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In this study iron waste from the steel industry and eggshells biomass were used to prepare the 
environmentally-friendly magnetic hydroxyapatite composite. The prepared composite was charac-
terized and applied for Pb(II), Hg(II) and As(III) removal from aqueous solution. Batch experiments 
show the adsorption capacity to be 348.3, 291.4 and 266.2 mg/g for Pb(II), Hg(II) and As(III) respec-
tively, by applying the different isotherm models and the second-order kinetic model described 
well the adsorption process. Metals regeneration and the reuse of the prepared composite up to 
four cycles were obtained. The results revealed that the prepared composite synthesized from egg-
shell and iron waste could be an effective and economically viable adsorbent for Pb(II), Hg(II) and 
As(III) ions.
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1. Introduction

Heavy metal ions are one of the toxic pollutants that 
accumulate and laying for several years in the living [1] and 
their released directly or indirectly into the environment 
as a result of rapid industrialization have created a major 
concern [2].

The existence of toxic metals such as Hg(II), Pb(II) 
and As(III) in water and wastewater causes severe health 
effects such as muscles weakness, stomach and chest pain 
and many carcinogenic effects [1,3,4]. An upper limit for 
lead has been set to be 50 and 15 µg/L by the World Health 
Organization (WHO) and the Environmental Protection 
Agency (EPA), respectively [5].

Although mercury (Hg) ions exist in low concentrations, 
its ability for accumulation makes it is always a challenge 
in water treatment [6,7]. Arsenic occurs in both inorganic 
and organic forms in natural waters and is classified as 

one of the most toxic and carcinogenic chemical elements 
and can be found in two oxidation states, arsenate As(V) 
or arsenite As(III). As(III) is known to be 60 times more 
toxic than As(V) due to its higher mobility, [8] and the 
World Health Organization (WHO) has set the maximum 
limit of arsenic in potable water to be 10 µg/L.

Among the different methods adopted for heavy metals 
removal, Adsorption is the preferred method due to its sim-
plicity, high efficiency, easy of handling and cost-effective-
ness [9].

New studies tend to use low-cost, non-toxic and envi-
ronmentally friendly adsorbents such as biomass like egg-
shells and agricultural by-products like nutshells for heavy 
metals removal [10,11]. Hydroxyapatite nanoparticles are 
a biocompatible material that is widely used as a biomate-
rial in medicine and used for heavy metals adsorption and 
can be prepared using bio-products like natural gypsum 
and eggshells [12].
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Magnetite nanoparticles are used also extensively for 
metals adsorption due to the large surface area and high 
efficiency of separation by an external magnetic field [13,14].

Iron oxide and hydroxyapatite composites provide a 
promising method to prepare adsorbents that have large 
sorption capacities and easy recovery via magnetic separa-
tion [15].

The present study considers the preparation of mag-
netite nanoparticles from iron waste then compositing the 
prepared magnetic particles with hydroxyapatite produced 
from eggshells using the chemical precipitation method. 
The preparation process reduces the environmental impacts 
of these wastes producing a magnetic recoverable composite

The prepared magnetic hydroxyapatite nanoparticles 
were applied for Pb(II), Hg(II) and As(III) removal from 
aqueous solution under different operating conditions.

2. Materials and methods

2.1. Materials

Chemicals of Pb(NO3)2, HgCl2, NaAsO2, NaBH4 and 
ammonia solution were of analytical grade and used with-
out further purification.

2.2. Methods

2.2.1. Synthesis of hydroxyapatite from eggshell HA

Eggshells were collected and cleaned by boiling water 
then calcined in air at 900°C for 1 h (heating rate of 10°C/
min). The calcined powder was grounded. The organic mat-
ter was decomposed in the calcination step and calcium car-
bonate was converted into calcium oxide (CaO). Ca(OH)2 
is formed after mixing the obtained CaO with distilled 
water, then it mixed with NaH2PO4 and the pH value was 
kept at 10 using 1 M ammonia solution. In general, solu-
tions were mixed to obtain a Ca/P molar ratio of 1.66. The 
final solution was dried and calcined at 400°C for 1 h (10°C/
min heating rate), then hydroxyapatite (HA) crystalline 
powder was obtained according to the following equation:

10Ca(OH)2 + 6NaH2PO4 → Ca10(PO4)6OH2 + 6NaOH + 12H2O

2.2.2. Preparation of magnetic nanoparticles from steel 
industry waste

Iron-containing waste samples were crushed and sieved 
to a fine powder then digested with concentrated HCl 
for 5–6 h. The concentration of Fe(III) in the digested sam-
ple was determined using the standard analytical proce-
dure. The concentration of Fe(III) in a known volume of the 
digested solution was reduced to metallic iron by the addi-
tion of NaBH4 solution. The formed metallic iron was sep-
arated out by filtration and dissolved in a known amount 
of Fe(III) to form Fe(II) solution then the Fe(II) concentra-
tion was estimated. Finally, magnetite nanoparticles were 
obtained by precipitating Fe(III) and Fe(II) solutions through 
the addition of ammonia solution.

2.2.3. Preparation of magnetic hydroxyapatite nanoparticles

The prepared HA obtained after calcination is added 
to Fe(III) solution by a mass ratio 1:1 of total Fe:HA, then 

magnetite precipitation occurred by the addition of Fe(II) 
solutions at pH10–12 by ammonia solution.

2.3. Characterization techniques

The structure of the prepared magnetic hydroxyapatite 
nanocomposite (MHAP) and HA were characterized by pow-
der X-ray diffraction spectrometry (XRD) using Bruker D8 
ADVANCE (Bruker, Germany) instrument between 5° and 
80° (2θ) at a scanning rate of 4°/min. The surface morphol-
ogy of the prepared MHAP and HA were determined by a 
high-resolution transmission electron microscope (HR-TEM, 
JEOL 2100, Japan) at 200 kV after sonication and field-emis-
sion scanning electron microscopy using (FE-SEM; JEOL 
6400 F, USA) with energy-dispersive X-ray spectrometry 
(EDX) operating at 5 kV.

Magnetic properties were measured in the solid-state 
using a vibrating sample magnetometer. The saturation mag-
netization value was determined from the plateau region 
of the magnetic flux density of a solid sample at 8000. The 
functional groups of the prepared adsorbents were iden-
tified by Fourier-transform infrared spectroscopy (FTIR) 
analysis using FTIR-6100 (JASCO, Japan) instrument via the 
KBr pressed disc method, in a range from 400 to 4,000 cm–1 
wavenumbers. The Brunauer–Emmett–Teller surface area 
was determined by N2 adsorption and desorption measure-
ments at 77 K using BELSORP MAX (BEL Japan Inc.). Fe(II) 
concentrations were measured by UV-Visible double beam 
spectrophotometer (JASCO V630, Japan) at 235 nm. Total 
iron and other metals concentrations were determined by 
inductively coupled plasma optical emission spectrometry 
(ICP-OES) (Agilent 5100, USA) in the prepared samples.

2.4. Adsorption studies

The adsorption behavior of the prepared MHAP for 
metal ions (Pb(II), Hg(II) and As(III)) was investigated by 
batch removal experiments at room temperature. Stock solu-
tions of the metal ions were prepared using Pb(NO3)2·6H2O, 
HgCl2 and NaAsO2 salts dissolved in deionized water. 
Freshly prepared working metals solutions of concentra-
tions 10 mg/L by diluting stock solutions with deionized 
water were used in the experiments. The samples were col-
lected at different time intervals and filtered with a 0.45 µm 
syringe filter membrane. The pH effect on the adsorption 
was studied by adjusting the solution pH with sodium 
hydroxide (NaOH) and nitric acid (HNO3). The effect of 
the adsorbent dose was studied by changing the dose from 
0.05–2 g/L. All adsorption tests were performed in triplicate.

The removal efficiency and the adsorbed amount were 
calculated using the following equations:

Metals Removed %� � � �
�

C C
C

e0

0

100  (1)

The experimental data obtained in batch studies were 
used to calculate the adsorption capacity qe (mg/g) at 
equilibrium using the following equation,

q C C V
me e� �� �0  (2)



157S.T. El-Wakeel et al. / Desalination and Water Treatment 236 (2021) 155–163

where C0 and Ce are initial and equilibrium final concen-
trations (mg/L) of the metal solutions respectively. V (L) is 
the volume of metal solution and W (g) is the total mass 
of the used adsorbent.

To investigate the adsorption performance, adsorption 
isotherms for the individual adsorption of (Pb(II), Hg(II) 
and As(III)) were studied by contacting the optimum dose 
of adsorbent with different metals solutions at a different 
initial concentrations (25–250 mg/L).

The isotherms data were analyzed, fitted and plotted 
using Origin Pro 2016 Ver. 9.3.226 for different non-linear 
regression models shown in Table 1.

The mechanism of adsorption was studied by apply-
ing kinetic models using the optimized dose and pH for 
different time intervals (5, 10, 15, 20, 25, 30, 40, 60, 90, 120, 
and 150 min) and the used kinetic models are shown in  
Table 1

2.5. Desorption of metal ions and reusability of adsorbents 
and leaching studies

Metal-loaded MHAP samples (initial concentration 
of metal ions 10 mg/L, at room temperature) separated 
after the adsorption experiments were used in the desorp-
tion studies. Metal ions were eluted using ethylenedi-
aminetetraacetic acid (EDTA 0.3 M).

After desorption, the composite was separated by fil-
tration and metals concentration was measured then the 
adsorbent was rinsed with deionized water till the pH was 
neutral then dried and reconditioned for reuse in another 
run. The leaching potential of Fe was studied under dif-
ferent pHs (2, 4, 7 and 9) and different time intervals of 10, 
30, 60,120 min and 24 h.

3. Results and discussion

3.1. Characterization

The XRD pattern of the prepared magnetite, HAP and 
MHAP nanoparticle are shown in Fig. 1. The character-
istic peaks of HA appear at 2θ of 29.1 and 31.8 that aris-
ing from calcium hydrogen phosphate. The characteristic 
peaks corresponding to the prepared magnetite have been 
observed at 2θ of 30.3, 35.6, 43.2, 53.5, 57 and 62.7. In the 
prepared composite, the diffraction peaks consist of both 
hydroxyapatite and magnetite nanoparticles revealing that 
hydroxyapatite structure was maintained even after the 
addition of magnetite nanoparticles with peaks appeared at 
2θ values of 30.3 and 32.07.

Fig. 2 shows the FTIR spectra of the prepared HAP and 
MHAP nanocomposites. The bands at 3,423.99–3,770.15 cm–1 
in the FTIR pattern of the is due to OH– group which also 
found at 572.7 cm–1. Peaks of the HAP functional groups of 
OH and PO4 were found in the composite chart. The bands 
of PO4

3– were detected at 1,046–1,428 and 572 [16]. A band 
of CO3

2− was detected in the region around 1,428–1,633 cm–1 
[17]. The strong band at 566.96 cm–1 in the composite is 
characteristic of Fe–O vibration of the magnetite nanopar-
ticles. Other important characteristic peaks are observed at 
2,347–363 cm–1 due to the presence of C–H groups.

The magnetic properties of the prepared magnetite and 
MHAP were studied using a vibrating sample magnetome-
ter with a magnetic field application ranging from −20,000 
to 20,000 G.

The magnetization curves are shown in Fig. 3 and they 
reveal the paramagnetic properties for the prepared mag-
netite and the composite. The saturation magnetization (Ms) 
value of the composite is 41.04 emu/g which is less than 

Table 1
Kinetics and isothermal models (non-linear form)

Non-linear form Parameter

Kinetic models
Pseudo-first-order

q q et e
K t� � �� ��� �1 1

k1 (1/min) is the pseudo-first-order rate constant

Pseudo-second-order
q

K q t
k q tt
e

e

�
�

2
2

21

k2 (mg/g min) is the pseudo-second-order rate constant

Isotherm models q K Ce F e
n= 1/ KF (L/g) Freundlich constant related to adsorption capacity;

n Freundlich constant related to adsorption intensity;
qm (mg/g) maximum monolayer adsorption capacity;
KL (L/mg) Langmuir equilibrium constant.

Freundlich model
Langmuir model

q q K
C
K Ce m L
e

L e

�
�1

Dubinin–Radushkevich 
(D–R) model q q e RT

C

E

e s

K

e

� � �
�

�
��

�

�
��

�
�

�� �DR� �

�

2

1 1

1
2

, ln
b (mol2/J2) D–R constant;
R (8.314 J/mol K) general gas constant;
T (K) absolute temperature;
E (kJ/mol) mean free energy.

Redlich–Peterson model
q

K C
a Ce

e

e
g�

�
RP

RP1

KRP (L/mg) is R–P constant related to the adsorption capacity;
aRP (L/mg) is a constant related to the affinity of the binding sites;
g (g) is an exponent related to the adsorption intensity.
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that of the prepared magnetite nanoparticle (88.2 emu/g) 
and this maybe due to that the magnetic sites occupied by 
binding with HAP. MHAP can be easily attracted by an 
external magnetic field as previous studies have reported 
that 16.3 emu/g of saturation magnetization is enough for 
magnetic separations with a conventional magnet [18].

The typical TEM images of the prepared MHAP nano-
composites are shown in Fig. 4, where a cubic-shaped mag-
netite nanoparticle was found with size ranges between 
8.9 and 35.4 nm.

The result of EDX spectra for the prepared MHAP 
showed the presence of Ca, P, O, and Fe and no other impu-
rities were detected. EDX data. The analysis showed that the 
Ca/P ratio is 1.63 which is close to the stoichiometric ratio 
of 1.67. Furthermore, in a reasonable agreement with the 
obtained Ca/P, a ratio of 1.65 was found by ICP-OES anal-
ysis of the digested dissolved powders. The mass ratio of 
Fe/P is 1.1 which is in line with the calculated ratio for the 
preparation. The lead peak could be observed in lead-loaded 
MHAP which reveals the adsorption of lead ions on the 
nanocomposite surface. Moreover, calcium and phosphate 

peaks were decreased in lead-loaded MHAP samples which 
might be due to the participation of lead ions adsorption.

The N2 adsorption–desorption isotherm of the pre-
pared HA, magnetite nanoparticles and MHAP is shown 
in Fig. 5. The isotherms of HA and MHAP showed type-IV, 
according to the classification of physisorption, with an 
H4 hysteresis loop, revealing the mesoporous structure 
and the amount of adsorption increased slowly at lower 
pressures. The isotherms of magnetite nanoparticles 
showed type-V with an H1 hysteresis loop, which can be 
caused by the weak adsorbent–adsorbate interactions. The 
Type H1 loop strengthens that materials exhibit a narrow 
range of uniform mesopores.

The specific surface area and total pore volume of 
the prepared composite are 42.7 m2/g and 0.068 cm3/g 
respectively. The mean pore size of the prepared compos-
ite is 6.4 nm which suggesting the presence of mesopores 
(2–50 nm). The prepared composite has a greater specific 
surface compared to the prepared magnetite and apatite 
which were 34 and 9.4 m2/g respectively. The total pore vol-
ume of the prepared magnetite and apatite were 0.12 and 

Fig. 1. XRD pattern of the prepared magnetite, HAP and MHAP nanoparticles.
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Fig. 2. FTIR spectra of the prepared HAP and MHAP nanocomposites.
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0.035 cm3/g respectively. The relative pressure (P/P0) values 
were close to 1.0 indicating the mesoporous nature of the 
prepared composite. These results indicated that biogenic 
nHAP exhibited a higher surface area than that of the pre-
viously reported commercial nHAP (40.98 m2/g) [19].

3.2. Adsorption studies

The reaction between metal ions and the prepared com-
posite was investigated by kinetics studies at different time 
intervals. First-order and second-order models (Table 1) 
are the extensively used kinetic equations for the sorption 
of a liquid–solid systems.

Table 2 shows the obtained parameters of equation 
models. The correlation coefficient (R2) for the plot of the 
second-order model was higher than the first-order model 
and closer to 1. The values of the adsorption capacity (qe) 
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Fig. 3. The magnetization curves of the prepared magnetite and MHAP nanoparticles.

Fig. 5. N2 adsorption–desorption isotherms of the prepared materials.

 
Fig. 4. TEM images of the prepared MHAP nanocomposites.
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were consistent with the experimental values which con-
firm its fitting to the kinetic data and suggesting that the 
rate-determining step occurs by chemisorption through 
exchange or sharing electrons between the adsorbent 
and adsorbate [20].

The removal of Pb(II), Hg(II) and As(III) ions by the 
prepared composite are shown in Fig. 6, Pb2+ ions removal 
showed a gradual increase with time and had the greatest 
removal percentage of 99% at 30 min then the adsorption 
reached equilibrium and adsorption slowed down as more 
atoms enter the adsorbent pores and reacting with the 
active sites.

The removal of Hg(II) and As(III) ions attained 80% 
and 66% at 60 and 120 min respectively. At higher concen-
trations of metal ions solutions, the adsorption decreases. 
Lead ions easily enter the pore sites and have a greater 

affinity of the functional groups (OH– and PO4
–3) comparing 

to Hg(II) and As(III) ions. The presence of Ca2+ in hydroxy-
apatite structure prefers to be incorporated with cations 
that have larger ionic radii. Therefore, precipitation of 
As(III) (0.058 nm) with Ca2+ would be less likely compared 
with the precipitation of larger cations Pb(II) (0.119 nm) 
and Hg(II) (0.109 nm).

EDX analysis of the composite loaded with Pb ions 
(highest removed metal) showed high P and Pb con-
tent and traces of Ca which reveals in the precipitation of 
Pb10(PO4)6(OH)2. The final (Ca + Pb)/P molar ratios obtained 
in the composite structure does not significantly vary from 
the initial Ca/P ratios in the prepared MHAP. Also, the ratio 
of (Ca + Pb)/Fe is similar to the initial Ca/Fe ratio as esti-
mated by ICP-OES which indicates that the precipitation 
process occurring at the magnetic sphere surface.

The removal of different metals at different values of 
pH was determined. The adsorption of Pb(II) and Hg(II) 
increases with pH which may supports that the metal 
ions are adsorbed by an ion-exchange mechanism. When 
pH values increase in the range of 2–6 most of the metals 
exist as metal ions and the concentration of H+ ions will 
decrease.

Adsorption of Pb ions at pH values above 6 is due to the 
precipitation of non-soluble metal hydroxide MOH+ and 
M(OH)2, so the experiments did not continue after pH 6 
and the optimum pH was found to be 5.5 for Pb ions where 
the removal percentage recorded 99%.

At pH < 4, the predominant species of mercury ions 
are in Hg(II) forms, while mercury ions exist mainly in 
a neutral form Hg(OH)2 at pH > 6 and between pH 4 to 6, 
Hg(OH)+ exists [21]. The optimum pH value was chosen 
as 5.5 for the further adsorption investigations where the 
removal percentage was 85%.

For As(III) ions, the removal increase at pH values 
range between 2–4 and the highest removal is 72% at pH 
4. At higher pH values (pH > 4), As(III) may present as 
H2AsO3

− and HASO3
2− anions which increasing the com-

petition of hydroxyl ions for adsorption sites results in 
decreasing the removal.

Table 2
Parameters for kinetics and isotherm models fit

Metal Pseudo-first-order

qe,exp (mg/g) qe,cal (mg/g) k1 R2

Pb(II) 9.9 9.53 0.57 0.06
Hg(II) 8.6 7.74 0.15 0.05
As(III) 7.2 6.50 0.21 0.06

Pseudo-second-order

qe,cal (mg/g) k2 (g/mg min) R2

Pb(II) 9.94 0.22 0.98
Hg(II) 8.81 0.02 0.98
As(III) 7.23 0.04 0.98

Langmuir isotherm parameters

qm (mg/g) KL (L/mg) R2

Pb(II) 348.3 0.09 0.97
Hg(II) 291.4 0.009 0.99
As(III) 266.2 0.007 0.98

Freundlich isotherm parameters

1/n KF (L/mg) R2

Pb(II) 0.43 56 0.99
Hg(II) 0.64 7.3 0.99
As(III) 0.67 4.9 0.99

D–R isotherm parameters

β (mol2/g2) E (kJ/mol) R2

Pb(II) 3.2 × 10–6 11.2 0.90
Hg(II) 9.9 × 10–5 8.7 0.90
As(III) 1.4 × 10–4 8.1 0.90

Redlich–Peterson parameters

KR (L/mg) aR (L/mg) g (g) R2

Pb(II) 96.6 1.1 0.67 0.99
Hg(II) 3.36 0.03 0.77 0.99
As(III) 5.21 0.50 0.44 0.98

 
Fig. 6. Effect of time on of Pb(II) (pH, 5.5; dose, 1 g/L), Hg(II) 
(pH, 5.5; dose, 1 g/L; contact time) and As(II) (pH, 4; dose, 1 g/L) 
removal by the prepared composite.
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The removal of metal ions increases with the adsorbent 
dose. The removal reaches 99% of Pb(II) ions at an adsor-
bent dosage of 0.5 g/L. Maximum removal of Hg2+ and 
As(III) reached 85% and 72% respectively using a dosage  
of 1 g/L.

Different isotherm models such as Langmuir, Freundlich, 
Dubinin–Radushkevich and Redlich–Peterson are applied 
to the experimental data to determine the adsorption 
capacity during equilibrium. Non-linear forms of isotherm 
models are shown in Table 1.

Models fitting is shown in Fig. 7 and the parameters 
of the equations are shown in Table 2. The experimental 
data were better fitted with the Langmuir model for Hg(II) 
where the calculated value of R2 exhibited more close to 1 
suggesting that the binding of mercury occurs by mono-
layer adsorption on the homogenous adsorbent surface.

The efficiency of the prepared composite has been com-
pared with other reported adsorbents in Table 3 and as 
shown, the values of qm for the prepared composites have 
higher values compared to the other magnetic and low-
cost adsorbents.

In Freundlich adsorption isotherm applied for hetero-
geneous surfaces, the obtained 1/n values from applying 
Freundlich isotherm were higher than 0 but lower than 
1 revealing that the adsorption is favorable. On the other 
hand, the adsorption is unfavorable when 1/n is higher 
than 1 [22]. The adsorption of Pb(II) and As(III) showed a 
higher value of R2 when applying Freundlich adsorption 
isotherm assuming the multilayer adsorption.

The correlation coefficient for the Dubinin–Radushkevich 
isotherm, which is applied to express the energy distribu-
tion on a heterogeneous surface, is the lowest compared to 
the other isotherm models (Table 2).

The magnitudes of the mean adsorption energy (E), 
which gives information about adsorption type [23], were 
estimated to be 11.2, 8.7 and 8.1 kJ/mol for Pb(II), Hg(II) and 
As(III) respectively. Values of E that between 8 and 16 kJ/
mol, revealing that the adsorption process proceeds by 
chemisorption through ion exchange reactions. On the other 
hand values of E < 8 kJ/mol, assumes that the adsorption 
has a physical nature [23].

The adsorption equilibrium that occurs in homoge-
neous or heterogeneous systems is represented by Redlich–
Peterson isotherm model. At high concentrations with 
the exponent β tends to zero, the isotherm approaches 
the Freundlich isotherm model. While with lower con-
centrations at β values close to 1 the model approaches 
Langmuir isotherm conditions.

The highest value of g in Redlich–Peterson isotherm, as 
listed in Table 2, and that is the closest to 1 is that for Hg(II) 
adsorption, revealing the approaching to Langmuir form 
and the favorable adsorption [24].

3.3. Desorption of metal ions and reusability of ad-
sorbents and leaching studies

The results of desorption studies showed that a great 
amount of metal ions desorbed using 0.3 M EDTA solu-
tion. An increase in desorption for Pb ions with a percent-
age of 99% was determined, followed by percentages of 97% 
and 95.5% for Hg(II) and As(III) respectively

By applying adsorption/desorption cycles, no significant 
loss in adsorption efficiency for the prepared composite in 
the four consecutive cycles, revealing the good reusability of 
the prepared adsorbent with long-term stability. No leach-
ing of Fe ions was recorded during the desorption process.

 Fig. 7. Isotherms models pattern for the adsorption of (a) Hg(II) (pH, 5.5; dose, 1 g/L; contact time, 60 min) and As(II) (pH, 5.5; dose, 
1 g/L; contact time, 120 min) and (b) Pb(II) (pH, 6; dose, 0.5 g/L; contact time, 30 min) on the prepared composite.



S.T. El-Wakeel et al. / Desalination and Water Treatment 236 (2021) 155–163162

The leaching potential of Fe was studied under different 
pHs (pH 2, 7 and 10). Iron was leached to a small extend at 
pH 2 with a concentration of 0.01 mg/L. However, Fe concen-
trations in the leachate were found negligible at pH range 
7 and 10.

4. Conclusions

The environmentally friendly recoverable magnetic 
hydroxyapatite composite (MHAP) was prepared using 
modified iron waste and eggshells. The prepared composite 
showed a high affinity for Pb(II), Hg(II) and As(III) ions and 
the adsorption was best fitted with a pseudo-second-order 
model. High values of maximum adsorption capacities for 
the tested metals, compared with other adsorbents, were 
obtained when applying the Langmuir isotherm model. 
EDTA solution was efficiently tested for metals desorption 
and the composite exhibited excellent reusability results.
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