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2.1. Materials
[bookmark: OLE_LINK107][bookmark: OLE_LINK108]Multiwalled carbon nanotubes (MWCNT) with an average diameter of 20 to 40 nanometers were purchased from Neutrino Company in Iran. Acrylonitrile and Ethylenediamine were provided by Merck, Germany. The standard solution of heavy metals copper, lead and cadmium was prepared as sulfate salts and the pH of the solutions was regulated using sodium hydroxide and sulfuric acid. The rest of the chemical reagents and materials utilized in this project were prepared from Sigma Aldrich and Merck companies.

2.2. Fabrication of polypropylene imine dendrimers
4.4 g of acrylonitrile was poured to 10.33 g/L of ethylenediamine solution and because of the exothermic nature of the process; the temperature of the solution was increased to 40 °C. Then, the mixture was heated to 90 °C for 3 hours. Then the excess acrylonitrile as a water azeotrope was removed by vacuum extraction at 50 °C and 18 bar pressure. Half-generation crystalline solid of dendrimer is called polypropylene imine dendrimer. To convert the half generation to the first production, the hydrogenation process was done in such a way that the half production dendrimer dissolved in methanol solvent was added to the hydrogenation vessel and then Raney nickel was added after pre-treatment with hydrogen and distilled water. The hydrogenation process of the mixture was done at 75 °C and a pressure of 30 atm for 3 hours. After cooling, the mixture was filtered and its organic solvents evaporated at low pressures. The residual solid is the first generation of PPI dendrimer. For the fabrication of the fourth generation of PPI dendrimer with 32 terminal groups of amines, all the above steps can be done by adding an additional amount of acrylonitrile[18].
2.3. Fabrication of PPI/MWCNT nanocomposites
To prepare PPI/MWCNT nanocomposites, 12 g of carbon nanotubes were first oxidized in a mixture of sulfuric acid (98%) and nitric acid (68%) in a ratio of 1:3 at 60 °C for 4 hours. MWCNT-COOH amidation was then followed by two the reactions: acylation reaction by adding 10 g of oxidized carbon nanotubes to a mixture of 10 mL N,N dimethyl formaldehyde (DMF) and 200 mL SOCl2 was performed at 75 ° C under a mechanical stirrer for 18 hours. The mixture was then cooled and washed with anhydrous tetrahydrofuran (THF) under nitrogen gas to give a clear supernatant. The acylated carbon nanotubes were then dried at room temperature for later applications. For the synthesis of PPI/MWCNT nanocomposites, 8 g of acylated carbon nanotubes were stirred with 200 ml of PPI dendrimer solution in a flask with a circular thermostat at 100 ° C for 2 days. Then excess dendrimer was eliminated by suction and the black powder was washed three times with waterless THF to remove excess dendrimers adhering to the surface of the carbon nanotubes., At last, PPI/MWCNT nanocomposite was gained,  after drying at 80 °C under vacuum [19].

2.5. Adsorption experiments
In order to obtaining the metal ions concentrations in the sample solutions, inductively coupled plasma (Optima 2000 DV; ICP) was utilized. For calculating the mass of metal ions eliminated per g dendrimer at equilibrium the following equation is used [20]:
 (1)
Where:
C0 and Ce are the initial and equilibrium concentrations of heavy metal ions in the liquid phase (mg/L), respectively. Qe is the mass of heavy metal ions adsorbed per gram of PPI/MWCNT at equilibrium. m is the mass of PPI/MWCNT (g) and V is the volume solution containing heavy metal ions (L).

[bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK18]3.3. Isotherm 
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]It is very momentous to find out how heavy metal ions interact with adsorbent surfaces. In this research paper, to presentation an impressive adsorption proceeding, it is essential to specify the most precise relation from the equilibrium plots. In order to description the empirical data of the adsorption isotherms, the Freundlich, Langmuir, and Temkin models utilized. The isotherm parameters of heavy metal ions were obtained and gathered in Table 1. 
Langmuir isotherm study
[bookmark: OLE_LINK20][bookmark: OLE_LINK97]The Langmuir isotherm explains adsorbent-adsorbate systems in which the amount of adsorbate cover is restricted to one molecular layer. Also, in the Langmuir isotherm, adsorption process happens on homogenous surfaces. Of course we need to know that isotherm suggested initially by Langmuir [34]. It should be stated that, in the Langmuir model, each adsorbate molecule occupies only one site [35].
The linear Langmuir isotherm equation is as following:
                                                                                                                           (2) 
Where;
KL and Q0 are the Langmuir constant and the maximum amount adsorbed (mg/g) 
respectively. Also, Ce and Qe amount of metal concentration at equilibrium (mg/L) and adsorbed metal at equilibrium (mg/g), respectively. In order to expression the indispensable features of the Langmuir isotherm, the dimensionless equilibrium parameter can be used (RL) [36,37]. The equation regarding the dimensionless equilibrium parameter is as follows:
[bookmark: OLE_LINK98][bookmark: OLE_LINK99]                                                                                                                 (3) If RL = 0 irreversible adsorption, RL = 1 linear adsorption, RL> 1 unfavorable adsorption, and 0 < RL < 1 favorable adsorption.
Based on the relevant data in the Table 1, it can be concluded that the adsorption process follows the Langmuir isotherm. Figure 8 shows a diagram of the Langmuir isotherm.


Freundlich isotherm study
[bookmark: OLE_LINK31][bookmark: OLE_LINK100]In the Freundlich isotherm, heterogeneous surfaces are used to perform the adsorption process. In this isotherm, adsorption amount is attributed to the concentration of adsorbed metal ions at equilibrium. [8]. Freundlich isotherm is not appropriate for low concentration region and only is utilized for metal ions adsorption at high concentrations. Freundlich isotherm equation is as follows [6]: 
                                                                                                                                        (4)
Where;
n and kf assigned to adsorption intensity and capacity, respectively. Of course, the linear form of formula 3 is as pursues:
                                                                                                         (5)

Temkin isotherm study
Temkin isotherm possesses an agent that precisely considers adsorbate-adsorbent interactions. This isotherm supposes that adsorption heat of whole molecules in the layer would diminish linearly with the surface cover owing to adsorbate-adsorbent interactions [38]. The linear equation of Temkin isotherm is in the below form:
                                                                                                                     (6)
Where:
ST and bT are the equilibrium binding constant and isotherm constant regarding to the adsorption heat. Besides, T(K) and R(8.314 J/mol K) are absolute temperature and gas constant.

3.4. Kinetic study
[bookmark: OLE_LINK102][bookmark: OLE_LINK103]Kinetic data supply details about the mechanism of absorption that is significant for the yield of the adsorption reaction. Forasmuch as the kinetic studies detects the reactor dimension and adsorbate residence time, hence, in order to optimize the design factors, it is main to aware the rate of sorption [39]. 
[bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK101]As we know, multiple kinetic models containing: pseudo-first order, pseudo-second order, and intra particle diffusion are applied to assay the empirical data like mass transfer, chemical reaction, and diffusion control [40]. The parameters related to the kinetic study are gathered in Table 2. 
[bookmark: OLE_LINK59][bookmark: OLE_LINK60]Pseudo-first order kinetic formula:
The Pseudo-first order equation was utilized for analysis of adsorption kinetics through the empirical information. The pseudo-first order formula of Lagergren is in general is represented as below [41]:
                                                                                           (7)
Where:
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Qt and Qe (mg·g−1) is indicative the values of adsorbed heavy metal ions on the adsorbent at time t (min) and equilibrium time, respectively. Also, k1 is represents the rate constant of pseudo-first-order (min−1). According to the Table 2, the correlation coefficient amounts (R2) were partly small, which proposes that the pseudo-first-order kinetics model is not appropriate to the adsorption process.
Pseudo-second order kinetic formula:
[bookmark: OLE_LINK33]In the pseudo-second order kinetic, the adsorption rate is investigated through the chemisorption, which contains exchanging or sharing of electrons among adsorbate and adsorbent. The linear formula of pseudo-second order model is as pursues [42]:
                                                                                                                           (8)
Where;
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK104][bookmark: OLE_LINK36][bookmark: OLE_LINK38][bookmark: OLE_LINK39]Qe and Qt (mg·g−1) is the values of adsorbed adsorbates onto the surface of adsorbent at time equilibrium (min) and at t time, respectively. Also, kt (g·mg−1min−1) is the pseudo-second-order rate constant. Fig. 9 is related to the linear form of the pseudo-second order equation. As stated in Table 2, the gained R2 are approximately agreement with the theoretical amounts, with 0.999. The obtained information illustrates that the adsorption proceeding is well fit to pseudo-second order model, which means that the adsorption mechanism belong to the concentration of adsorbate and adsorbent. The most important issue is that the rate-limiting step of adsorption proceeding could be chemical adsorption which contains exchanging or sharing of electrons among adsorbent and adsorbate [43,44].
Intra particle diffusion kinetic formula:
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]With the supposition waiver the migration of metal ions in the bulk liquid that covered at the particles, the adsorption proceeding can generally be divided to three steps: adsorption of ions onto sites; boundary layer diffusion; intra-particle diffusion [45,46]. 
One of the most usual models to investigate the diffusion mechanism of the adsorption proceeding is intra-particle diffusion model. Hitherto, the Weber-Morris's formula as an experimental equation was utilized to assay the diffusion mechanism, which the corresponding formula is as follows [47].
                                                                                                                                  (9)
Where; 
Qt (mg·g−1), Ci (mg·g−1), and kdi (mg·g−1·min−1/2) are the values of adsorbed adsorbates on the surface of adsorbent at time t (min); a constant which specifies through the boundary layer thickness, and the rate constant. In this study, in order to more assay the mechanism of PPI/MWCNT system for remove of Cd2+, Cu2+ and Pb2+, diffusion of the metal ions used. As observed in Table 2, the R2 amounts of heavy metal ions are less than 0.8, which demonstrates that intra particle diffusion had no substantial role in the adsorption process. 

3.5. Thermodynamic study
[bookmark: OLE_LINK117]The thermodynamic agents of adsorption provide comprehensive details concerning the nature of the proceeding. To infer whether the adsorption proceeding is spontaneous or not and also to realize the effect of temperature, thermodynamic agents like enthalpy change (ΔH°), Gibbs free energy change (ΔG°), and the entropy change (ΔS°) were utilized considerably. To specify the Gibbs free energy change of the adsorption, the following equation is used [48]:
                                                                                                                            (10) 
Where;
KC, R, and T are equilibrium constant, gas constant (8.314 J/mol.K), and absolute temperature (K), respectively. The KC amount was can be gained with the below formula:
                                                                                                                                     (11)
Where;
Ce and Qe are the equilibrium concentration of metal ions in the solution (mg/L) and on adsorbent (mg/g), respectively. In order to determination relationship amongst ΔH°, ΔG°, and ΔS° is utilized the below equation:
                                                                                                                                            (12) 
For obtaining thermodynamic parameters, after manipulation of equation 10, the linear form of that obtained as follows:
                                                                                                   (13)
A plot lnKC vs. (1/T) obtained a straight line, which ∆S° and ∆H° can be gained from slope and intercept, respectively. In this research paper, the Fig. 10 is demonstrating the thermodynamic of adsorption heavy metal ions on the PPI/MWCNT.
[bookmark: OLE_LINK54][bookmark: OLE_LINK55]The amounts of thermodynamic agents of Cd2+, Cu2+ and Pb2+ adsorption is gathered in Table 3. As observed, all of the calculated ∆H◦ of Cd2+, Cu2+ and Pb2+ adsorption are positive, denotes that processes are endothermic. The endothermic property of adsorption can be allocated to enhance in the mobility of the Cd2+, Cu2+ and Pb2+, because of the diminish in the viscosity of the solution. Besides, the positive ΔS° amounts display that affinity of metal ions is enough to stick on the PPI/MWCNT surface. At last, the negative ΔG° amounts demonstrate the spontaneity of the adsorption process. Furthermore, as observed in Table 3, with enhancing the temperature diminish in the amounts of ΔG°, which exhibits that the adsorption is more spontaneous at higher temperatures. Commonly, the ΔG° for chemisorption is in the region of −400 to −80 kJ/mol, while for physisorption is between −20 and 0 kJ/mol [49]. Hence, it can be concluded that the amounts of ΔG° gained in this research paper are within the regions of the physisorption mechanism.
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