98]. In VA-CNT membranes, the carbon nanotubes are perpendicularly arranged, yielding opened and aligned nanochannels, and a flux of water passes through the hollow CNT interior or between the bundles. Due to the vertically oriented water transportation and high packing density, they show the main advantage of allowing a high flux of water. VA-CNT membranes can be prepared by embedding the CNTs into a polymer matrix, or by growing them onto a substrate by the CVD method, to ensure the proper positioning. Their permeability and selectivity can be controlled by functionalization with suitable chemical groups.



CNT-based composite membranes consist of heterogeneous structures with randomly aligned CNTs embedded into a polymeric matrix, and the carbon nanotubes can be incorporated on the top layer of the membrane or used as an intermediate layer. The widely employed methods to synthesize these membranes include phase inversion, solution mixing, polymer grafting, in-situ polymerization, in-situ colloidal precipitation, and spray-assisted layer-by-layer and interfacial polymerization [98,102,104].



Buckypaper (BP) membranes consist of macroscopic paperlike structures based on randomly arranged CNTs that are held together by van der Waals forces and π–π interactions [105,106,107]. In BP membranes, the CNTs are selfassembled into a cohesive structure with a highly porous 3D network and high specific surface area, and retain the intrinsic physicochemical and thermal properties. The incorporation of polymers or other nanoparticles can improve the mechanical properties. They are obtained by applying ultrasonic energy to samples containing nanotubes and a suitable dispersant and then filtered onto a support membrane. Their major advantage is the simplicity of the fabrication metod as BP membranes do not require embedding or aligning the CNTs into a host matrix.



Recently, GO-SWCNT buckypaper has been proposed as a self-standing porous membrane for filtration and adsorption processes [105]. Commercially available SWCNTs-COOH were used with the average bundle lengths from 0.5 to 1.5 µm and diameters of 4–5 nm. The adsorption capacity and selectivity of Pb(II) were evaluated as a function of the increasing amount of graphene oxide present in the membrane. The obtained membranes containing 25%, 50%, and 75% of GO were flexible disks with an average thickness of 100 ± 2 µm and an average diameter of 38 ± 1 mm. All membranes were able to adsorb almost 100% of lead ions from 1 mg/L of its solution within 8 h and residual concentration was always lower than the WHO acceptable limit for drinking water (0.010 mg/L). The highest adsorption capacity (478.9 ± 25 mg/g) was determined for GO-SWCNT BP containing wt. 75% of graphene oxide at a pH of 6. The selectivity of that nanocomposite was confirmed by evaluating the recovery of Pb(II) in the presence of other metal ions in simulated wastewaters (Figure 10). The stability of GO-SWCNT BP after desorption of lead ions was evaluated by soaking the membranes in a 20% (v/v%) 2-mercaptoethanol aqueous solution for 24 h. Their regeneration indicated that Pb(II) recovery decreased to 93.42% after the fifth adsorption cycle. According to the estimation made by the authors, the production of GO-SWCNT BP membrane is cheaper than similar SWCNTs BP incorporating metal–organic frameworks (MOFs) [106].



Alshahrami el al introduced a novel BP membrane fabricated using MWCNTs and a combination of two biopoymers—chitosan and carrageenan—using vacum filtration [106]. The scheme for their preparation is presented in Figure 11. The MWCNTs/chitosan membrane showed higher water permeabity and stronger mechanical properties, while MWCNTs/carrageenan membrane had the highest surface area according to BET analysis. The combination of these two biopolymers for membrane preparation exposed enhanced thermal stability and porosity, and demonstrated removal of Pb(II) with 91% efficiency at low pressure. However, these studies were conducted only for lead standard solutions in pure water at pH 7.



Kim et al. investigated carbon nanotube filtration technology using catalyst particles supported on silicalite-1–biomorphic carbon materials (BCMs) [97]. The scheme of their synthesis is shown in Figure 12. First, a hexagonal honeycomb-structured carbon substrate was developed through a carbonization reaction; then, the silicalite-1 template on BCMs was synthesized, and coated on BCMs using a hydrothermal method. Finally, after loading the catalytic metal ions into the template, a CNTs filter was fabricated through catalytic chemical vapor deposition. The prepared nanomaterial adsorbed lead ions from the mixture, which also contained Mn(II), Cd)II), Ni(II), and Cr(III) (all at 20 mg/L concentration), with the removal efficiency > 99.99%. The solution after the filtration process (lasting 60 min) contained less than 1 mg/L of Pb(II).



The noncovalent interaction of graphene oxide with oxidized multiwalled carbon nanotubes was utilized for preparation of the stable and highly durable membrane [108]. The suspension of GO and MWCNTs was prepared by ultrasonication of 100 mg of GO and 12.5 mg of CNTs in 100 mL of water for 60 min. Then, 1 mL of that suspension was passing through the Millipore nitrocellulose filter, washed, and dried. SEM images showed the highly wrinkled structure of GO and entangled CNTs stabilizing the membrane. The adsorption of metal ions was not only based on the electrostatic interaction but also on chelation by carboxyl and hydroxyl groups, and the membrane can be applied both under the flow conditions and vigorous shaking. Adsorption capacity for Pb(II), derived from the Langmuir model, was equal to 98.1 ± 0.83 mg/g. For other examined metal ions, these parameters were below 50 mg/g, and the affinities toward the GO/CNTs membranes followed the order: Pb(II) > Cu(II) > Cd(II) > Zn(II) > Ni(II) > Co(II). The same affinity order was obtained for the suspension of GO alone [109], oxidized-CNTs [110], and GO/cellulose membranes [111].



Musielak et al., combining a preconcentration method using graphene oxide/carbon nanotubes membranes and total-reflection X-ray fluorescence spectrometry (TXRF) for detection, proposed a procedure for the determination of Pb(II) at trace levels [112]. After passing a sample solution through the membrane, analyte was recovered by soaking the membrane in 0.75 µL of 2 mol/L nitric acid (in the presence of 2 μg/mL of yttrium as the internal standard) for 5 min and vortexed for 2 min. Then, 10 µL of that solution was transferred onto a siliconized quartz reflector for the subsequent TXRF analysis. The optimum value of sample pH was 5. The face centered central composite design was performed to study the influence of the flow rate and volume of the solution. The sample volume of 100 mL and the flow rate of 5 mL/min was chosen for the experiments, which led to recoveries higher than 90%. The enrichment factor of 133 was obtained, achieving the limits of detection of 0.12 ng/mL for W target X-ray tube with a measurement time of 2000 s, and a much lower LOD value for Mo target X-ray tube: it was 0.0008 ng/mL, with a very short measurement time of 600 s. To confirm the reliability and usefulness of the evaluated method, certified referenced materials (spring water and seawater) were examined with satisfactory agreement in comparison to the certified values. Additionally, the proposed analytical procedure for Pb(II) determination was checked for the requirements of green analytical chemistry basic principles, particularly through the reduction of reagents consumption, time of analysis, and amount of consumed energy. As it did not use any toxic reagents or organic solvents, only a small portion of the sample was required for the measurements and little energy was consumed. It was found to be in line with the requirements.




5. Conclusions


Carbon nanotubes have attracted significant interest for preconcentration and removal of Pb(II). They exhibit a huge surface area, good thermal and mechanical stability, and ease of surface modification. Similar to other carbon-based nanomaterials, they can be modified using polymers and metal oxides, as well as doping with heteroatoms. The functionalization with magnetic nanoparticles facilitates the separation of Pb ions loaded sorbent from the solution. In the described works, a particular focus was placed on the factors affecting the sorption process, such as adsorbent dose, pH, initial concentration, and contact time, which specifies the performance of carbon nanotubes as useful sorbents. The results decribed in this review indicated that CNT composites are promising adsorbents for Pb (II) uptake from aqueous solutions. The highest value of sorption capacity (8118 mg/g) was reported for the MWCNTs/polyrhodanine nanocomposite at a relatively low pH of 4 [89]. Electrostatic attraction, ion exchange, and surface complexation have been identified as the main mechanisms of lead sorption.



However, it should be noticed that besides the advantages of CNTs, such as high sorption capacity or selectivity, some drawbacks can also be found in their application in lead preconcentration and separation. The synthesis of several nanocomposities showing high sorption capacity is often time-consuming due to multistage processes and it requires appropriate high skills. Moreover, the reproducibility of their modification is very important, either from the same batch or batch-to-batch materials.



It should be added that other carbon-based nanomaterials from the graphene derivatives (graphene oxide, reduced graphene oxide, and their nanocomposites) were also applied as adsorbents for trace metal enrichment and removal [2,5,113]. The direct comparison of CNTs and graphene derivatives’ performance for these purposes is rather difficult. The major factors controlling the adsorption of metal ions on carbonaceous materials are the type and concentration of surface functional groups, and metal speciation forms in the solution depend on the pH [114].



Most of the proposed application of carbon nanotubes for Pb(II) enrichment and separation are present only on the laboratory scale in batch experiments. The commercialization of CNTs′ nanocomposite is rare due to the cost, reproducibility, and toxicity [115,116]. The large-scale production of these materials and the techniques for their purification are still under development. According to various reported papers, the regeneration of the CNTs and their reuses have been efficiently achieved, in some cases even up to 11 sorption/desorption cycles [97]. However, effective procedures for regeneration and preparation again suspensions without the aggregation of the CNTs should be developed to decrease the cost. The environmental impact of such nanomaterials should be also taken into consideration [117,118].



Future research on carbon nanotubes for preconcentration purposes in analytical procedures should concentrate on more selective functional groups that can strongly interact with lead ions in the presence of other heavy metal ions. Molecularly imprinted polymers (MIP), due to their excellent selectivity and specific separation, could be used as an example. Molecular imprinting has been widely recognized as a potential technique for the synthesis of tailor-made recognition materials through the formation of a polymer network around a template molecule. They are designed with the particular cavity in a suitable size and structure to remove a given analyte by the chemisorption or physicosorption process. Although covalent interactions used in adsorption processes can enhance the selectivity compared to non-covalent binding, further quantitative elution of an analyte can reveal some difficulties. The imprinted film prepared on the surface of CNTs can improve the access to the surface binding sites, increase the response kinetics, and enable the rebinding and extraction of the template molecules. Moreover, grafting such adsorbent with magnetic particles makes its separation much easier after the preconcentration step.



The application of natural components with several hydroxyl, amine, and carboxyl groups, such as chitosan, cellulose, β-cyclodextrin, and amino acids, in the synthesis of functionalized carbon nanotubes makes an attractive material in both an economic and an environmental perspective. The control of solution pH can change the surface charge of these functional groups. Thus, by choosing an appropriate condition, the electrostatic interaction with Pb(II) ions could be enhanced.



However, the main challenges for the application of CNTs in analytical chemistry is to obtain highly pure and well-characterized CNT materials. The commercially available CNTs have different diameters and lengths depending on the manufacturer, which undoubtedly affects their performances as well as comparison of the obtained results. Different conditions applied for oxidation of pristine nanotubes already affect the obtained results (Table 1).
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Figure 1. The methods for functionalization of carbon nanotubes. Reprinted with permission from Ref. [23]. 2002 John Wiley and Son. 
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Figure 2. TEM image of (a) pristine MWCNTs; (b) oxidized with concentrated HNO3; (c,d) oxidized MWCNTs after sorption of Pb(II). Reprinted with permission from Ref. [49]. 2007 Elsevier. 






Figure 2. TEM image of (a) pristine MWCNTs; (b) oxidized with concentrated HNO3; (c,d) oxidized MWCNTs after sorption of Pb(II). Reprinted with permission from Ref. [49]. 2007 Elsevier.



[image: Separations 10 00152 g002]







[image: Separations 10 00152 g003 550] 





Figure 3. The effects of oxygen functional groups on the adsorption energy for Pb(II) on the zigzag and armchair nanotube surface models. Reprinted with permission from Ref. [61]. 2021 Elsevier. 
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Figure 4. Scheme for preparation of magnetic MWCNTs functionalized with hydroxylamine (HY), cysteine (CYS), and hydrazine (HYD). Reprinted with permission from Ref. [67]. 2020 Elsevier. 
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Figure 5. MWCNTS functionalised by di-t-butyl selenophosphoryl groups. Reprinted with permission from Ref. [73]. 2007 Elsevier. 
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Figure 6. (A) Schematic diagram of Pb(II) sorption using CNTs-PHB sorbent; (B) HRSEM image of CNTs-PHB sorbent. Reproduced with permission from MDPI [87]. 
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Figure 7. (A) TEM image of MWCNTs/polyrhodanine nanocomposite; (B) Kinetic of Pb(II) adsorption by MWCNTs/polyrhodanine according to the intraparticle diffusion model. Reprinted with permission from Ref. [89] 2016 Elsevier. 
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Figure 9. Schematic diagram of Pb(II) sorption mechanism on MoS2/SH-MWCNTs. Reproduced with permission from MDPI [52]. 
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Figure 10. Pb(II) recovery by 75% GO-SWCNT buckypaper membrane during soaking in 800 mL of various multielement metal ion solutions. The concentration of each metal ion in all mixtures was 1 mg/L. Reprinted with permission from Ref. [105] 2022 MDPI. 
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Figure 11. The scheme for preparation of MWCNTs/biopolymers buckypaper and the dead-end filtration system. Reprinted with permission from Ref. [106] 2021 Elsevier. 
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Figure 12. Schematic of the synthesis of CNTs on BCMs: (a) pyrolysis, (b) template coating and catalyst loading, and (c) CNTs synthesis. Reprinted with permission from Ref. [97] 2021 Elsevier. 
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Table 1. Examples of Pb(II) sorption onto oxidized CNTs.
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Conditions for CNTs Oxidation

	
Sorption Conditions

	
qmax

(mg/g)

	
Ref.




	
pH

	
Time






	
HNO3, refluxed at 140 °C for 2 h

	
5

	
20 min

	
59

	
[52]




	
H2SO4 + HNO3 (3:1), refluxed at 75 °C for 6 h

	
6

	
60 min

	
215

	
[53]




	
H2SO4 + HNO3 (1:3), refluxed at 80 °C for 12 h

	
5

	
5 h

	
20.7

	
[54]




	
H2SO4 + HNO3 (1:3), refluxed at 80 °C for 8 h

	
6

	
60 min

	
27.0

	
[55]




	
H2SO4 + HNO3 (1:3), ultrasonicated for 3 h

	
5

	
5 h

	
30.3

	
[56]




	
H2O2 + HNO3, ultrasonicated at 25 °C for 3 h

	
9

	
10 h

	
166

	
[57]








qmax—maximum sorption capacity.
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Table 2. The recent examples of carbon tubes applications for preconcentration, separation and removal of Pb(II) using SPE technique.
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	Sorbent
	Sample Matrix
	pH
	Contact

Time
	Eluent
	EF or PF *
	qmax

(mg/g)
	Detection

(LOD)
	Ref.





	MWCNT-Fe3O4@zeolite
	Industrial

effluents
	8.3
	20 min
	1.8 M HNO3
	90
	37.8
	ICP OES

(0.023 µg/L)
	[38]



	CNTs modified

with ttpy
	Wastewater
	4.5
	24 h
	0.1 M HCl
	-
	36.2
	ICP OES
	[45]



	MoS2/SH-MWCNTs
	Mine water
	6
	60 min
	-
	-
	90
	ICP OES
	[52]



	CNTs modified with

phenylenediamine
	Wastewater
	5
	2 min
	0.5 M HNO3
	94 *
	35.1
	FAAS

(1.2 µg/L)
	[55]



	MWCNT-Fe3O4 impregnated with PAN
	Herbs
	5.5
	1 min
	3 M HNO3 in

10% acetone
	10
	-
	FAAS

(17 µg/L)
	[65]



	Oxidized MWCNT impregnated with batophenantroline
	Rice
	9
	15 min
	0.5 M HNO3
	200
	-
	FAAS

(0.25 µg/L)
	[66]



	MWCNTs modified with hydrazine
	Waters
	8
	30 min
	0.1 M HCl
	
	9.09
	FAAS
	[67]



	CNTs modified with 5,7-dinitro-8-quinolinol
	Industrial

wastewater
	4
	1.5 h
	=
	-
	333.3
	FAAS
	[68]



	CNTs modified with

pyridine group
	Tap, river,

sea water
	7
	Flow rate up

to 24 mL/min
	1 M thiourea

in 0.1 M HCl
	-
	179
	FAAS

(2 µg/L)
	[69]



	MWCNTs with

hydroxamic acids
	Standard

solutions
	8
	50 min
	-
	-
	489–512
	-
	[71]



	MWCNTs-thiol
	
	5
	
	
	
	144.9
	
	[72]



	NiO/CNT

nanocomposite
	Standard

solutions
	7
	10 min
	-
	-
	24.6
	FAAS
	[78]



	CNTs wrapped with polyhydroxylbutyrate
	Electroplating wastewaters
	5.6
	10 min
	-
	-
	227.3
	FAAS
	[87]



	MWCNTs coated with polythiophene
	Water, black

tea, rice, milk
	6
	3 min
	0.5 M HNO3
	200
	117
	FAAS

(0.54 µg/L)
	[88]



	CNTs-PPI dendrimer
	Standard

solutions
	7
	15 min
	-
	-
	1750
	ICP OES
	[94]



	CNTs- polyamidoamine dendrimer
	Standard

solutions
	7
	
	-
	-
	4870
	ICP OES
	[95]







EF: enrichment factor (the ratio of sample volume to eluent volume); * PF: preconcentration factor (the slope ratio of the calibration curves with and without preconcentration); qmax: maximum adsorption capacity; LOD: limit of detection; ttpy: 4′-(4-hydroxy-phenyl)-2,2′,6′,2′′-terpyridine; PAN: 1-(2-Pyridylazo)-2-naphthol; PPI: polypropylene imine; FAAS: flame atomic absorption spectrometry; ICP OES: inductively coupled plasma optical emission spectroscopy.
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