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ABSTRACT

The melamine magnetic nanocomposite adsorbents were synthesized
using the hydrothermal method with melamine, ethylene diamine
tetraacetic acid, and 3,3'-diaminobenzidine. The adsorption
efficiencies for the removal of cadmium and lead ions from aqueous
solutions were investigated. The adsorbents were characterized using
FTIR, high-resolution transmission electron microscopy (HRTEM),
and energy-dispersive X-ray (EDX). Batch systems were carried out,
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Keywords: ' and different operation parameters were optimized, including pH,
Melamine mggnetlc agitation time, and temperature. The concentrations of heavy metal
nanocomposites, ions were determined with flame atomic absorption spectroscopy
Heavy metal, (F-AAS). It was observed that maximum removal efficiency was
Flame atomic absorption achieved at pH 8.0 and 5.0, with agitation times of 6, 3, and 1 hours
spectroscopy, for Cd2" and 2, 1.5, and 1 hours for Pb2" respectively. Langmuir,
Isotherm, Freundlich, Dubinin—Radushkevich, and Temkin isotherm models
Thermodynamic were applied, and the results showed that Langmuir was fitted very

well for all adsorption systems. According to the linearized Langmuir
equation, q_ cadmium and lead ions were 49.26, 76.92and 256.4
mg g and 188.7, 294.1, and 588.2 mg g for M@F, M@EDTA@F,
and M@EDTA@Am@F, respectively. The kinetic models were
conducted to understand the adsorption mechanisms, pseudo-second-
order model agreed well with experimental data for cadmium and lead
ions overall adsorbents. Adsorption systems results were evaluated by
calculating thermodynamic parameters, including enthalpy, entropy,
changes in free energy, and activation energy (Ea).

1. Introduction

Many organic and inorganic contaminants are
harmful to the environment. Heavy metal ions pose
the greatest threat to the modern world because
of their high toxicity and carcinogenic potential.
Heavy metal contamination is caused by human
activity’s impact on the ecosystem’s food chain.
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Several different industries emit heavy metals into
the environment, including the chemical, textile,
tannery, plastic, mining, battery, paint, and pulp
industries [1]. The release of harmful metals into
streams may impact the quality of the water supply.
Lead, arsenic, mercury, chromium, and cadmium
are a few of the dangerous heavy metal ions that
could endanger human health. Heavy metal ions
build up in living things and are not recyclable
[2]. The use of heavy metal ions has been steadily
increasing as aresult of increased industrial activity,
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which is causing pollution of water streams on a
daily basis. Due to their inability to biodegrade, the
heavy metal ions are potent toxicants. Heavy metal
ions are also known to cause cancer. Heavy metal
ions in water systems are alarmingly greater than
what is allowed and can lead to various ailments [3].
Among the heavy metals, it has been demonstrated
that lead (Pb) and cadmium (Cd) are incredibly
harmful to people. Because of its impact on human
health and the environment, cadmium is one of the
most hazardous metals. Teratogenic, nephrotoxic,
hepatotoxic, and carcinogenic consequences result
from its accumulation in many tissues and organs.
When individuals are exposed to cadmium, they may
experience harmful effects such growth retardation
and liver and kidney poisoning. Cd damages DNA,
interferes with DNA repair processes, and produces
reactive oxygen species at the molecular level, all
of which can lead to cancer [4]. The second most
hazardous element, lead, is toxic to ecosystems and
exhibits persistent distribution traits. Because of
this metal’s ability to pass from crops to humans
and bioaccumulate, more and more research has
been conducted on its relationship to food safety
[4]. The primary anthropogenic sources of lead
include industrial and municipal discharges, as
well as agricultural inputs [S]. Pb’s negative
consequences on human health include kidney
failure, hypertension, and harm to the neurological
and digestive systems. Cancer, reticulocytosis, and
hematopoietic problems; in children, it can also
result in attention deficit, hearing loss, and delayed
mental development [6]. Additionally, Pb causes
oxidative stress and makes people more susceptible
to it, which raises estrogen levels and is a significant
risk factor for breast cancer [7]. Furthermore, high
blood levels of lead have an impact on postnatal
development, behavior, and cognitive function;
they can delay puberty and impair newborns’ and
children’s hearing [8]. Moreover, the negative
consequences of Pb pollution include anorexia,
anemia, brain damage, vomiting, and disorders of
the neurological and circulatory systems [9]. Heavy
metal ions and other pollutants can be removed
using various techniques, such as extraction, solid
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phase extraction, UV semi-degradation, adsorption,
and UV photo-catalytic degradation-adsorption
[10-19]. However, these techniques are rarely
employed because of their limited viability and
high cost. Due to low cost and excellent efficiency,
adsorption techniques are one of the preferred ways
to remove heavy metals. The quest for efficient
adsorbents is still ongoing. However, adsorption
techniques are the most popular and affordable
alternative technology.

2. Experimental

2.1. Materials and Instruments

Melamine was purchased from Merck (Germany).
The Concentrated sulfuric acid (H,SO,, CAS
Number: 7664-93-9), hydrochloric acid (HCI,
36%, CAS Number: 7647-01-0), sodium hydroxide
(NaOH, CAS Number: 1310-73-2), sodium
carbonate, N, N'-dicyclohexylcarbodiimide (DCC,
CAS Number: 538-75-0), (NH,),Fe(SO,),.6H,0,
and  FeCl, were purchased from BDH.
Ethylenediaminetetraacetic acid (EDTA, CAS
Number: 6381-92-6, 99.0%) was also obtained
Sigma-Aldrich.
was prepared from Sigma Aldrich, and the other
materials were purchased from various commercial
companies. All other reagents used in this study
were analytical grade, and distilled or double-
distilled water was used to prepare all solutions.
A standard solution of cadmium and lead, 1000
mg L' was made for the adsorption experiments,
and the required concentrations were provided by
diluting it with distilled water.

Fourier-transform infrared spectroscopy (FTIR)
of the prepared adsorbents was recorded by an
FTIR-8101M Shimadzu spectrometer (Japan)
with a KBr pellet in the region (4004000 cm™)
to investigate the chemical structures. The German
(ALPHA 1I) device from the BRUKER company
was also used to measure the prepared compounds.
The adsorbent’s structure and morphology were
identified using a FEI NOVA NanoSEM 450
(Netherlands), and field emission scanning electron
microscopy (FESEM) under vacuum at an operating
voltage of 10 kV. Patterns of X-ray diffraction

from 3,3 -diaminobenzidine
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(XRD) of the materials were recorded by a Rigaku
X-ray powder diffraction diffractometer (Japan)
using Cu Ko radiation with a wavelength of 1.54
A at a scanning speed of 2 min"' from 5° to 80°.
Flame Atomic Absorption Spectroscopy (F-AAS,
Phoenix-986 Spectrophotometer) prepared by
Biotech Engineering Management Co., Ltd. The
specimen was measured using Transmission
Electron Microscopy (TEM, AB912LEO).

2.2. Synthesis of M@F

The melamine@ Fe,O, composite (M@F) was
synthesized following the hydrothermal method.
Melamine (0.1 g) was sonicated in ethylene
glycol (70 mL). Subsequently, FeCl,(2.0mol),
(NH,),Fe(S0O,),.6H,O (1.0 mol), ammonium
hydroxide (15 mL, 30%V/V), and sodium acetate
(16 mol) were added to the solution of melamine,
which was then loaded into (100 mL) Teflon vessels
sealed and placed in oven with temperature (200°C)
for six hours. The mixture was cooled down to room
temperature. Then, after the mixture was separated
magnetically, it was washed with distilled water
several times to remove the remaining ethylene
glycol. The preparation route can be shown in
Scheme 1.

2.3. Synthesis of Melamine Formaldehyde
Melamine (6.3g, 0.05 mol) and formaldehyde
(9.0g, 0.3 mol) were mixed in 50 mL of distilled
water, which was adjusted to pH 8.0-9.0 using a
10% sodium carbonate solution. The melamine-
formaldehyde (MFO) prepolymer was prepared
under alkaline conditions. After stirring for 1.5
hours at 80.0 and 90.0°C, the MFO was obtained.
Scheme 1 illustrates the preparation route.

2.3.1.Synthesis of M@EDTA@F

For the synthesis of melamine formaldehyde @
EDTA@F composite, sulfuric acid (Conc.; 10
mL) was added to a stirred suspension of M-FO
(0.306g, 1.0 mol) and EDTA (2.232g, 6.0 mol) in
50.0 mL distilled water. The suspension was stirred
and heated at 60°C for 10 hours. Next, the solution
was filtered. The filtrate was concentrated under

vacuum for 6 hours to yield M@EDTA, illustrated
in Scheme 1. M@EDTA@F was prepared by the
hydrothermal method.

2.4. Synthesis of M@EDTA@Am@F

For the synthesis of melamine formaldehyde@
EDTA@3,3 -diaminobenzidine@Fe,O, composite,
1.854g, 1.0 mol of (M@EDTA) was dissolved
by ultrasonication in 50 mL of distilled water in
3 hours. To activate the carboxyl groups of the
(M@EDTA), a solution of (0.206g, 1.0 mol) N,N’-
dicyclohexylcarbodiimide (DCC) was mixed with
the (M@EDTA) dispersion, and the mixture was
rapidly agitated for 2 hours. A 2% NaOH solution
was used to bring the pH down to 7.0. After that, the
activated (M@EDTA) solution with (3.852g, 18.0
mol) of 3,3’-diaminobenzidine (Am) was mixed for
20 minutes using an ultrasonicator. Subsequently,
the amalgamated solutions were stirred for 3 hours
at 60 °C. After filtering, the precipitate was washed
twice: once with distilled water and once with
a solution of 10% NaOH until the pH was about
7.0. Following production, M@EDTA@Am. was
dried in a vacuum oven. Scheme 1 shows the path
of preparation. M@EDTA@AM.@F. @ F was
prepared by the hydrothermal method.

2.5. Adsorption experiments

Batch adsorption experiments [20-22] of cadmium
andleadions were conducted to assess the adsorption
characteristics and
variables, the removing efficiency of synthesized
adsorbents were examined by shaking 0.05 g of

adsorption-influencing

each adsorbents with 50 mL of ions solutions at
initial concentrations, 50.0, 100.0, and 200.0 mg.L-
! of cadmium ion and 100.0, 250.0, 400.0 mgL"' of
lead ion were an initial concentrations for M@F,
M@EDTA@F, M@EDTA@Am.@F adsorbents
respectively. The adsorption experiments were
carried out on a thermostat shaker set to 27°C
and 200 rpm for a predetermined time. When
agitation time was complete, the adsorbents were
separated magnetically from the solution, and the
concentrations of remaining ions were determined
with flame atomic absorption spectroscopy. The
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Scheme 1. Synthetic routes for preparing M@F, M@EDTA@F, and M@EDTA@Am.@F

amount of the ion on the adsorbents was evaluated
using Equation 1. The adsorption isotherm studies
were applied at optimum conditions, including
an agitation time of 6, 3, and 1 hour at pH 8.0 for
cadmium ion and of 2, 1.5, and 1 hour at pH 5.0
for lead ion, onto M@F, M@EDTA@F, and M@
EDTA@Am@F, respectively. The varying initial
concentrations of cadmium ion (50.0-200.0 mg L)
and lead ion (100-400 mg L!) were used at constant
temperature (27°C). To study adsorption kinetics
and to calculate enthalpy (AH®), entropy (AS°®), and
free energy (AG®), the experiments were conducted
at 27°C, 40°C, and 55°C, with 0.05 g of adsorbents.

— (Co _Ce) %
m

(Eq.1)

Where C, and C, (mg L") are the initial and
equilibrium concentrations of cadmium and lead ions
in the solution, V (in L) is the volume of metal ions
solutions, m (in g) is the mass of the used adsorbents,
and (in mg of ions per g of adsorbent) is the amount
of adsorbed metal ions per gram of adsorbent
(adsorption capacity).

3. Results and Discussion

3.1. FTIR characterization

The FTIR spectra showed the characteristic bands of
the M@F (Fig. 1a). An absorption band around 850
cm! is assigned to the out-of-plane bending vibration
of the triazine ring. The adsorption bands at 1064
cm’ and 1624 cm™ are assigned to stretching and
bending vibrations for the C-N bond of the N-C-N
of the triazine ring, respectively. The peaks at 3384
and 3488 cm' are associated with symmetrical
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and asymmetrical stretching vibrations of primary
amines. The peak at 578 cm! refers to iron oxide
[23]. The melamine formaldehyde (MFO) spectrum
peaks at 3348 cm™ (Fig. 1 b), which is assigned to
the stretching vibration of O-H bonds. In contrast,
the absorption peaks at 2900 and 1346 cm™ can be
assigned to the stretching and bending vibration of
C-H in the alkane, respectively. The peaks at 1562
and 1490 cm are attributed to the stretching vibration
of C=N and C-N of the heterocyclic, respectively.
[24]. FTIR spectrum of M@EDTA shown in 1.c.
displays a band at 1631 cm'correspond to C=0 ester
group, a peak at 1376 cm' assigned to CH, stretching
vibration. The peak at 3586 cm! refers to the OH

carboxylic acid stretching vibration, and a peak at
1083 cm! refers to the C-O stretching vibration [25].
The IR spectrum of M@EDTA@Am. Figure 1d
shows a combination of M@EDTA and Am(amine)
characteristic peaks. The absorbance bands at 3360-
3286, 1622, and 1572 cm™! correspond to the N-H
stretching vibration, C=0 stretching of -NHCO-,
and N-H bends of -NH, respectively [26]. The O-H
peak shift from around 3403-3586 cm™ to (3360-
3286) cm™! confirms the interaction between M@,
EDTA and Am(A). All as-synthesized magnetic
nanocomposites display the characteristic absorption
of Fe-O stretching vibrations at 539 cm™ and 546 cm’!
(Fig. le and 1f).
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Fig.1. FTIR spectra of (a) M@F, (b) MFO (c) M@EDTA, (d) M@EDTA@Am(e) M@EDTA@EF,
and (f) M@EDTA@Am@F

3.2. High-Resolution Transmission Electron
Microscopy (HRTEM)

High
Microscopy (HRTEM) is the most common

Resolution  Transmission  Electron
technique to analyze nanoparticle size and shape,
since it provides direct images of the sample and
the most accurate estimation of the nanoparticle
homogeneity. The main advantage of this approach
is its amazing capacity to penctrate the sample
with an electron beam, allowing for a thorough
examination of its internal structure. Figure 2 shows
clear morphological changes of nanocomposites.
Magnetite nanoparticles are widely distributed on
the shell surface of the matrix. Furthermore, Fe, O,
NPs are well wrapped by the shell layer. The shell is
adsorbed by electrostatic and hydrogen bonding to

the surface of the magnetite. Transmission electron
microscopy of the as-synthesized MNPs indicates
that MNPs are of a spherical or multifaceted shape,
with a median size of nm (N =18.4), calculated by
the Imagel] program. The selective area electron
diffraction (SAED) also indicated the crystalline
structure of Fe,O, nanoparticles depicted in Figure
2. The dark field revealed a single crystal structure
of Fe,O, nanoparticles. The image exhibits well-
defined and distinct lattice fringes, which can be
attributed to the Miller indices and corresponding
interplanar spacings of the (1 1 1),(220),(31 1),
(400),(511),and (44 0) planes. indicate that the
NPs are highly poly-crystalline in nature, which is
in good agreement with the XRD results.

Fig. 2. HRTEM images of M@EDTA@Am.@F.
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Fig. 3. EDX of M@EDTA@Am.@F

3.3. Energy Dispersive X-ray Spectroscopy

The presence of elements in the structures of
compounds was investigated using X-ray energy
dispersive spectroscopy (EDX) analysis. The
elemental analysis of the nano composite by EDS
revealed the presence of Fe, O, H, C, and N as
the only components of the particles, as shown in
Figure 3.

3.4. X-ray Diffraction Spectroscopy (XRD)

Technology for X-ray diffraction (XRD) is a
crucial diagnostic tool for nanoparticles and
nanocomposites. X-ray diffraction (XRD) is a
quick and non-destructive analytical technique that
frequently yields precise results for identifying
samples [27]. As shown in Figure 4, XRD analysis
confirms that the produced MNPs primarily consist
of magnetite. The obtained patterns displayed
a high level of agreement with the data from the
magnetite reference database (JCPDS card No. 19-
0629) [28]. Notably, the as-synthesized samples
exhibit excellent crystallinity with well-defined
magnetite peaks, showcasing the high quality of
these particles. The peaks can be indexed at the
values of 20 = 30.2° (220); 35.4° (311); 43.4°
(400); 53.9° (422); 56.9° (511); and 62.6° (440),
respectively, for the MNP-Fe O,. Including

melamine also caused a broad peak in the melamine
modification patterns at 20 = 20.3°. The results
suggest that the synthesized Fe,O, particles have
homogeneous morphological properties and a high
degree of crystallinity. These diffraction patterns
are consistent with the calculated X-ray diffraction
patterns reported in the literature [28]. The studied
materials’ average crystallite size, D (nm), was
calculated using the Debye—Scherrer Equation 2
[29].

D= K, .2
" B.cosb

(Eq.2)

Where D was the size of the crystal, A was
the wavelength for X-ray diffraction in (nm)
for CuKoal, which is equivalent to 1.54060 A
translated to 0.154nm, and Ks is the constant,
usually written as 0.9, which is related to the crystal
structure’s shape. The Full Width Half Maximum
(FWHM) of spherical crystals with cubic unit cells
in radian angle units is represented by B. This can
be derived from each graph after converting each
compound’s X-ray diffraction spectroscopy to a
radian angle. As a result, the 20 was divided by
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two and then multiplied by 0.01745329 to become
0. Furthermore, B was determined using the
relationship [30] that follows:

1 Degree = 0.01745329 radians

0 in radian angle = (26/2 * 0.01745329)

B = Value of FWHM x 0.01745329

3.5. Optimization of adsorption parameters

The batch systems were employed in adsorption
experiments of cadmium and lead ions aqueous
solutions, and the adsorption efficiencies were
evaluated with respect to optimum pH, contact time,
temperature, and the initial concentration (C).

3.5.1.Effect of pH

The effect of pH on the adsorption capacities ge
evaluated. As shown in Figure 5, all adsorbents
were studied at different values ranging from 2.0
to 8.0 for cadmium and 2.0 to 5.0 for lead because
they precipitated as metal hydroxide above these
values. Figures 5A and 5B show that the adsorption
capacities were increasing gradually with pH
increasing, at a strong acidic media there were an

abundance of H* ions which compete cadmium and
lead ions towards adsorbents surface resulting in
decreasing the adsorption capacity, but when the
pH increased the loading of cadmium and lead
ions be more favorable, on the other hand at the
elevation of pH values of the solution lead to a
decrease in the solubility of ions, and ultimately
leads to achieving maximum efficiency and
adsorption capacity [31].

3.5.2.Effects of Agitation Time and Temperature
on the Adsorption:

One of the most crucial factors in the adsorption
process is the effect of the contact time between
the adsorbent and the adsorbate, since determining
the equilibrium contact time is critical in predicting
the viability and performance of an adsorbent for
a process [32]. The effect of contact time on the
adsorption of cadmium ions onto M@F, M@
EDTA@F, and M@EDTA@Am@F was studied
at different temperatures, 27, 40, and 55 °C.
The Figures 6 (A, B, C) and Figures 7(A, B, C)
show the adsorption efficiencies of cadmium and

Intensity

b\w ML

® M@F
® M@EDTA@F

e M@EDTA@AM.@F

2 theta

Fig.4. XRD of (a) M@EDTA, (b) M@EDTA@F (c) M@EDTA@Am.@F
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lead ions respectively had increased rapidly from
low agitation time until reach an equilibrium at
the results indicated that the
equilibrium agitation times for cadmium were 6, 3
and 1 hours and for lead were 2, 1.5 and 1 hours for
M@F, M@F, M@EDTA@F, M@EDTA@Am.@F
respectively.

all temperatures,

3.5.3.Adsorption isotherms

The adsorption isotherms show the equilibrium
relationship and interaction between the adsorbent
and adsorbate at a specific temperature. Finding
the best-fitting isotherms to explain the adsorption

process [33]. The adsorption isotherms were
examined to establish a basis for determining
adsorption capacity, exposing adsorption behavior,
and proposing potential adsorption mechanisms
[34]. Several isotherm models could be used to
describe the experimental data of adsorption models
and were applied to the obtained equilibrium data.
In this study, Langmuir [35], Freundlich [36],
Temkin [37], and Dubinin—Radushkevich [38]
models were used. According to the Langmuir
model, a monolayer covering of adsorbate
molecules forms on a uniform adsorbent surface
without any interaction between the molecules.
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The most widely used isothermal adsorption model
strongly agrees with several experimental data [35].
The Langmuir model's linearized form is provided
at Equation 3.

C__ 1 N C,
de qmaxKL Qmax
(Eq.3)

Where ¢q, is the amount adsorbed, C, is the
equilibrium concentration, ¢, is the maximum
adsorption capacity reflected on a complete
monolayer, and K, represents the Langmuir
constant related to adsorption’s apparent energy.
The following equation [39] defines the separation
factor or equilibrium parameter (R ), which can
be used to characterize the key features of the
Langmuir isotherms, as shown in Equation 4.

1
T 1+KLCe

(Eq.4)

R,

Where R, values indicate the type of adsorption to
be irreversible (R, =0), favorable (0 <R < 1), linear
(R =1), or unfavorable (R, > 1), this model is the
most commonly used isothermal adsorption model
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and has demonstrated good agreement with various
experimental data [35]. Figures 8A and 8B show the
plotsofthe Langmuiradsorptionisotherms of cadmium
and lead adsorbed onto M@F, M@EDTA@F, and
M@EDTA@AmM@F, respectively. Table 1 displays
gmax, KL, RL, and the correlation coefficient R?
results for the Langmuir isotherms. The calculated R,
values were found to be equal (0.2301, 0.12939, and
0.61652) for cadmium and (0.57997, 0.55509, and
0.79694) for lead for M@F, M@EDTA@F, and M@
EDTA@Am@F, respectively. Under the imposed
ideal condition, the computed results demonstrated
that all adsorbents were advantageous for adsorbing
metal ions from solutions.

The Freundlich adsorption isotherm is an empirical
equation widely used for explaining adsorption
equilibrium [36]. It is based on adsorption on the
surface of a heterogeneous multilayer and assumes
that the adsorption takes place at sites with varying
energy of adsorption [40]. The Freundlich isotherm
is represented as Equation 5.

1
Inq, = InKp + ElnCe

(Eq.5)

K, and n, respectively, are Freundlich constants
associated with adsorption intensity and capacity.
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Fig. 8. Langmuir isotherm model for (A): Cadmium (B): Lead ion solution at 27 °C



118 Anal. Methods Environ. Chem. J. 8 (2) (2025) 106-130

Table 1. Langmuir isotherm parameters for adsorption of cadmium and lead ion onto Adsorbents.

Cadmium Lead
Adsorbent
qmax I<L RL R2 qmax KL RL Rz
M@F 49.26 0.06693 0.2301 0.9965 188.7 0.0145 0.57997 0.9945
M@EDTA@F 76.92 0.13458  0.12939 0.9981 294.1 0.016 0.55509 0.9959
M@EDTA@Am.@F 256.4 0.0124 0.61652 0.9988 588.2 0.0051 0.79694 0.9988

q,, (mggh), k(Lmg")

The n-value measures the degree of surface
heterogeneity, which characterizes the distribution
of the adsorbed molecules on the adsorbent surface.
The KF shows the adsorbent’s adsorption capacity
toward theadsorbate. Figures 9Aand 9 Brepresentthe
Freundlich adsorption isotherms plots of cadmium
and lead ions onto M@F, M@EDTA@F, and M@
EDTA@Am@F. Table 2 displays the Freundlich
isotherm constants K,
coefficient R?, which were determined from the plot

1/n, and the correlation

of In q, against In C ; the slope and the intercept are
I/n and K, respectively. The Freundlich constant,
or KF, indicates the adsorbent’s ability to adsorb
the adsorbate. A higher KF value indicates a greater

affinity for the adsorbate [41]. Also, the adsorption
capacity of the specified adsorbent rises in tandem
with the K values [42]. According to the results,
K, indicated that all as-synthesized adsorbents had a
higher affinity for lead and cadmium ions. The 1/n is
the adsorption intensity, and its magnitude indicates
the favorability of adsorption. In general, the value
of 1/n gives an idea about the type of isotherm,
whether it is irreversible (1/n =0), favorable (0 < 1/n
<1), or unfavorable (1/n > 1) [43]. It can be noticed
from Table 2 that all the values of 1/n are less than 1,
demonstrating that it is favorable for chemisorption
for all adsorption systems of cadmium and lead
ions.
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RY: LE54E

y=0.3916x + 31388
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¥ = DAH7Ex + 24430
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y= 033230 + L665E
Rz 09547
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¥ = 04%16x + 10741
RY =0.9905
45
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In Ce (mg L")

Fig. 9. Freundlich isotherm model for (A): Cadmium (B): Lead ion solution at 27°C

Table 2. Freundlich isotherm parameters for the adsorption of cadmium and lead ions

Cadmium Lead
Adsorbent
K, 1/n R? K, 1/n R?
M@F 15.22 0.2265 0.9967 11.518 0.4878 0.962
M@EDTA@F 43.864 0.1049 0.8548 39.087 0.3323 0.9547
M@EDTA@Am.@F 23.076 0.3916 0.9781 21.635 0.4916 0.9985

K, (Lmg")
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The nature of the adsorption, including its chemical
or physical character, is examined via the Dubinin—
Radushkevich (D-R) isotherm [44]. Equation 6
shows the linear form of the D-R isotherm model.

Inq, = Mgy + Kpe?

(Eq.6)

Where ge and max are the equilibrium adsorption
capacity and the maximum adsorption capacity
under optimized conditions in the D-R isotherm
model, respectively, KD is a constant related to
the mean adsorption energy (ED), and ¢ is the
Polanyi potential associated with the equilibrium
concentration, as shown in Equation 7. Also,
Equation 8 can calculate the mean free energy ED of
adsorption per molecule of adsorbate (for removing
amolecule from its location in the sorption space to
infinity in the solution).
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1
=RTI (1 —)
& n +Ce

(Eq. 7)

1

E
P ok

(Eq. 8)

Figure 10 (A, B) shows plots of the D-R adsorption
isotherms of cadmium and lead ions onto M@F,
M@EDTA@F, and M@EDTA@Am@F. Table 3
presents the values of D-R isotherm parameters q__,
K,, E,, and R?, which were determined from the
linear plot of /n g, versus &’; the slope and intercept
of the plot give KD and gmax values, respectively.

* M@F A 63 * M@F B
+ M@EDTAGF & M@EDTAG@F
5t ‘\‘ * ME@EDTA@AmM @F 5B * ME@EDTA@Am@F
= 46 - ‘K
: Ea S gt
E 41 '.__’\'\_‘ E
'E s )’:-D.::Igtll;]roggﬂﬂf 'E .8 [ ] " “-:S:E;g;?:mu
i . ¥ = LA+ 30410 MO
o
26 iB
L] 2000 4000 6000 8000 L] 1000 2000 3000 4000
£2 EZ
Fig. 10. D-R isotherm model for (A): Cadmium (B): Lead ion solution at 27°C
Table 3. D-R isotherm parameters for adsorption of cadmium and lead ions onto prepared adsorbents.
Cadmium Lead
Adsorbent
qmax KD ED Rz qmax KD ED Rz
M@F 42.3048  0.00011 67.42 0.931 128.986  0.00017 54.23 0.931
M@EDTA@F 74.0248  3.9E-05 113.2 0.9073 239.641  4.3E-05 107.8 0.9908
M@EDTA@Am.@F 191.005 0.000438 33.79 0.9829 373.568 0.001449 18.58 0.9773

q,,, (mgg"), K, (mol> KJ?), £, (KJ mol")
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Moreover, the D-R model can reveal the adsorption
type (physical or chemical adsorption) according to
the mean free energy of adsorption (E). Generally
speaking, when the E is less than 8.0 kJ mol-1,
physical adsorption predominates, whereas when
the E_ is greater than 8.0 kJ mol', chemical
adsorption takes the lead [45]. The E_ values
exceeded 8.0 kJ mol’, indicating that chemical
interactions dominate the adsorption of lead and
cadmium ions onto the produced adsorbent.
According to the Temkin isotherm, adsorption
is defined by a uniform distribution of binding
energies up to a specific maximum binding energy,
and the heat of adsorption of all molecules in a
layer decreases linearly with coverage as a result of
adsorbent-adsorbate interactions [37]. Equation 9
shows the Temkin isotherm in linear form.

qe = BrlnA + ByInC,

Where B_, the Temkin constant, is equal to , T (in
K) is absolute temperature, R is equal to 8.314 J
mol™" K is the universal gas constant, 5, (kJ mol™)
is related to the heat of adsorption, and 4, (in L
mg"') is the equilibrium constant coinciding with
maximum binding energy.

Figures 11A and 11B show plots of ge versus InCe
for the Temkin model for the adsorption of cadmium
and lead ions onto as-prepared adsorbents. The
values of BT and AT are determined from the slope
and intercept, which are given in Table 4 along
with the correlation coefficient R? for the Temkin
isotherm. Table 1 shows that the Langmuir isotherm
model was a better fit than the Freundlich, Dubinin,
and Temkin models for removing cadmium and lead
by all adsorbents, where the intricacy of adsorption
processes was inspired. However, it might be said
that there was a propensity for chemical adsorption
between metal ions and the functional groups of
adsorbents.

(Eq. 9)
A 0, O MEF :]
& MEF & M@EDTA®F
170 * M@EDTAGF o0 * MEEDTA@AmMEF
-~ © MEEDTAZAMDE = 02307x + 5.0586 —_ 20
e R*=08928 T
% 120 1 ) ¥=72102x+ 3801 %‘E e /
L2 R =08539 =l
e | eI
" —— " / g
50 y=14326x - $64.92
r——_____‘__,_g-———'—_. RF= 0.9967
20 T T T [] T T T T T J
24 29 34 19 44 +.9 54 32 34 36 348 4 42 44 46 4B H 52 54 56 58
In Ce (mg L) In Ce (mg L)
Fig.11. Temkin isotherm model for (A): Cadmium (B): Lead ion solution at 27°C
Table 4. Temkin isotherm parameters for the adsorption of cadmium and lead ions onto adsorbents
Cadmium Lead
Adsorbents 3 >
b, A, R b, A, R
M@F 303.0361 1.8489 0.9928 54.083 8.9239 0.9904
M@EDTA@F 345.9266 194.75 0.8539 38.1125 6.2701 0.9683
M@EDTA@Am.@F 41.7073 0.106 0.9921 17.4103 0.0384 0.9987

b.(J mol™), A (L mg!)
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3.5.4. Adsorption kinetics

Two kinetic models were tested to interpret
the mechanism of cadmium and lead ions’
adsorption onto M@F, M@EDTA@F, and M@
EDTA@Am@F. The first model was pseudo-
first-order; its mathematical expression is shown
by Equation 10.

In(q, — q¢) = Inqy — kyt

(Eq. 10)

where ¢, and ¢, (mg g') are the amounts of dye
adsorbed at time t, and at Equilibrium, respectively,
and k, (min") is the pseudo-first-order rate constant
for adsorption.

Figures 12 and 13 (A, B, C) represent the pseudo-

Nada Qasim Jebur etal 121

first-order of cadmium and lead ions onto prepared
adsorbents by plotting In(ge-qt) on the Y-axis
against t. The slope and intercept of the plot give
K1 and ql. Table 5 displays the values of calculated
adsorption rate constants k1, maximum adsorption
capacity ql, and correlation coefficient R’.

A second kinetic model is pseudo-second-order,
expressed in linear form as Equation 11 [46].

t 1 t

= + —
q: kzqg q2

(Eq. 11)

Where ¢’ is the maximum adsorption capacity for
the pseudo-second-order, and £, is the equilibrium
rate constant for pseudo-second-order adsorption.

A B
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Fig. 12. Pseudo-First-Order for Cadmium ion onto (A): M@F (B): M@EDTA@F
(C) M@EDTA@AmM@F at 27°C, 40°C and 55°C.
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Fig. 13. Pseudo-First-Order for Lead ion onto (A): M@F (B): M@EDTA@F
(C) M@EDTA@AmM@F at 27°C, 40°C and 55°C.

Table 5. Pseudo-first-order parameters for adsorption of cadmium and lead ions onto adsorbents
at different temperatures.

Cadmium Lead
Adsorbents
T(°C) k, q, R? k, q, R?
27 0.5666 31.3057 0.9806 0.016 71.0511 0.9826
M@F 40 0.4739 35.7303 0.9871 0.0223 86.3061 0.9762
55 0.6253 44.6297 0.9925 0.0335 118.7 0.9366
27 0.7525 43.4582 0.9943 0.0356 172.173 0.9951
M@EDTA@F 40 0.6515 49.0578 0.9896 0.0393 189.464 0.9887
55 0.7069 62.3024 0.9905 0.045 223.587 0.9836
27 0.0146 113.636 0.9943 0.0398 201.845 0.9791
I\AAH(?%];TA@ 40 0.0179 118.522 0.9896 0.066 212.13 0.9850
55 0.00221 123.779 0.9905 0.0797 226.603 0.9858

k1 (min™), q (mg g")

Figures 14 and 15 (A, B, C) represent the pseudo- of the plot give k, and q,. Table 6 displays the
second-order of cadmium and lead ions onto values of calculated adsorption rate constants k,,
prepared adsorbents, respectively, by plotting t/ maximum adsorption capacity q,, and correlation
qt on the Y-axis against t. The slope and intercept ~ coefficient R,.
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Fig. 14. Pseudo-Second-Order for Cadmium ion onto (A): M@F (B): M@EDTA@F
(C) M@EDTA@AmM@F at 27°C, 40°C and 55°C.
Table 6. Pseudo-second-order parameters for adsorption of cadmium and lead ions onto adsorbents
at different temperatures.
Cadmium Lead
Adsorbents
T (°C) K, q, R K, q, R
27 0.01042 41.6667 0.9812 2.7E-05 169.492 0.9987
M@F 40 0.01031 47.3934 0.9976 2.5E-05 192.308 0.9991
55 0.00941 54.6448 0.9974 2.4E-05 212.766 0.9992
27 0.02383 69.4444 0.9995 9.9E-05 246.914 0.9999
M@EDTA@F 40 0.02214 78.125 0.9962 9.5E-05 264.55 0.9994
55 0.01506 93.4579 0.9954 7.2E-05 3125 0.9989
27 0.00052 90.0901 0.9995 0.000403 256.41 0.9987
M@EDTA
%m @F@ 40 0.00044 107.527 0.9992 0.000388 303.03 0.9989
55 0.00039 126.582 0.9992 0.000377 333.333 0.9969
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Fig.15. Pseudo-Second-Order for Lead ion onto (A): M@F (B): M@EDTA@F
(C) M@EDTA@AmM@F at 27°C, 40°C and 55°C.

3.5.5. Adsorption thermodynamics
Thermodynamic parameters can be determined
from the thermodynamic equilibrium constant, K
(or the thermodynamic distribution coefficient)
[47], whereas K| is calculated by Equation 12.
The standard enthalpy changes AH° (kJ mol') and
standard entropy change) AS°® (J mol! K!) was
calculated using Equation 13.

Cq
K, =2
(Eq. 12)

AS®  AH®
R RT

Ink =

(Eq. 13)

In Equation 12, C and C_ are the equilibrium
concentrations of metal ions (mg g') and in the
solution (mg L1). In Equation 13, R is the universal
gas constant (8.314 J mol'K™"), and T is the absolute
temperature. By plotting (In KL) vs. (1/T), AH® can
be calculated AH® from the slope and AS® from the
intercept, Figures 16 (A, B). The standard Gibbs free
energy AG® (in kJ mol ™) could be calculated at different
temperatures by Equation 14. Activation energy Ea (in
kJ mol-1) is defined as the minimum amount of energy
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Fig. 16. Thermodynamic parameter determination for (A): Cadmium
(B): Lead ion solution pH at 27°C

required for the adsorption process to proceed, and it
was calculated from the Arrhenius Equation 15.

AG°® = AH® — TAS®

(Eq. 14)
InK=InA Ea
nK=InA—-— —
RT
(Eq. 15)
A
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Where K ( g mg' min™') is the rate constant of the
pseudo-second order adsorption systems, A is the
Arrhenius factor, when (InK) is plotted against
(1/T), aslope equal to -Ea/R as shown in Figure 17A
and Figure 17 B. The values of AH®, AS°, AG®, and
Ea for the adsorption of metal ions onto adsorbents
M@F, M@EDTA@F, and M@EDTA@AmM@F are
shown in Table 7.

The calculated thermodynamic parameters show
positive enthalpy (AH®) values for all adsorbents,
indicating endothermic adsorption processes.
Also, the positive value of entropy (AS°) suggests
an increase in the randomness at the (adsorbents/

3
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Fig. 17. Plot of /nK vs. 1/K of Arrhenius equation for (A): Cadmium
(B): Lead ion solution pH at 27°C.
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Table 7. Thermodynamic parameters for the adsorption of cadmium and lead ions onto prepared adsorbents at

different temperatures

Cadmium Lead

Adsorbents T(°K) AHP AS° -AG® Ea AH® AS® -AG® Ea

300.15 -1.109 -1.38608  -2.743
M@F 313.15 31.64 01091  -2528  -2.999 | 12.0212  0.04467  -1.96677

328.15 -4.165 -2.6368

300.15 -1.2800 -1.64416  -9.305
M@EDTAGF 313.15 3296  0.1141 2763  -13.49 | 151215 0.05586  -2.37031

328.15 -4.47415 -3.20817

300.15 -1.1599 -1.29413  -2.0129
M@EDTA @ 313.15 8.35 0.0317 -1.57189 -8.529 | 10.2877  4.6412  -1.79576
Am.@F 328.15 -2.04726 2.37456

solution) interface and affinity of the mentioned
adsorbents towards metal ions. [48]. The obtained
values of Gibbs free energy changes, AG®, at
different temperatures were negative for all
adsorption systems, indicating that the behavior of
adsorption processes is spontaneous and feasible
[49]. Low activation energy Ea values (<40 kJ
mol') are characteristics of the physisorption
mechanism. Whereas higher activation energies
more than 40 KJ mol"! suggest chemisorption [50].
Therefore, these results indicate that the adsorption
processes of metal ions onto M@F, M@EDTA@F,
and M@EDTA@Am@F were physical.

4. Conclusion

This  work  examined  three  magnetic
nanocomposites, M@F, M@EDTA@F, and M@
EDTA@Am@YF, to evaluate their applicability for
removing Cd** and Pb*". The maximum adsorption
of metal ions onto the prepared adsorbents
was obtained at 27°C and pH 8.0 for cadmium
and 5.0 for lead. Adsorption capacity for metal
ions increased with an increase in the initial
concentration. The concentrations of Heavy Metal
Ions were determined with flame atomic absorption
spectroscopy. The kinetic modeling of Cd** and
Pb*" adsorption onto the prepared adsorbents well
followed the pseudo-second-order rate model, with
the correlation coefficients of higher than 0.99.
A monolayer Langmuir-type isotherm for M@F,
M@EDTA@F, and M@EDTA@AmM@F describes

adsorption behavior. The calculated thermodynamic
parameters show positive enthalpy (AH®) values for
all adsorbents, indicating endothermic adsorption
processes. Also, the positive value of entropy
(AS°) suggests an increase in the randomness at
the (adsorbents/solution) interface and affinity of
the mentioned adsorbents towards metal ions. The
negative values of AG® at different temperatures
indicate that the behavior of adsorption processes
is spontaneous and feasible. Low activation energy
Ea values are characteristics of the physisorption
mechanism and diffusion-controlled process.
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