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ARTICLE INFO ABSTRACT
Keywords: This work demonstrates the preparation of a new, effective, and reusable magnetic adsorbent by
Polydopamine functionalizing dopamine with ethylenediaminetetraacetic dianhydride and polymerizing it on

Carbon nanotubes
EDTA dianhydride
Magnetic adsorbent
Heavy metal ions

the surface of magnetic carbon nanotubes (EDTA@PD-CNT/Fe304). The adsorbent was analyzed
using XRD, FT-IR, Zeta potential, FE-SEM, EDX, BET, TGA, DTA, and VSM. The synthesized
adsorbent was used to remove lead and cadmium ions from aqueous solution. The adsorption
process was improved by optimizing key parameters such as pH, adsorbent dosage, contact time,
and ion concentration. For both ions, the thermodynamic data of the processes and adsorption
kinetics were examined. Analyzing the experimental data revealed that the Langmuir isotherm
was the most appropriate model, and the examination of adsorption kinetics showed a pseudo-
second-order equation. The adsorption process by the EDTA@PD-CNT/Fe304 adsorbent was
spontaneous and endothermic, according to the thermodynamic data, for Cd?>* and Pb>*, the
highest adsorption capacities were found to be 204.54 mg g~! and 376.48 mg g}, respectively.

1. Introduction

The rapid expansion and advancement of the global economy have led to heightened concern regarding the introduction of heavy
metal contaminants into the environment through industrial activities such as battery manufacturing, metallurgy, smelting, and en-
ergy production [1-3]. Unlike other contaminants, these chemicals are non-biodegradable and can bioaccumulate in biological tissues
[4,5]. Cadmium (Cd?") and lead (Pb31) are non-biodegradable metals that have attracted a lot of attention due to their potential to
cause anemia, mental retardation, cancer, kidney and liver disorder, and lung inflammation [6,7]. Hence, the removal of this specific
group of environmental contaminants is crucial for the enhancement and purification of the environment [8,9].

Extraction [10], chemical precipitation [11], oxidation [12], ion exchange [13], electrochemistry [14], and nanofiltration [15] are
among the techniques that have been used to remove Cd*" and Pb%" ions from the water environment. However, the lack of popularity
of these techniques can be attributed to their difficult recovery, complex processes, and high cost [16,17]. Adsorption is considered a
highly promising method for removal applications because of its simple operation, economic advantages, easy recovery, and potential
for reuse [18,19].
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Metal oxides [20], biosorbents [21], resins [22], coal [23], and carbon nanomaterials [24] are among the materials that show
surface adsorption [25]. Carbon nanostructures, such as carbon nanotubes, were considered appropriate substrates for adsorption
because of their exceptional mechanical and electrical characteristics, extensive surface area, and chemical stability [26,27].
Considering the limited adsorption capacity, slow separation, and low reusability of adsorbents, surface modification of carbon
nanotubes to create more efficient adsorbents in the field of heavy metal removal has been given priority [28,29].

Ethylenediaminetetraacetic acid (EDTA) as a substrate modifier can increase the adsorption capacity due to its chelating structure
(including carboxyl groups and amine groups) and its ability to coordinate with a wide range of metal ions [30-32]. Several materials,
such as metal-organic frameworks (MOFs) [33], chitosan [34], graphene oxide [35], polymers [36], functionalized Fes04 [371,
modified cellulose [38], and biomass [39] were modified with EDTA to improve their capacity to adsorb heavy metals [40]. The
efficacy of adsorbents containing EDTA is contingent upon the characteristics of the substrate and the substance responsible for
binding EDTA to the substrate [31,35]. To transfer the coordination properties of EDTA to the substrate, one can employ ethyl-
enediaminetetraacetic dianhydride (EDTAD) as a derivative of this molecule. Utilizing dopamine for the amination reaction with
EDTAD, followed by polymerization on the substrate’s surface, can serve as an effective technique for linking ETDA to the substrate.
Meanwhile, the procedure of separating the adsorbent from the aqueous environment has significance for minimizing waste and saving
time [41]. The fabrication of magnetic nanoparticles, such as Fe3O4, on the substrate’s surface allows for efficient and rapid separation
of the adsorbent using an external magnetic field [42,43]. Most of the reported hosts of EDTA functionalized adsorbents have used a
bulk framework like chitosan, cellulose, MOF, etc., and one could not expect to functionalize the framework with a maximum amount
of EDTAD because of the bulky structure of the molecule. In this respect, we thought that to increase the capacity of the adsorbent, it is
better to functionalize the monomer and then polymerize it on a surface with an efficient surface area. Therefore, the objective of this
work was to establish an innovative sorbent based on dopamine for the removal of heavy metal ions such as cadmium and lead. It was
clear that by functionalizing the dopamine, it would lose some of its toughness. However, as we will discuss in the coming sections, the
prepared adsorbent, i.e., EDTA@PD-CNT/Fe304, achieved one of the highest adsorption capacities of 376.48 and 204.54 mg g~! for
Pb?* and Cd?*, respectively. The characteristics of this adsorbent can be mentioned as easy separation, ease of recovery, and reus-
ability. The structure and properties of the synthesized composite have been evaluated and determined using XRD, FT-IR, EDX,
FE-SEM, Zeta potential, BET, VSM, TGA, and DTA analysis. The effect of adsorbent dose, temperature, pH, reaction time, concen-
tration, and the adsorption of both ions was investigated separately. Adsorption kinetics and isotherms, as well as thermodynamic
parameters, and finally, the maximum adsorption capacity of the sorbent, were measured.
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Fig. 1. Schematic synthesis of magnetic adsorbent (EDTA@PD-CNT/Fe304).
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2. Experiments and methods
2.1. Materials

All the chemicals have been utilized at high purity levels without pretreatment and are readily available. The materials used to
prepare the magnetic adsorbent were MWCNT, ethylenediaminetetraacetic dianhydride (EDTAD) (98 % Sigma-Aldrich), dopamine
hydrochloride (Sigma-Aldrich), FeCl3.6H,0, FeCl,.4H,0, HNO3, H>SO4, ammonia solution (25 %), sodium acetate, ethylene glycol,
ethanol, tris-base and deionized water. Standard solutions were prepared by employing salts of Pb(NO3)2 and Cd(NO3)2.4H20, which
contain heavy metal ions. Solutions of HCl and NaOH with a concentration of 0.01 M were employed to control the pH.

2.2. Preparation of adsorbent
Fig. 1 illustrates the overall process for designing the EDTA@PD-CNT/Fe304 composite.

2.2.1. Synthesis of M-CNT

The initial step involved the oxidation of the carbon nanotube surface using HNO3 and H3SOy4, followed by the synthesis of Fe3O4
nanoparticles on the surface of the CNTs. The oxidized carbon nanotubes (O-CNTs) were prepared based on a procedure reported in the
literature [44]. 0.5 g of multi-walled carbon nanotubes (CNTs) were added to 50 mL of a solution containing 25 mL of HNO3 (6N) and
25 mL of HySO4 (2N), and the mixture was refluxed for 12 h. The O-CNTs were separated by centrifugation and washed by deionized
water until the solution was entirely neutral. The solid was finally vacuum-dried at 50 °C. Magnetic carbon nanotubes (M-CNTs) were
synthesized using the following method: At first, 0.20 g of O-CNT was added to 70 mL of ethylene glycol and sonicated for 15 min. In
the next step, 1.014 g of FeCl3.6H20 and 0.414 g of FeCl,.4H20 were added and sonicated again for 15 min. After adding 2.16 g of
sodium acetate, the mixture was sonicated again for 15 min. Finally, 20 mL of ammonia solution (25 %) was added, and the mixture
was stirred for 30 min. The suspension was transferred to a Teflon-lined autoclave and treated at 180 °C for 6 h. The M-CNT precipitate
was separated by the magnet and washed several times with ethanol and deionized water. The magnetic carbon nanotubes were dried
in a vacuum oven at 60 °C for 12 h [45].

2.2.2. Synthesis of M-CNT/Dopamine-EDTA

During the second step, 0.30 g of the M-CNT and 0.60 g of dopamine hydrochloride were suspended in 50 mL of deionized water
and sonicated for 30 min 1.20 g of EDTAD dissolved in 20 mL of deionized water was added to the mixture, and the resulting mixture
was sonicated for 30 min and then stirred overnight at room temperature. Dopamine reacts with the anhydride ring in the EDTAD
molecule and causes the ring to open [46,47].

2.2.3. Synthesis of EDTA@PD-CNT/Fe304

Polydopamine was synthesized on the surface of M-CNT by changing the pH to 8.5 in the third step [48]. The mixture was agitated
for 24 h at ambient temperature using a magnetic stirrer. After the dopamine polymerization was completed, to ensure the complete
hydrolysis of EDTAD, 1 g of NaHCO3 was added to the above solution, and the solution was stirred for 1 h [28]. Subsequently, the
resulting solid was rinsed many times with deionized water and isolated using an external magnetic field. The final composite was
dehydrated in a vacuum oven at 60 °C.

2.3. Characterization of the samples

The surface morphology and energy dispersive spectroscopy (EDS) measurements of all samples (CNT, O-CNT, M-CNT, and
EDTA@PD-CNT/Fe304) were analyzed using a field emission scanning electron microscope (FE-SEM/QUANT, model FEG-450, FEI,
USA). A BET (BELSORP minill, Japan) analysis was used to find out the specific surface area and the porosity of the samples. A
simultaneous thermal analysis (STA/PerkinElmer STA6000, USA) was used to see how the samples responded to changes in tem-
perature. The graphs related to differential thermal analysis (DTA) and thermal analysis (TGA) were obtained for all samples. To
ascertain the synthesis of the ultimate adsorbent and discern the functional groups included in the samples at each stage, the FT-IR
spectrum (model Tensor 27, Bruker, Germany) of all the samples was investigated in the range of 400-4000 cm 1. The crystallinity
and phase of the CNT, M-CNT, and EDTA@PD-CNT/Fe304 samples were determined by X-ray diffraction analysis (XRD/ASENWARE/
AW-XDM300). Finally, a vibrating sample magnetometer (VSM/MDXK, Iran) was used to find the hysteresis loops of the EDTA@PD-

Table 1
Specific surface area and morphological characterization of the samples using BET and BJH equation.
Sample BET
S (mz.g’l) Vin (cm3.g’1) Total pore volume (cmg.g’l) Mean pore diameter (nm)
CNT 146.49 33.66 0.34 9.34
O-CNT 170.97 39.28 0.38 9.00
M-CNT 122.64 28.18 0.22 11.17

EDTA@PD-CNT/Fe304 46.12 10.60 0.09 9.42
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CNT/Fe304 adsorbent. In addition, DLS-ZETA (model SZ-100/HORIBA/Japan) was used to measure the surface charge of the
adsorbent at various pH levels.

2.4. Adsorption experiments

The effectiveness of the magnetic EDTA@PD-CNT/Fe304 adsorbent in removing Cd%* and Pb?* from the water was evaluated by
batch adsorption test. Nitrate salts were used as sources of Cd%" and Pb?* ions. Every test was carried out in a 100 mL polypropylene
(PP) container. After the adsorption trials, the adsorbent was first separated from the aqueous solution using an external magnetic
field. Subsequently, the remaining concentration of metal ions was analyzed using an atomic adsorption spectrophotometer (AAS/
RAYLEIGH, WFX-210). The adsorption equations presented in Table 7 (Egs. 1(a), 1(b), and 1(c)) were utilized to determine the
equilibrium adsorption capacity (Q.), adsorption capacity at time t (Q), and removal efficiency (%R) of the adsorbent. Solutions with
varying pH values (ranging from 2 to 7) that contained 50 ppm of Cd*" or Pb?* ions were made to assess the impact of pH on the
adsorption process. 20 mL of the prepared solutions were mixed with 5 mg of adsorbent. To monitor the adsorbent dosage test,
different amounts of adsorbent (3-15 mg) were mixed with 20 mL of 50 ppm (pH = 6) Cd*" or Pb?" solutions. The samples were
shaken for an hour at 200 rpm and at 25 °C.

2.5. Adsorption kinetic

An amount of 5 mg of adsorbent was introduced into the solutions containing Pb?*, whereas 8 mg was added to the solutions
containing Cd** to conduct time factor experiments. The adsorption reaction was conducted at 25 °C with a speed of 200 rpm at
different times (0-360 min). The experimental data were analyzed using the pseudo-first-order (Eq. (2), Table 7), pseudo-second-order
(Eq. (3), Table 7), and Elovich (Eq. (4), Table 7) kinetic models. The intra-particle diffusion (IPD) kinetics model (Eq. (5), Table 7) was
employed to ascertain the rate-limiting step and precise mechanism of adsorption.

2.6. Adsorption isotherm studies

In the optimal conditions, the concentration factor test was done by adding the adsorbent to 20 mL of solutions with varying
amounts (10-200 ppm) of Cd?* or Pb%" ions. Employed the Langmuir and Freundlich isotherm models to simulate experimental data.
The non-linear relationships of Langmuir and Freundlich isotherms are expressed by Egs. (6) and (7) in Table 7, respectively. Eq. (6) in
Table 7 allows us to determine the maximum adsorption capacity for Cd** or Pb2* ions.

2.7. Adsorption thermodynamic
To examine the impact of temperature on the adsorption process and obtain thermodynamic parameters, concentration factor tests

were carried out at three different temperatures (298, 303, and 308 K). Equations (9) and (10) in Table 7 present thermodynamic
relations along with parameters.

2.8. Evaluating the efficiency of the adsorbent in the binary adsorption system

The experiment completed for each ion was analyzed separately, followed by research on the adsorbent’s behavior in the binary
adsorption system. Solutions were created that consisted of a combination of Cd%* and Pb?* ions. The pH of all solutions was set to 6.

Table 2
Kinetic parameters for adsorption of Pb*2 and Cd*2 by EDTA@PD-CNT/Fe30, using non-linear fitting.
Adsorption kinetic Parameter Value
Pb +2 cd +2
PFO k; (min™?) 0.070 0.068
Qe.cal. (mg.g™}) 187.5 117.8
R? 0.937 0.935
PSO ky x 107* (mg~'.min"’.g) 6 9.29
Qe.cal. (mg.g™}) 199 125
R? 0.982 0.982
Elovich o 256 148
i 0.039 0.061
R? 0.973 0.975
IPD ki1 14.81 9.25
R3 0.991 0.991
kiz 0.36 0.34
R% 0.985 0.995
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Table 3
The parameters of isotherm models (Langmuir and Freundlich) along with the correlation coefficients obtained by non-linear fitting method.
Temperature (K) Adsorption isotherm Parameters Value
Pb+2 cd*?
298 Langmuir Qmax (Mg.g B 342.76 171.21
K, (L.mg™ 1) 0.022 0.028
R? 0.982 0.98
Freundlich Kr ((mg.g™ 1) (mg.L-H)"/7) 35.46 23.06
n 2.48 2.77
R? 0.935 0.933
303 Langmuir Qmax (mg.g™ 1) 360.56 191.84
Ky (L.mg™1) 0.025 0.028
R? 0.988 0.991
Freundlich Kr ((mg.g™ ") (mg.L™H)~ /™) 40.56 24.16
n 2.55 2.67
R® 0.946 0.955
308 Langmuir Qmax (mg.g’l) 376.48 204.54
K. (L.mg™1) 0.026 0.032
R? 0.99 0.994
Freundlich Kr ((mg.g™ ") (mg.L™H)~/™) 43.56 28.99
n 2.57 2.81
R? 0.944 0.969
Table 4
Thermodynamic parameters for M>* ion adsorption on the surface of the EDTA@PD-CNT/Fe30, adsorbent.
M?* jon AS° AH° Temperature K4 AG° R?
(J.mol LK) (KJ.mol 1) (K) Lg™h (KJ.mol 1)
pbt? 39.07 9.84 298 2.09 —-1.80 0.986
303 2.25 -1.99
308 2.38 -2.19
cd*? 55.78 16.42 298 1.09 —0.202 0.976
303 1.24 —0.481
308 1.36 —-0.76
Table 5

Concentration mixtures of Pb>" and Cd*" ions (gray) in the binary absorption system study.

Concentration of Pb** mg.L~!

Concentration of Cd*>" mg.L ™! 0 20 40 60 80
0 0 20 40 60 80
20 20 40 60 80 100
40 40 60 80 100 120
60 60 80 100 120 140
80 80 100 120 140 160

2.9. Reusability
The reusability and stability of the adsorbent were assessed using five consecutive adsorption-desorption experiments.
2.10. Evaluation of EDTA@PD-CNT/Fe304 adsorbent performance

Ultimately, the efficacy of the synthesized adsorbent (EDTA@PD-CNT/Fe304) was evaluated by comparison with CNT, O-CNT, and
M-CNT.

3. Result and discussion
3.1. Characterization of EDTA@PD-CNT/Fe304

The crystal structures of the composites (CNT, M-CNT, and EDTA@PD-CNT/Fe304) were examined using wide-angle XRD spectra.
The XRD pattern of the MWCNT (Fig. 2) reveals peaks at 20 = 26.05 and 43.55°, which represent the 002 and 100 carbon atom planes,

respectively [50]. The XRD pattern of M-CNT does not show any diffractions related to carbon nanotubes, but the Fe304 cubic sheet
planes 220, 311, 400, 422, 511, and 440 are responsible for the highest diffraction at 26 = 30.40, 35.70, 43.30, 53.70, 57.20, and
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Table 6
Comparison of the maximum adsorption capacities of EDTA@PD-CNT/Fe304 with various adsorbents.
Adsorbent Target element Isotherm Kinetic Qmax Year Ref.
(mg.g™")

EDTA@PD-CNT cd? Langmuir PSO 204.54 - This work
Pb*2 376.46

Fe304@CS-EDTA Co*? Langmuir PSO 48.78 2019 [30]

EDTA-Chitosan Cot? Sips PSO 61.00 2021 [49]
Sri? 8.80

EDTA-mGO Pb*2 Freundlich Temkin PSO 508.40 2015 [35]
Hg™? 268.40
cu*! 301.2

EFB Ca™? Langmuir PSO 26.50 2011 [39]
cd*? 41.00
pb*? 89.21

Cell-EDTA cd*? Langmuir PSO 48.02 2020 [38]
Pb+2 63.92

CTS/PAM gel cut? Langmuir PSO 99.44 2016 [9]
cd*? 86.00
Pb+2 138.41

Fe304-CS/EDTA Cu*? Langmuir PSO 225.00 2019 [34]
Pb+2 220.00

Mag-Ligand cd*? Langmuir PSO 79.36 2015 [31]
Pb+2 Freundlich 100.20

62.80°, respectively [51]. Since ethylenediaminetetraacetic acid-functionalized polydopamine is amorphous, the XRD investigation of
EDTA@PD-CNT/Fe304 does not reveal any novel diffraction patterns.

The FT-IR spectra depicted in Fig. 3 analyze the vibrational characteristics of the functional groups present in the CNT, O-CNT, M-
CNT, and EDTA@PD-CNT/Fe304. The broad peak in the range of 3300-3600 em ! corresponds to the vibrational frequencies of the O-
H bond, while the two peaks seen at 2856 and 2925 cm ™! are associated with the vibrational frequencies of the aliphatic C-H bonds
[52]. The absorption bands at 1573, 1641, and 1720 cm ™! seen in all samples, except for EDTA@PD-CNT/Fe304, can be attributed to
the vibrations of the C=C and C=0 bonds in carbon nanotubes, respectively [53,54]. The presence of a peak at 588 cm ™' in the M-CNT
sample can be attributed to the vibrational frequency of the Fe-O bond, suggesting the successful synthesis of Fe304 particles in this
sample [55]. The successful synthesis of polydopamine modified with ethylenediaminetetraacetic acid can be proved by new peaks
appearing in the spectrum of EDTA@PD-CNT/Fe304. The range of 1530-1690 cm ™! in the spectrum of EDTA@PD-CNT/Fe304 cor-
responds to the vibrational frequency of the carbonyl group (C=0) in the amide and acidic residues, as well as N-H bending [56]. The
stretching vibrations of the C-N and C-O bond appeared at 1296 cm ™! and 1126 cm ™, respectively. The peak observed at 1384 cm™*
can be attributed to the symmetric stretching vibrations of the carboxylate group (-COO") [34,57]. The peak observed at 1471 cm™! can
be attributed to the C=C of the aromatic rings. A combination of field emission scanning electron microscopy (FE-SEM) and energy
dispersive spectroscopy (EDS) was employed to examine the physical and chemical alterations occurring in CNTs. Fig. 4 displays the
images associated with the synthesized samples. The first image shows the tubular structure of carbon nanotubes, which is a suitable
choice for making composites. The change observed in the morphology of carbon nanotubes, and the percentage of their chemical
composition after oxidation can be seen in the image associated with the O-CNT sample. As seen in the FE-SEM image of the composite
containing Fe3O4 nanoparticles, the gathering of the CNT filaments with Fe3O4 nanoparticles has considerably changed the
morphology of the solid, and perhaps the porosity of the solid has been affected to a large extent; this has been discussed in the
following paragraphs (N adsorption-desorption analysis). Finally, the FE-SEM image of the final composite, i.e., EDTA@PD-CNT/-
Fe304, shows the formation of homogeneous polydopamine shells around the M-CNT [58]. The alteration in the structure and
composition of carbon nanotubes validate the successful creation of magnetic nanoparticles and polydopamine on the surface of the
CNTs. Furthermore, the rise in the proportion of nitrogen (4.12 %) and oxygen (20.65 %) in the produced composite serves as evidence
of the successful creation of EDTA@PD-CNT/Fe304 as an intendant adsorbent. Fig. 5 displays the FE-SEM-EDS mapping of the
EDTA@PD-CNT/Fe304 composite and its corresponding structural components. The existence of EDTA@PD in the final adsorbent is
confirmed by the presence of oxygen and nitrogen atoms in the composite.

The addition of Fe3O4 is very important for operationally easily separating adsorbent from an aqueous solution. The presence of
Fe304 nanoparticles in the adsorbent confers magnetism, enabling rapid separation with the use of an external magnet. The magnetic
hysteresis line of EDTA@PD-CNT/Fe3O4 in Fig. 6 demonstrates that the suggested adsorbent possesses magnetic characteristics,
exhibiting a saturation magnetization of 17.66 emu/g. Magnetic separation is a cost-effective and time-saving method for the
adsorption process [59]. Variations in zeta potential were assessed at various pH levels to examine the surface charge of the
EDTA@PD-CNT/Fe304 composite. The outcomes of this examination are displayed in Fig. 7. The pH of the solution has a big impact
on the surface charge of EDTA@PD-CNT/Fe304 because it has many functional groups, such as hydroxyl (-OH) and carboxyl (-COOH)
groups. Since the pHzpc of the adsorbent is about 5.34 and since the surface of the adsorbent becomes negative at a pH higher than the
PHzpc, it can be concluded that EDTA@PD-CNT/Fe30y is a suitable alternative for the adsorption of cationic contaminants.

The thermal stabilities of CNT, O-CNT, M-CNT, and EDTA@PD-CNT/Fe304 composites were measured by thermogravimetric
analysis. Diagrams of the thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are shown in Fig. 8(a and b). In
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Table 7
Adsorption equations, nonlinear equations of kinetics, nonlinear equations of isotherms, thermodynamic equations, and their corresponding
parameters.

Models Equations Parameters (unit)
1) @ Q = (Co — C)V Q.: Equilibrium adsorption capacity (mg.g ™)
Adsorption equations m Q¢ Adsorption capacity at time t (mg.g 1
P . -1
(Co — Ce)V (Co —Ce) Co: Initial concentration (mg.L™ ")
®) Q= m (c) %Removal = Co x C;: Residual concentration (mg.L™")
100 Ce: Equilibrium concentration (mg.L D)

V: Volume of heavy metal ion solution (mL)
m: Dosage of adsorbent (g)
(2) PFO Q = Qe.cal.-(l _ ek .1) Q¢ Adsorption capacity at time t (mg g~ )
Qe,cal: Calculated adsorption capacity (mg g h
t: Contact time (min)
k;: Rate constant corresponding to pseudo-first-order (min™1)
(3) PSO Qg kot Q¢ Adsorption capacity at time t (mg g~ 1)
Q= 1+ QecaCe Qe,car: Calculated adsorption capacity (mg g~ ")
ky: rate constants corresponding to pseudo-second-order (g.mg~!.min"')
Ce: Equilibrium concentration (mg.L D)
t: Contact time (min)
Qq: Adsorption capacity at time t (mg g~*)
«: Initial adsorption rate (mg.g~'.min"!)
p: Desorption constant during each experiment (g.mg ')
t: Contact time (min)
Qq: Adsorption capacity at time t (mg.g™*)
Kkaig: IPD rate constant (mg.g~'min~ /%)
t: Contact time (min)
C: Intercept (thickness of the boundary layer) (mg.g ™)
~ Qemax K1-Ce Q.: Equilibrium adsorption capacity (mg.g ™)
T 1+ (Ki.Ce) Qe.Max: Maximum equilibrium adsorption capacity (mg.g 1)
C.: Equilibrium concentration (mg.L ™)
Ky: Langmuir constant (L.mg ™)
Q.: Equilibrium adsorption capacity (mg.g™ %)
C.: Equilibrium concentration (mg.L™")

Kg: Freundlich constant associated with adsorption capacity. (mg.g ™) (mg.
Lfl)fl/n

(4) Elovich Q = [1} .In(a.p).t

(5) IPD
(6) Langmuir
(7) Freundlich

n: Freundlich constants associated with adsorption intensity.
9 AG® = AH® — TAS® AGP: Gibbs free energy of adsorption (J.mol™)
AH®: Enthalpy of adsorption (J.mol~!)
AS°: Entropy of adsorption (J.mol *.K™!)
Thermodynamic T: Temperature (K)
equations
10) AS®  AH® R: 8.314 Jmol 'K !
InKy = "R RT Kg: Equilibrium constant (L.g %)
Q.

Kd:a

Fig. 8 (a), the weight loss was observed around 600 °C for CNT and O-CNT due to the destruction of the carbon nanotube structure. In
the graph related to M-CNT, the weight loss of roughly 40 % can be related to the disintegration of the carbon nanotube structure. The
addition of Fe304 nanoparticles in the M-CNT enhances the thermal capacity of the composite, and in this respect, the degradation of
the carbon nanotube structure occurs at lower temperatures (approximately 400 °C). Also, the catalytic action of Fe3O4 can is helpful in
the breakdown of carbon skeleton [37,60]. The linear trend observed in the graph of M-CNT, starting at 600 °C, provides evidence for
the presence of a FegO4 mineral compound. The weight loss below 200 °C in the graph related to EDTA@PD-CNT/Fe304 can be related
to the loss of adsorbed water in the composite structure. The decomposition of the composite organic coating starts at a temperature of
around 200 °C with decarboxylation and is completed by the decomposition of CNTs at about 600 °C. Therefore, the organic portion
(polydopamine modified with EDTA) is anticipated to be around 51 %, Fe304 nanoparticles about 31 %, and carbon nanotubes about
11 % in the final composite. The changes observed in DTA (Fig. 8 (b)) are completely consistent with the changes in TGA (Fig. 8 (a)).
Therefore, it can be concluded that phase changes did not occur in the samples, and all the changes are related to the reduction of the
mass of the samples. The presence of broad peaks in the DTA diagram shows thermal decomposition during temperature changes.
Nitrogen gas adsorption-desorption along with pore size distribution (BJH analysis) of the CNT, O-CNT, M-CNT, and EDTA@PD-
CNT/Fe304 were investigated (Fig. 9(a-d)). As to the IUPAC classification, the adsorption isotherm exhibits characteristics similar to
type IV isotherms, with a small hysteresis loop [61]. Since the hysteresis loop cannot help in confirming the structure, it is perhaps
difficult to confirm the mesoporous structure; however, the adsorption at the P/P, of 0.8-1 can be attributed to the adsorption between
the void volumes of the nanoparticles. As a result, adsorption with a small hysteresis loop can be related to compounds with
micro-mesoporous morphology [62]. The change in the BJH diagram of M-CNT and EDTA@PD-CNT/Fe304 samples compared to CNT
and O-CNT samples shows the change in their textural characteristics. The Brunauer-Emmett-Teller (BET) equation and nitrogen
adsorption and desorption diagram were used to find the specific surface area of all samples. The results are displayed in Table 1.
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Fig. 3. FT-IR spectra of the samples CNT, O-CNT, M-CNT, EDTA@PD-CNT/Fe304.

Although the total pore volume and surface area of the final composite are reduced, the mean pore diameter does not change
significantly compared to carbon nanotubes. The surface area of EDTA@PD-CNT/Fe30;4 is reduced because polydopamine function-
alized with EDTA covers the surface area of the CNTs. Although the surface area was reduced, functional groups with chelating
properties were increased on the surface, hence raising the Cd*2 and Pb*?2 ion adsorption abilities. Adsorption capacity results under
optimal conditions for CNT, O-CNT, M-CNT, and EDTA@PD-CNT/Fe304 are shown in Fig. 16.
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Fig. 4. The FE-SEM images with the EDX results of the CNT(a), O-CNT(b), M-CNT(c), EDTA@PD-CNT/Fe304(d) samples.

3.2. Effect of pH on the removal efficiency

The influence of pH on the process of surface adsorption of heavy metal ions is not hidden from anyone. This study examined the
effect of pH on the adsorption of Cd?* and Pb?* ions by the EDTA@PD-CNT/Fe304 composite through a series of experiments. The pH
of the solutions has been modified to a range of 2-7 for the purpose of these experiments because a pH above 6 leads to unfavorable
adsorption processes due to the precipitation of Cd*" and Pb?* hydroxides. Fig. 7 shows the change in zeta potential for the ETA@PD-
CNT/Fe304 adsorbent based on pH changes (in the range of 2-8). The pHyzpc for this composite was obtained at 5.34, indicating that the
adsorbent content at this pH is uncharged. At pH < pHzpc, the hydroxyl (-OH) and carboxyl (-COOH) groups of the adsorbent are
mostly protonated, leading to a positively charged surface, and thus the removal efficiency is low due to electrostatic repulsion. As can
be seen (Fig. 10(a)), at pH = 2, the removal efficiency is negligible, and the removal efficiency increases by increasing the pH to 4. The
adsorption at pH < pHzpc can be related to the creation of hydrogen bonds between the solvent-coated ions and the polar groups on the
surface of the EDTA@PD-CNT/Fe304 adsorbent. These groups are related to the hydroxyl groups found in Fe3O4 nanoparticles, pol-
ydopamine, oxidized CNTs, and the residual EDTA molecules. The optimal pH for achieving maximum removal efficiency was
determined to be six for both Cd?" and Pb%" ions. At this pH, almost all the carboxylate and amine groups in the EDTA sites would be
ready to anchor the M?2" ions. Furthermore, when the pH > pHzpc, the adsorbent’s surface charge becomes negative [35]. This leads to
strong electrostatic attraction between positive ions and the adsorbent’s surface, which contributes to its high adsorption capacity.
These findings are consistent with the Zeta potential measurements. The adverse effects at pH = 7 compared to pH = 6 can be
attributed to the creation of metal hydroxide [38,49]. To further investigate and control the effective parameters in the adsorption
process of Cd%* and Pb?* ions, pH = 6 was chosen as optimal.

3.3. Effect of dosage on the removal efficiency

Once the proper pH of the Cd?* and Pb?* solutions was established, the adsorption process was examined at varying dosages of the
EDTA@PD-CNT/Fes04 composite. Accurately determining the optimal dosage of adsorbent can effectively minimize expenses and
waste. According to Fig. 10 (b), the removal efficiency of Cd%* ions escalated from 46.8 % to 92.0 % when the adsorbent dose was
raised from 3 mg to 8 mg. For Pb>" ions, the removal efficiency rose from 50.0 % to 96.0 % when the dosage was escalated from 3 mg to
5 mg. There was no noticeable alteration in the removal efficiency when the adsorbent dose was further escalated. Increasing the
adsorbent dosage increases the quantity of active adsorption sites on the adsorbent’s surface, resulting in higher removal efficiency.
These changes show that the maximum adsorption capacity is obtained in the appropriate dose of the adsorbent in such a way that the
surface of the adsorbent is saturated with a certain concentration of heavy metal ions, and no significant change in the removal ef-
ficiency is observed [63].
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Fig. 5. FESEM image of the EDTA@PD-CNT/Fe30,4 sample (a), and EDX mapping of the EDTA@PD-CNT/Fe304 and the corresponding ele-

ments (b-f).
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Fig. 6. Magnetization curve of sample EDTA@PD-CNT/Fe304.
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Fig. 8. TGA analysis (a) and DTA curves (b) of the CNT, O-CNT, M-CNT, and EDTA@PD-CNT/Fe30,.
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3.4. Effect of reaction time and investigation of adsorption kinetics

Heliyon 10 (2024) e38780

The time needed to reach adsorption equilibrium is a crucial economic element in wastewater treatment. Reaction time studies
were conducted for Cd" (8 mg dosage, pH = 6, T = 298 K, 50 ppm) and Pb>* (5 mg dosage, pH = 6, T = 298 K, 50 ppm). The findings
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Fig. 9. N, adsorption-desorption isotherm and BJH curves (inset) of the samples CNT (a), O-CNT (b), M-CNT (c), EDTA@PD-CNT/Fe304 (d).

derived from this investigation are displayed in Fig. 11 (a) for both ions. The significant rise in adsorption capacity within the first 50
min before reaching equilibrium can be attributed to the high gradient of concentration at the interface between the adsorbent and the
solution, as well as the presence of many surface-active sites [49]. Following 50 min and attaining equilibrium, there was no notable
increase in adsorption capacity. The method of non-linear curve fitting analysis was utilized to examine the kinetics of adsorption and
determine the kinetic parameters. The experimental data were analyzed using the pseudo-first-order (Eq. (2), Table 7),
pseudo-second-order (Eq. (3), Table 7), and Elovich (Eq. (4), Table 7) kinetic models. The study calculated the kinetic parameters
associated with each model and recorded the findings in Table 2. The reported results indicate that the pseudo-second-order model had
a greater correlation coefficient ®?» compared to the other two kinetic models that were examined. Furthermore, the Qe ¢, calculated
using this model exhibited a greater level of closeness to the experimental value (Qeyp). Also, the results in Table 2 indicate that in the
pseudo-first-order kinetic model, Qe.ca1 is less than Qeyp. The R? for this model is smaller than that of the pseudo-second-order and
Elovich models. Thus, this model is unsuitable for describing the kinetic behavior of ions. Hence, the pseudo-second-order model well
characterizes the adsorption kinetics of Cd?* and Pb?" on the adsorbent surface. Research demonstrates that the rate-limiting step is
the chemisorption of ions on the adsorbent surface. The intra-particle diffusion (IPD) kinetics model (Eq. (5), Table 7) was employed to
ascertain the rate-limiting step and precise mechanism of adsorption. The diagram of this investigation is depicted in Fig. 11 (b). If the
graph represents a linear relationship that intersects the origin, it can be inferred that the adsorption is governed by the kinetics of
intra-particle diffusion and that the boundary layer has a negligible thickness. However, as depicted in Fig. 11(b), each segment of the
curve is split into two lines, each characterized by distinct values of R? and rate constant. The first step, which has a rate constant of ki,
is caused by adsorption on the adsorbent’s surface and mass transfer from outside the system [64]. The second step, characterized by a
rate constant of kjs, is associated with the slow adsorption process occurring on the adsorbent’s surface. As the concentration of ions in
the solution declines and the adsorbent surface gets saturated, the diffusion resistance increases with time. Therefore, as seen in
Table 2, ko is smaller than k;; [65].

3.5. Effect of the concentration and adsorption isotherms
It is crucial to examine the impact of Cd?** and Pb?* ion concentrations on the adsorption process, determine the maximum
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Fig. 10. The influence of solution pH (a) and adsorbent dose (b) on the adsorption process of cd?* and Pb%**+ by the EDTA@PD-CNT/Fe304.

adsorption capacity, understand how metal ions and the adsorbent’s surface interact, and ultimately gain a comprehensive under-
standing of the adsorption mechanism. Fig. 12 (a—b) shows the effects of Cd>* and Pb%* ion concentrations utilizing the EDTA@PD-
CNT/Fe304 adsorbent in ideal conditions and at three different temperatures. The first increase can be attributed to the elevated
concentration of metal ions, subsequently accompanied by a substantial driving force to tackle the mass transfer [66]. Once equi-
librium is reached, any further rise in the initial concentration will not result in a significant increase in the adsorption capacity. The
cause can be ascribed to the saturation of active sites on the surface of the adsorbent. The highest adsorption capacity achieved for
Cd?* and Pb?" ions at 45 °C was 204.54 mg g~ ' and 376.48 mg g !, respectively. The results obtained from EDTA-terminated ad-
sorbents are compared with these values in Table 4. Next, we employed the Langmuir and Freundlich isotherm models to simulate
experimental data. The non-linear relationships of Langmuir and Freundlich isotherms are expressed by Egs. (6) and (7) in Table 7,
respectively. The parameters derived from the Langmuir and Freundlich isotherms, along with the non-linear correlation coefficient
(R?), are presented in Table 3. The comparison of R? values between the Langmuir and Freundlich models indicates that the Langmuir
model has a greater R? value across three distinct temperatures. In addition, the Langmuir model yields a maximum saturation
adsorption capacity (Qmax) that closely matches the experimental observations. The findings indicate that the chemical adsorption
process of lead and cadmium ions on the EDTA@PD-CNT/Fe304 adsorbent surface takes place as a monolayer. Furthermore, based on
the appropriateness of the Langmuir model in explaining the adsorption process of EDTA@PD-CNT/Fe304, it can be inferred that the
uniformity of the adsorbent surface is a result of the presence of identical adsorption sites. The values of n ranging from 1 to 10 for the
Freundlich isotherm suggest that the modified adsorbent exerted a significant influence on ions [67].

Ultimately, to assess the reliability of the adsorption process, the Ry, parameter was computed using Eq. (8). A value between 0 and
1 for Ry signifies a favorable adsorption process and an appropriate adsorbent [68]. Fig. 13 (a) shows the trend curve of the dimen-
sionless separation factor (Ry) for Cd?* and Pb>" ions using EDTA@PD-CNT/Fe304 adsorbent. According to this study, Ry, has a value
between 0 and 0.8. Consequently, the Cd?* and Pb*>" ions adsorption on the EDTA@PD-CNT/Fe304 surface is favorable [69]. The
equation involves the Langmuir constant, K, (L.mg’l), and the initial concentration of ions, Cq (mg.L’l).

1
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Fig. 11. Kinetic non-linear fitting of EDTA@PD-CNT/Fe304 for Pb*2 and Cd*? adsorption (a), investigating the intra-particle diffusion model (b),
Pb*2 (dosage = 5 mg, pH = 6, T = 298K, 50 ppm) and Cd*? (dosage = 8 mg, pH = 6, T = 298K, 50 ppm).

3.6. Effect of temperature and thermodynamics analysis

The experiments were performed to examine the impact of temperature on the adsorption process and obtain thermodynamic
parameters. Fig. 12 (a—b) demonstrates that raising the temperature from 25 °C to 45 °C results in an increased number of encounters
between metal ions and the adsorbent surface. Raising the temperature can also aid in the deprotonation of the carboxylic acid groups
present on the surface, increasing the number of adsorption sites [66]. Table 3 shows that the maximum adsorption capacity at a
temperature of 25 °C was achieved for Cd?" and Pb?" ions, with values of 171.21 and 342.76 mg g~_, respectively. Notably, the results
exhibited a positive correlation with rising temperature for both ions. To further investigate and understand the mechanisms more
precisely, thermodynamic parameters were measured for both Cd%* and Pb?* ions. Thermodynamic relations along with parameters
are presented by equations (9) and (10) in Table 7. A linear plot of Kq versus 1/T was first plotted (Fig. 13 (b)). Kq is the equilibrium

constant obtained from Eq. (11), where Q. (mg.g™!) and C. (mg.L™!) represent the adsorption capacity and concentration at the
adsorption equilibrium point, respectively.

C. an

Table 4 displays the outcomes of linear regression. The correlation coefficient (R?) about the thermodynamic diagrams of both
examined ions exceeds 0.96, indicating a high degree of proximity between the experimental and theoretical values. The spontaneous
nature of the adsorption process is indicated by the negative change in standard free Gibbs energy (AG®) at various temperatures. The
values that are positive for the standard enthalpy change (AH°) and standard entropy change (AS°) suggest that the adsorption of Cd%*
and Pb?" ions on the adsorbent surface is a process that absorbs heat from the surrounding environment (endothermic process) and is
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Fig. 12. Non-linear isotherm curve of EDTA@PD-CNT/Fe304 for Pb2* (a) and Cd>* (b) adsorption at various temperatures.

an entropy-driven process [69].

3.7. Evaluating the efficiency of the adsorbent in the binary adsorption system

This work aimed to examine the behavior of the EDTA@PD-CNT/Fe304 adsorbent in a binary adsorption system. Initially, solutions
were created that consisted of a combination of Pb>* and Cd* ions (as indicated in Table 5, gray section). The pH of all solutions was
set to 6. Subsequently, the adsorbent was added, and the samples were agitated at room temperature for 2 h at a rate of 200 rpm. The
adsorbent was isolated from the solution using a magnet, and the concentration of the residual ions was determined. Fig. 14 (a) and 14
(b) display the contour diagrams associated with Pb>* and Cd?* ions. Because there are only a limited number of places where ions can
be adsorbed, they must compete with each other to be adsorbed onto the surface of the adsorbent. Consequently, the adsorbent will
adsorb the ion that has a greater affinity for adsorption [49]. The adsorption behavior of ions in mixed environments can be explained
by employing the covalent index (Eq. (12)). The parameter “r” represents the atomic radius, whereas “E,” reflects the electronegativity
value of the ion under investigation. Pb>" has a larger atomic radius and higher electronegativity compared to Cd>*, resulting in a rise
in the covalent index. The higher the covalent index of an ion, the stronger the adsorbent’s affinity for adsorbing that particular species
[38]. The result about the efficacy of adsorbent in removing the mixture of Pb%>" and Cd?' ions indicates that Pb%* exhibited an
improved uptake compared to Cd?*.

Covalent index = (E,l)zr 12)
3.8. Reusability
One of the essential features of a high-quality and cost-effective adsorbent is its reusability. For this study, firstly, the EDTA@PD-
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CNT/Fe304 adsorbent was separated by a magnetic field after being used once in the adsorption experiment. Subsequently, the
adsorbent was washed using a 0.5 M hydrochloric acid solution to eliminate the adsorbed ions. Subsequently, it was washed with water
and made ready for further utilization. The adsorbent was used for four additional cycles, and the percentage removal was calculated at
each step. Fig. 15 (a) and 15 (b) show the results of Pb?>* and Cd?** adsorption and desorption, respectively. It is known that the amount
of Pb%* removal efficiency reduced from 96 % to 80.7 %, and the amount of Cd>* removal efficiency reduced from 92 % to 80 % after
five uses. The results show the reusability and cost-effectiveness of the EDTA@PD-CNT/Fe304 adsorbent.

3.9. Evaluation of EDTA@PD-CNT/Fe304 adsorbent performance

The experiments investigated the impact of oxygen and nitrogen functional groups in the EDTA molecule on adsorption. CNT, O-
CNT, M-CNT, and EDTA@PD-CNT/Fe304 were employed as adsorbents under optimal conditions of temperature (298 K), time (90
min), pH = 6, volume (20 mL), and concentration (100 ppm). The dosage of the investigated adsorbents for the removal of Pb%* was 5
mg, whereas for Cd>", it was 8 mg. The samples underwent agitation using a reciprocating shaker bath at a temperature of 25 °C and a
speed of 200 rpm for 2 h. Subsequently, the ion concentration in all samples was measured using atomic absorption spectroscopy, and
the removal efficiency was computed. The results of this study are depicted in Fig. 16. Despite the reduction in surface area due to CNT
surface modification, the removal efficiency of EDTA@PD-CNT/Fe304 has dramatically increased (over 90 %) compared to CNT. The
rise can be related to the presence of EDTA and the increase of active adsorption sites on the CNT surface.
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Fig. 14. Contour diagrams related to the adsorption of Pb?* (a) and Cd%* (b) ions in the binary adsorption system at room temperature, pH = 6, and
duration of 2 h.

3.10. Adsorption mechanism

The analysis of the thermodynamics, kinetics, and isotherms of adsorption in the preceding sections revealed that the adsorption of
ions onto the adsorbent surface follows a monolayer mechanism involving chemical interactions and is characterized by an endo-
thermic process. Section 3.9 examined the efficacy of the ultimate adsorbent and the impact of EDTA on the adsorption. The findings
demonstrated that EDTA plays a significant role in effectively removing Cd** and Pb2* ions. The electron pairs of nitrogen and oxygen
atoms in EDTA can form coordination bonds with Cd** and Pb?* ions. Fig. 17 shows the FT-IR spectra of the adsorbent before and after
the adsorption of Cd?* and Pb?* ions. It might be interesting to imagine the environment of the EDTA residues on the surface of the
polydopamine. There are carboxylate and carboxylic groups with water molecules hydrogen bonded to these groups. Also, these
groups could probably rotate freely. By having this picture in your mind, in the IR spectrum of the EDTA@PD-CNT/Fe304 composite,
we observe a strong and broad band in the range of about 1700-1000 cm ™, which could be attributed to rotational conformers that
lead to splitting or broadening of the carbonyl vibrational bands, stretching of C-O bond that occurs in the range 1320 -1210 cm ™ * with
medium intensity, and the C-O-H bending that appears as a broad and weak band at 1440-1220 cm ™!, obscured by the CH; bending.
Now, let’s look at the IR spectra of the samples coordinated to the Pd?* and Cd%" ions: the broadband seen in the range of about 1700-
1000 cm ! has sharpened because of losing free rotation of the carboxylate and carboxylic groups and some of the water molecules, as
expected. The peak associated with the vibration frequencies of Pb-O and Cd-O bonds is situated within the 400-700 cm ™! range.
However, they cannot be observable because of overlapping with the peak related to the vibration frequency of the Fe-O bond. Analysis
of the Zeta potential of the ultimate composite verifies the electrostatic attraction between heavy metal and the surface of the
adsorbent at the pH under investigation (Scheme 1). The EDS-mapping pictures of the EDTA@PD-CNT/Fe304 adsorbent after the

adsorption of cd** (Fig. 18(a-g)) and pPb%* (Fig. 18(h-n)) ions provide evidence that adsorption has taken place on the surface and the
ions have been uniformly distributed on the surface.

3.11. Comparison of adsorbent performance

Table 6 provides a summary of previous studies involving similar sorbents, which allows comparing their performance. Comparing
the performance of the proposed sorbent in this work, i.e., EDTA@PD-CNT/Fe304, with other adsorbents should be interesting from
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this point of view that we relate it to the higher ratio of the EDTA groups anchored to the surface of the polydopamine. For example, the
Cell-EDTA adsorbent, which is carboxymethyl cellulose modified with EDTA, has a maximum adsorption capacity of 48.02 mg g~* for
cadmium ion and 63.92 mg g~ for lead ion, and the CTP/PAM gel adsorbent modified with EDTA has a maximum adsorption capacity
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Scheme 1. A description of the adsorption mechanism M2*(Cd** or Pb%*).

of 86.00 mg g~ ! for cadmium ion and 100.20 mg g~ for lead ion. In this regard, we might be able to claim that the designed adsorbent
in this work has advantages, including facile separation, a shorter equilibrium time, a high adsorption capacity, and good recycling
after five adsorption cycles. Thus, the synthesized composite has the potential to serve as a very effective adsorbent for wastewater
treatment. A study of kinetic and thermodynamics also shows that EDTA@PD-CNT/Fe304 adsorbent, like other adsorbents, follows
pseudo-second-order kinetic and the Langmuir isotherm when it comes to adsorbing lead and cadmium ions.

4. Conclusion

In the present work, EDTA@PD-CNT/Fe30, adsorbent was made using an easy synthesis method to remove Pb?* and Cd**. A
benefit of this adsorbent is its abundance of functional groups on its surface, which can absorb heavy metal ions in water through
complex formation with EDTA and electrostatic interaction with oxygen functional groups on the surface of oxidized carbon nanotubes
and polydopamine. The magnetic property of the adsorbent accelerates the adsorption process after the treatment and prevents the
waste of the adsorbent. The high adsorption capacity for Pb2* and Cd?* was obtained. The adsorption process can be well described by
the pseudo-second-order kinetic model, and the Langmuir isotherm is a suitable model for the adsorption process. The synthesized
adsorbent was easily recycled and showed 80 % removal efficiency after five adsorption and desorption cycles. Therefore, it can be a
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C/45.07% N /10.65%

0/27.20% Fe/15.53%

cd/1.55%

Fig. 18. FESEM-EDX mapping images and the corresponding elements of the samples EDTA@PD-CNT/Fe304-Cd (a-g) and EDTA@PD-CNT/Fe304-
Pb (h-n).
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Fe [17.66 % Pb / 2.9%

Fig. 18. (continued).
promising adsorbent with suitable performance in practical works.
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