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a b s t r a c t
In this study, Fe3O4@SiO2 magnetic nanoparticles are modified with EDTA and used as a selective 
and efficient adsorbent for the removal of Cu2+ and Cd2+ heavy metals. The Fe3O4@SiO2-EDTA nano 
composite is characterized using scanning electron microscopy, energy-dispersive X-ray, X-ray dif-
fraction, Fourier-transform infrared spectroscopy, and Brunauer–Emmett–Teller. Nanoparticles are 
separated by an external magnet after the adsorption process. Adsorption equilibrium is achieved in 
60 min, and the maximum removal of metal ions is obtained at pH 7. Isotherm analysis indicated that 
the adsorption data fit well to the Langmuir isotherm model. The maximum adsorption capacities 
are 79.4 and 73.5 mg/g for Cu2+ and Cd2+, respectively. In addition, adsorption kinetic data agree with 
pseudo- second-kinetic order for both tested metal ions. Also, the adsorption process efficiency is 
investigated in the presence of K+, Na+, Mg2+, and Ca2+ cations at the optimal conditions. This study 
indicates that the Fe3O4@SiO2-EDTA is a rapid, efficient, and reusable sorbent to remove Cd2+ and Cu2+ 
cations from contaminated aquatic solution.
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1. Introduction

One of the greatest environmental concerns is the 
pollution of water resources by toxic organic compounds 
and heavy metals. Such contaminants originate from 
industrial development, which has increased wastewater 
production, and emission of pollutants, especially heavy 
metals, to aqueous environments [1]. Heavy metals receive 
major consideration because of their persistent toxic effect 
and their ability to accumulate within compartments of 
the environment. They are either of natural origin or from 
anthropogenic activities. Anthropogenic activities, which 
are primary sources of heavy metal pollution, including 
mineral resources development, metal processing and 

smelting, chemical production, factory emissions, and 
sewage irrigation [2]. However, the most hazardous heavy 
metals for living species are arsenic (As), cadmium (Cd), 
chromium (Cr), lead (Pb), copper (Cu), and mercury (Hg) 
[3,4]. These metals can penetrate living tissues, which 
results in damaging them, even in low quantities. Presence 
of these metals in drinking water, even in little amounts, 
can cause harmful effects on the central nervous system, 
kidneys, skin, teeth, liver, or lungs. Long-term exposure 
to larger amounts may even lead to death [3]. Two of the 
most important examples of these heavy metals are Cu 
and Cd. The current maximum containment levels for 
Cu and Cd in drinking water are, respectively, 1.3 and 
0.005 mg/L [5]. In conclusion, water contaminated by these 
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heavy metals should be treated before discharging into 
water resources.

Conventional methods for the removal of heavy metals 
from aqueous solutions include ion exchange, membrane 
process, chemical precipitation, reverse osmosis, solvent- 
based extraction, and adsorption [3,6,7]. Most of these pro-
cesses have problems such as high-cost, high amount of 
sludge, sludge disposal, and high energy consumption [8]. 
Among these processes, adsorption is considered to be an 
effective technique for water and wastewater treatment. This 
is because of its simplicity, applicability, cost-effectiveness, 
insensitivity to pollutants, lack of toxic compound forma-
tion, adsorbent, and the possibility of reusing the adsor-
bate [8]. Specifically, adsorption of metals by eco-friendly 
nanoparticles (NPs) has attracted much interest as an efficient 
technique for the removal of organic contaminants and heavy 
metal ions from water and wastewater [7]. In recent years, 
the nanoparticles have been used to remove pollutants as 
adsorption processes [9–11], and as heterogeneous advanced 
oxidation processes [12,13].

Adsorbent NPs are usually modified by different materials 
to enhance their physical and chemical properties. Silica 
(SiO2), for instance, has been widely used to improve 
dispersibility and chemical stability of iron oxide NPs in 
aqueous mediums [3,14,15]. Coating iron oxide cores by 
neutral silica can provide hydrophobicity, environment 
friendliness and a higher surface area for adsorption of 
the target adsorbates, especially heavy metals [14]. Also, 
deposition of SiO2 on iron oxide NPs can lead to structural 
stability. However, when they are coated by SiO2 layers, 
their resistance is promoted against structural changes. 
That is why conservation of crystalline structure plays an 
important role in the final properties of iron oxide-based 
composites [16]. Furthermore, silica layers prevent disso-
lution of iron oxide NPs under acidic conditions. Another 
advantage of applying SiO2 coatings is that they can be 
chemically modified by the addition of different functional 
groups to improve removal efficiency by iron oxide NPs. In 
other words, the advantages of SiO2 are accessibility, high 
surface area (about 600 m2/g), and high thermal resistance, 
which can lead to removal of Pb2+, Cd2+, Fe2+, Zn2+, Cu2+, and 
Mn2+ from contaminated waters [3,17]. 

Even though SiO2 layers are so advantageous for adsorp-
tion purposes, they cannot act reversibly in adsorption of 
metals [18]. Hence, recovery of adsorbent particles would 
be complicated. This can be solved through functionalizing 
silica layers by different organic compounds, for example, 
ethylene diamine tetra acetic acid (EDTA) [15]. In case of iron 
oxide NPs, chemical modifications by using chelating agents, 
such as EDTA, can help advancement of strong interactions 
with metal ions, improvement of adsorption capacity, and 
shortening equilibration time. In optimum conditions, mod-
ified adsorbent with EDTA can be used as a selective and 
effective adsorbent for removal of various heavy metals [19]. 
In this study, the EDTA chelating agent is investigated as an 
effective modifier for adsorption of Cu2+ and Cd2+ ions in con-
taminated water. Hence, the aim of this study is to investi-
gate the potential of EDTA adsorption onto the Fe3SO4@ SiO2 
nanoparticles to remove Cu2+ and Cd2+ ions from aqueous 
solution.

2. Materials and methods

2.1. Experimental setup

2.1.1. Instrumentation and chemicals

FeCl2·4H2O and FeCl3·6H2O, tetraethoxysilane (TEOS), 
cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O), copper 
nitrate trihydrate (Cu(NO3)2·3H2O), toluene and ethanol 
(>99.5%), acetic acid (>99.7%), ammonia, nitric acid, hydrochlo-
ric acid, sodium hydroxide, and sulfuric acid are purchased 
from Sigma-Aldrich Chemical Company (Germany). EDTA 
is purchased from ABCR Chemical Company (Germany). All 
solutions are prepared using deionized water.

2.1.2. Preparation of magnetite Fe3O4 nanoparticles

To be more specific, 11.4 g of FeCl3·6H2O and 4.1 g of 
FeCl2·4H2O are dissolved in distilled water into a beaker. 
First, the ferrous ion solution is transferred to a reactor, and 
its volume has reached to 400 mL. Then, the temperature of 
the reactor is adjusted to 80°C, and its contents are mixed 
for 1 h at 600 rpm under a nitrogen atmosphere to exclude 
any dissolved oxygen molecules from the reactor. After that, 
a solution of 0.25% ammonia is added to the reactor. At this 
point, the brown solution has turned black. After completion 
of the reaction, a portion of the resultant mixture is poured 
into a 100 mL beaker. Reassuring the quality of magnetic 
NPs, a magnet is placed beside the beaker. Movement of the 
particles toward the magnet will approve the completion of 
the reaction [7]. 

2.1.3. Synthesis of Fe3O4@SiO2

The prepared Fe3O4 NPs were coated with SiO2. For this 
purpose, the magnetic NPs are dispersed in 20 mL TEOS, 
6 mL ammonia (28%), 80 mL ethanol (65%), and deionized 
water into 250 mL beaker. The resulted suspension is injected 
into the reactor dropwise. The reactor contents are stirred at 
600 rpm. Then, the particles are separated using a magnet, 
washed with ethanol and distilled water for a few times 
and dried at 60°C in an oven [20]. This process resulted in 
producing Fe3O4@SiO2 NPs.

2.1.4. Fe3O4@SiO2 functionalization by EDTA

10 mL of EDTA is diluted in methanol and distilled 
water, and added to the Fe3O4@SiO2 NPs at 80°C. After 72 h, 
the resulted NPs are washed with distilled water and dried 
at room temperature [16]. 

2.2. Adsorbent characterization

The Fe3O4@SiO2-EDTA beads are characterized using 
scanning electron microscopy (SEM), energy-dispersive 
X-ray (EDX), Brunauer–Emmett–Teller (BET), and X-ray 
diffraction (XRD) analyses. The formation of additional 
functional groups on Fe3O4 surface is studied by Fourier-
transform infrared spectroscopy (FTIR) analysis (FTIR, AVA 
TAR370, NICOLET, USA) with KBr pellets.
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2.3. Adsorption experiments

The adsorption process is carried out at ambient tem-
perature (25°C), and conducted as one factor at a time. In 
the study, parameters of pH solution (2–9), contact time, 
initial Cu2+ and Cd2+ concentration (2–20 mg/L) and adsor-
bent dose (0.01–1 g/L) are as variations. The experiment is 
initiated with making stock solution of heavy metal followed 
by determining equilibrium time and optimizing one of the 
influenced parameters in the adsorption of Cu2+ and Cd2+ 
onto the Fe3O4@SiO2-EDTA. At the end of each experiment, 
the Fe3O4@SiO2-EDTA is separated by an external magnet 
(1.3 T) and the remained Cu2+ and Cd2+ concentrations are 
determined using a Shimadzu atomic adsorption AA-680 
spectroscopy (made in Japan).

Metal ions removal efficiency and sorption capacity are 
calculated using Eqs. (1) and (2):
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−

×
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Ct0

0

100  (1)
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where C0 and Ct are the initial and final concentrations of 
metal ions (mg/L), m is the mass of nanoparticles (g), and V 
is the volume of solution (L).

Recovery efficiency is calculated using Eq. (3):

Recovery effiency = ×
C
C
w

0

100  (3)

where C0 (mg/L) is the initial concentrations of metal ions 
and Cw (mg/L) is the concentration of metal ions in the 
extracted solution (after regeneration).

2.4. Adsorption isotherms

The Cd2+ and Cu2+ equilibrium adsorption is evaluated 
using the Langmuir and Freundlich isotherms model.

Langmuir isotherm model: the model states that the 
distribution of adsorbed solute is mono-layer with a homo-
geneous pattern over the active sites on the surface of the 
adsorbate. According to this model, the energy of adsorp-
tion is constant throughout the adsorption process, and its 
linear model as represented by Eq. (4):
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where Ce is the solute concentration (mg/L) at equilibrium, 
qe is the amount adsorbed (mg/g), qm is the maximum sorp-
tion capacity (mg/g), and KL is energy of adsorption (L/mg) 
[21]. Note that

log log logq K
n

Ce F e= +
1  (5)

where KF and n are the extent of adsorption (mg/g) and 
adsorption intensity of system, respectively.

2.5. Adsorption kinetics

Kinetics is analyzed using the pseudo-first-order and 
pseudo-second-order models [22] using Eqs. (6) and (7);
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t
q k q q

t
e e e

= + ×
1 1

2
2  (7)

where k1 (h–1) and k2 (g/mg/h) are the equilibrium rate 
constants of kinetics.

2.6. Regeneration and reuse of Fe3O4@SiO2-EDTA

To investigate the regeneration and reuse of Fe3O4@
SiO2-EDTA, 10 mg/L of Cd2+ and Cu2+ solution is used with 
the same adsorption process followed by separation of the 
nano-adsorbent from solution with the handheld magnet. 
The Fe3O4@SiO2-EDTA is collected and then washed with 
1% HCl solution (10 min at the room temperature). The 
regenerated Fe3O4@SiO2-EDTA particles are reused for sub-
sequent Cd2+and Cu2+ sorption experiments. The sorption, 
extraction, and reuse processes are repeated five times. 
Changes in sorption capacity and nanoparticles recovery are 
determined at every cycle [23].

2.7. pH at point zero charge

To determine pH at point zero charge (pHzpc) for Fe3O4@
SiO2-EDTA particles, the following steps are performed. In 
the first step, a sufficient amount of 0.1 M NaNO3 solution 
is poured into 250 mL flasks and the pH is adjusted in the 
range of 2–11 by either 1 M HCl or NaOH. In the second step, 
the whole volume of the solution in each flask is adjusted to 
100 mL by adding NaNO3 solution of the same concentration. 
At the same time, the initial pH values of the solutions are 
accurately noted. In the next step, 0.15 g of the NPs are added 
to the flasks and the suspensions are shaken and allowed 
to equilibrate for 24 h by a shaker. In the final step, the final 
pH values of the supernatant liquids containing NPs were 
noted [24]. 

3. Results and discussion

3.1. Characterization of adsorbent

The SEM images of the Fe3O4@SiO2 and Fe3O4@SiO2-
EDTA particles are shown in Figs. 1a and b. Also, the results 
of EDX analysis for Fe3O4@SiO2 and Fe3O4@SiO2-EDTA are 
prepared in Table 1. According to these data, the functional 
groups are well distributed on the surface of the silica layer. 
Moreover, the Fe3O4@SiO2 particle is composed of Fe, C, 
O, and Si while the data related to the Fe3O4@SiO2-EDTA 
highlight the presence of Na in addition to these elements. 
This finding indicates successful introduction of the tetra 
acetic acid functional group to the Fe3O4@SiO2 particles and 
formation of the Fe3O4@SiO2-EDTA. 

The XRD patterns of the Fe3O4@SiO2 and Fe3O4@SiO2-
EDTA particles are presented in Fig. 2. The XRD patterns 
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show the position and relative intensities of all peaks for 
Fe3O4 at 18.27 (111), 30.07 (220), 35.44 (311), 43.06 (400), 
53.4 (442), 56.95 (511), 62.51 (440), and 74.95 (622), confirm-
ing that pore Fe3O4 is cubic spinel structure [16]. No more 
peaks are assigned to the crystalline form in Fe3O4@SiO2 and 
Fe3O4@SiO2-EDTA (Fig. 2), and all of the diffraction peaks 
are indexed as the face centered cubic phases of Fe implying 
that modified Fe3O4 with EDTA retained the crystalline cubic 
spinel structure.

Specific surface areas are commonly treated according 
to the BET theory as a standard procedure to nitrogen 
adsorption/desorption isotherms measured at 77 K. The 
specific surface area of the sample is determined by phys-
ical adsorption of a gas on the surface of the solid and by 
measuring the amount of adsorbed gas corresponding to a 
monomolecular layer on the surface [3]. The results of the 
BET method show that the average specific surface areas 
of Fe3O4 and Fe3O4@SiO2 are 42.3 and 70.8 m2/g, respec-
tively. However, after functionalizing the surface of Fe3O4@
SiO2 nanoparticles with EDTA, the specific surface area of 
Fe3O4@SiO2-EDTA is decreased to 24.1 m2/g. It should be 
noted that the decrease in surface area may be resulted 
from the increase in the size of particles and the agglom-
eration of particles. Also, the pore size and the total pore 
volume of Fe3O4@SiO2 are determined to be 9.2 nm and 
3.6 × 10-3 cm3/g, respectively. The pore size and the total pore 
volume of Fe3O4@SiO2-EDTA are 8.3 nm and 2.2 × 10-3 cm3/g, 
respectively.

3.2. FTIR analysis

FTIR analysis of the Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2-
EDTA is used to identify the type of functional groups on 
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Fig. 1. SEM images of Fe3O4@SiO2 (a) and Fe3O4@SiO2-EDTA (b).

Table 1
EDX results of Fe3O4@SiO2 and Fe3O4@SiO2-EDTA

Fe3O4@SiO2 Fe3O4@SiO2-EDTA

ELM W% A% ELM W% A%

C 2.86 8.77 C 8.03 21.54
O 12.42 28.61 O 13.48 27.14
Si 10.35 13.57 Na 0.87 1.22
Fe 74.37 49.06 Si 9.34 10.71

Fe 68.28 39.39

 

Fig. 2. XRD patterns of Fe3O4@SiO2-EDTA.
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the adsorbents. As shown in Fig. 3, for Fe3O4@SiO2-EDTA the 
typical adsorption peaks at 456 and 590 cm-1 are attributed 
to the stretching vibration of Fe–O bond. The presence of a 
peak at 3,416 cm–1 is ascribed to the –OH stretching. The peak 
at 1,084 cm–1 is related to Si–O–C and symmetric Si–O–Si 
stretching vibrations, and the peak at 798 cm–1 is related to 
Si–OH, implying the successful formation of silica layers on 
Fe3O4. Moreover, the strong characteristic adsorption band 
appeared at 1,635 cm–1 assigned to the stretching vibration of 
C=O in symmetrical –COOH groups, while this peak could 
be also assigned to C–N bond and γCH2 group. All these peaks 
are in Fe3O4@SiO2 spectrum. After bonding EDTA to Fe3O4@
SiO2, an enhanced adsorption peak at 1,734 cm–1 is assigned 
to the C=O stretching vibrations of the asymmetrical COO– 
[16]. These bands indicate the formation of carboxylic 
on the Fe3O4, and show that the synthesis procedure is 

successfully assembled EDTA on the surface of magnetite 
nanoparticles [23,25]. 

3.3. Effect of pH on Cu2+ and Cd2+ adsorption

One of the important parameters which affects the 
adsorption processes is pH solution value. This value influ-
ences the concentration of cationic species. Depending on 
pH, metal ions can be cationic or form metal hydroxides 
and precipitate [26]. As shown in Fig. 4, increasing pH from 
3 to 7 increases the removal efficiency of Cu2+ and Cd2+ while 
further increase of pH from 8 to 9 decreases the removal 
efficiency. The pHzpc for Fe3O4@SiO2-EDTA NPs is 5.0, as 
shown in Fig. 4a. At pH values higher than the pHzpc, the 
NPs surface charge is negative, and by increasing pH, the 
negative charge on the NPs surface increases [8]. Therefore, 
the adsorption of Cu2+ and Cd2+ cations onto the Fe3O4@SiO2-
EDTA NPs increases by pH = 7.0. Also, the low adsorption 
removal of the metal ions at acidic conditions (pH < 7) can 
be attributed to the intense competition of the H+ ions with 
Cu2+ and Cd2+ for adsorption onto the active sites. In fact, 
adsorption of H+ onto the active sites can cause electrostatic 
repulsion between the positive metal ions and the posi-
tive surface of the adsorbent and reduce metal ion adsorp-
tion [11]. On the other hand, at basic conditions (pH > 7), 
a limited number of the Cu2+ and Cd2+ cations exist in the 
solution and most Cu2+ and Cd2+ metal ions convert to their 
metal hydroxides and precipitate. At the end, the adsorp-
tion efficiency increases due to the compression and pre-
cipitation of hydroxide ions (OH-). The extent of adsorption 
depends on the type of the metal ion, and the adsorption 
percentage of Cd2+ is more than that of Cu2+ ions [16,27].

3.4. Effect of the adsorbent dosage

To investigate the effect of the adsorbent dosage on the 
adsorption efficiency of Cu2 and Cd2+, different amounts of 
adsorbent are added into the aqueous solution where Cu2 and 
Cd2+ concentration and pH are 50 mg/L and 7, respectively. 
The results are presented in Fig. 5. The increase in adsorbent Fig. 3. Fourier-transform infrared analysis of Fe3O4@SiO2-EDTA.
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dose, from 1.0 to 5.0 g, increases the removal efficiency of 
adsorbents. The reason is related to the increased number 
of active sites and promoted access of the two adsorbates 
to the adsorbent’s surface, which enhance the possibility 
of adsorbate–adsorbent collisions and ion adsorption [25]. 
Similar results have been reported in other studies. For 
example, increasing adsorbent dose by 0.2 mg/L for Cd2+, 
and 0.125 g/L for Pb2+ improves their removal efficiencies to 
over 97% [28].

3.5. Effect of contact time and initial Cu2+ and 
Cd2+ concentration

The effects of contact time on the removal of Cu2+ and 
Cd2+ by the Fe3O4@SiO2-EDTA are shown in Fig. 6. The 
adsorption of metal ions increases with the increase in con-
tact time and attained equilibrium within 60 min. Rapid 
increase of adsorption capacity at the initial stage of the 
process is due to the high access of the Cu2+ and Cd2+ ions to 
the unsaturated sites positioned on the surface of the Fe3O4@
SiO2-EDTA nanoparticles [21]. As the process continues, the 
sites get occupied, the ions gradually lose access to the sites, 
and finally the adsorption reaction equilibrates at a specific 
time. In other words, equilibration of the adsorption reaction 

happens when the concentration of the adsorbate in the 
solution phase be in dynamic equilibrium with its concen-
tration at the solid–liquid interface [15]. The effect of initial 
concentration on the metal ions removal is studied in the 
concentration range from 2 to 20 mg/l, as shown in Fig. 6. 
The removal efficiency of Cu2+ and Cd2+ is increased with the 
increase in initial metal concentration. This increase in the 
removal efficiency can be explained with the high driving 
force for mass transfer over the adsorption process [23,28]. 

3.6. Adsorption kinetics

The adsorption of Cu2+ and Cd2+ onto the Fe3O4@SiO2-
EDTA involves the coordination of these metal ions by 
oxygen and nitrogen atoms, whose free electrons favor the 
formation of metal−adsorbent complexes onto the adsorbent 
surface. The rate at which the metal ions are transferred from 
the solution to the adsorbent surface determines the rate 
of the adsorption kinetics [27]. Table 2 depicts the adsorp-
tion kinetics of Cu2+ and Cd2+ onto the Fe3O4@SiO2-EDTA as 
a function of time. Initial concentration is 10 mg/L, and the 
adsorption equilibrium is reached in approximately 60 min. 
This indicates that the adsorption takes place once contacting 
between the adsorbates and the adsorbent. The findings 
indicate that adsorption of Cu2+ and Cd2+ onto the Fe3O4@
SiO2-EDTA follows the pseudo-second-order kinetic model. 
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Table 2
Adsorption kinetic data for the removal of Cu+2 and Cd+2 onto 
Fe3O4@SiO2-EDTA

Cu+2Cd+2ParameterModel
2.4782.856qe (mg/g)Pseudo-first-order model
0.00120.0128K1

0.9230.9664R2

5.8638.4qe (exp)

6.75264.0485qe (mg/g)Pseudo-second-order model
0.01990.0254K2

0.99970.9993R2
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Similar results have been reported in adsorption of Cu2+ and 
Cd2+ onto oil tea shell in water [16]. This event can be associ-
ated with the natural differences of Cu2+ and Cd2+ including 
their electro negativities (1.90 and 1.70, respectively), and 
their ionic radius (0.72 and 1.03 Å, respectively). Accordingly, 
lower adsorption tendency of the Fe3O4@SiO2-EDTA particles 
toward Cd2+ than Cu2+ cations can be explained as its lower 
electronegativity [29].

3.7. Adsorption isotherms

Result of Langmuir constants in modeling the Fe3O4@
SiO2-EDTA has been presented in Table 3. With plotting Ce/
qe vs. Ce for Langmuir isotherm model in Fig. 7a, it appears 
that this isotherm model has a good coefficient of determi-
nation (R2 = 0.9913) in fit of the adsorption process. As it can 
be seen in Table 3. Langmuir constants qm, RL, and Ka are 
as following: qm = 79.4 for Cu2+ and 73.51 for Cd2+ (mg/g), 
RL = 0.011 for Cu2+ and 0.014 for Cd2+, and Ka = 0.75 for Cu2+ 
and 0.58 for Cd2+ (L/mg). In Table 4, a comparison of max-
imum adsorption capacity (qm) of different adsorbents for 
Cu2+ and Cd2+ is prepared. As shown, Fe3O4@SiO2-EDTA has 
a good qm in comparison with other studies. Furthermore, RL 
(dimensionless parameter that indicates the relative volatility 
in vapor–liquid equilibrium with a range between 0 and 1 for 
a favorable equilibrium [21]) is in the favorable range in this 
study. Therefore, it can be concluded that the adsorption of 

the metals onto the Fe3O4@SiO2-EDTA had a good favorable 
equilibrium.

Table 3 shows the Freundlich isotherm model for 
adsorption of the metals onto the Fe3O4@SiO2-EDTA. It 
appears that this isotherm model has a poor coefficient of 
determination (R2 = 0.976) in fit of the adsorption process. 
As prepared in Table 3, the constants of Freundlich iso-
therm (Kf and n) are 48.42 for Cu2+ and 31.58 for Cd2+, and 
5.74 for Cu2+ and 3.79 for Cd2+, respectively. High amount 
of Kf constant represents a very large extent of adsorption 
of the metals onto the Fe3O4@SiO2-EDTA. Also, the value of 
n is larger than 1, which indicates a favorable adsorption 
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Table 3
Adsorption isotherm parameters of Cu+2 and Cd+2 onto Fe3O4@
SiO2-EDTA

Model Parameter Cu+2 Cd+2

Freundlich equation Kf (L/mg) 48.426 31.58
N 5.742 3.792
R2 0.976 0.974

Langmuir equation qm (mg/g) 79.4 73.51
Ka (L/mg) 0.7521 0.589
RL 0.011 0.014
R2 0.9913 0.99

Table 4
Comparison of maximum adsorption capacity (qm) of different adsorbents for Cu+2 and Cd+2

Adsorbent Maximum adsorption capacity (mg/g) Reference
Cu+2 Cd+2

TiO2/SiO2/Fe3O4 nanoparticles 670.9 [31]
Oil tea shell 12.1 14.2 [27]
EDTA functionalized magnetic nanoparticle 79.365 [29]
EDTA-functionalized silica spheres 37.59 23.67 [22]
Nanocomposites Fe3O4@SiO2 0.58 mmol/g 0.45 mmol/g [16]
Magnetic EDTA-modified chitosan/SiO2/Fe3O4 0.495 mmol/g 0.040 mmol/g [22]
Fe3O4@SiO2-EDTA nano composite 79.4 73.51 This work
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system and a multilayer physical process in the adsorption 
of the metals by the Fe3O4@SiO2-EDTA [30,31].

3.8. Regeneration and reuse of Fe3O4@SiO2-EDTA

Desorption is an important phenomenon that enables 
recycling of metal ions and adsorbents, which helps 
economic sustainability of adsorption-based treatment sys-
tems. According to a recent study, many chemicals can be 
applied as desorption agents. The agent should be selected 
carefully due to the permanent structural changes and 
adsorption capacity reductions that different chemicals can 
induce to adsorbent materials [27]. For this purpose, HCl 
(0.1 N) solution is used. As it can be seen in Fig. 7b, 80% 
of the Fe3O4@SiO2-EDTA NPs can be recovered within five 
adsorption–desorption cycles without any significant loss of 
adsorption capacity.

3.9. Effect of disturbing cations on the adsorption process

As illustrated in Fig. 8, the presence of the Na+, K+, 
and Mg2+ metal ions does not have any inhibitory effect 
on adsorption of Cd2+ and Cu2+ onto Fe3O4@SiO2-EDTA. 
However, the presence of Ca2+ decreases the capacity of Cu2+ 
adsorption. These findings are due to the stronger interaction 
and stable chemical bonding of Cd2+ and Cu2+ with the adsor-
bent relative to Na+, K+, Cu2+, and Mg2+. According to the log 
K values of these ions (log K Cu2+ = 18.8, log K Cd2+ = 16.46, 
log K Na+ = 1.7, log K Mg2+ = 8.7, log K Cu2+ = 10.69), Cu2+ can 
establish a more stable bond relative to the Na+, K+, and Mg2+ 
cations and the chemical bonding of Cd2+ is slightly weaker 
than that of Cu2+. Therefore, among the four examined coex-
isting cations, Ca2+ has a better chance for competition with 
both Cd2+ and Cu2+ ions, and Cd2+ is more vulnerable to being 
affected by the competition [16,28]. Regardless of the com-
petition, the coexisting cations do not considerably influence 
adsorption of Cu2+ and Cd2+ onto Fe3O4@SiO2-EDTA.

4. Conclusion

In this study, we investigated the efficiency of Fe3O4@
SiO2 NPs modified with EDTA for adsorption of the Cu2+ 
and Cd2+ cations from aqueous solutions. According to the 
conducted evaluations, the adsorption efficiency of the 

cations enhances with the increase of adsorbent dose and 
contact time. However, our results show that the maximum 
adsorption efficiency of heavy metals is at pH = 7 with an 
initial concentration of Cu2+ and Cd2+ cations of 10 mg/g, 
an adsorbent dose of 0.1 g/L, and a contact time of 60 min. 
Studying isotherm models indicated that the adsorption 
process follows the Langmuir isotherm model. It means the 
adsorption process is homogenous and the adsorbed ions 
are mono-layered. Investigation of kinetic models suggested 
that the adsorption process follows pseudo-second-order 
kinetic model. Finally, a comparison between this study and 
other studies shows that the Fe3O4@SiO2–EDTA has a high 
potential to remove Cu2+ and Cd2+ cations simultaneously 
from aqueous solution.
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