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ABSTRACT
Cobalt is one of the most hazardous heavy metals present in the environment. Magnetic based 
nanoadsorbents were used for removal of Co(II) ions in this work. The characteristics results of FT-IR, 
XRD, TGA, and FE-SEM show that applied coatings were modified magnetite nanoparticles efficiently. 
The results of TEM indicate that magnetic nanoadsorbents were produced on the nanoscale with average 
particle sizes of 60±10 nm. Batch experiments were carried out to determine the removal efficiency 
of the nanoadsorbents. pH, temperature, contact time, adsorbent dose, shaking rate and the initial 
concentration of analyte were the studied parameters. At optimized conditions of operation parameters, 
the maximum removal percentage of 92% was obtained by using magnetite-citric acid as an adsorbent. 
Equilibrium data for Co(II) ions adsorption onto magnetite-citric acid were fitted well by Langmuir 
isotherm model and the maximum adsorption capacity for Co(II)ions was obtained 43.292 mg/g at 313 
K. Also, thermodynamic parameters reveal the spontaneity, feasibility and endothermic nature of the 
Co(II) ions adsorption process. In addition, the cobalt ions can be desorbed from magnetite-citric acid 
nanoadsorbent by using nitric acid solution with 95% desorption efficiency and the magnetite-citric acid 
nanoadsorbent exhibits good recyclability.
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INTRODUCTION
Cobalt is a very toxic heavy metal ion and 

it´s containing compounds are widely used in 
many industrial applications such as mining, 
electroplating, metallurgical, paints, pigments and 
electronic [1]. The permissible limits of cobalt in the 
livestock wastewater and irrigation water are 1.0 and 
0.05 mg/L, respectively [2]. The presence of cobalt 
in the environment leads to several health troubles 
such as low blood pressure, vomiting, nausea, 
heart diseases, vision problems, sterility, thyroid 
damage, hair loss, bleeding, diarrhea, bone defects 
and may also cause mutations (genetic changes) in 

living cells [2,3]. So the fast and effective removal 
of Co(II) from the aqueous solution is necessary 
for the environmental protection. There are several 
different techniques for the removal of Co(II) ions, 
such as chemical precipitation, oxidation, ion-
exchange, reverse osmosis, membrane electrolysis, 
coagulation and adsorption [5-9]. Among these 
available techniques, adsorption method has 
been used widely, because it is simple, adaptable, 
economical, and cost-effective. So many materials 
such as clay minerals, oxides, activated carbon, 
zeolites, ion exchange resin and cellulose have 
been used as adsorbents [10-14]. Low adsorption 
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capacity and difficult separation are the problems 
that limit the application of these materials. 

Recently, magnetite-based nanocomposite 
adsorbents have been fabricated and have shown 
good properties for drug delivery [15] energy 
storage [16,17] and water treatment[18]. Also, the 
use of magnetite-based nanoadsorbents in water 
treatment provides a suitable and comfortable 
approach for separating and removing the 
pollutants by applying an external magnetic field. 

This present study pursues: (1) synthesis of 
different magnetite-based nanoadsorbents by 
using co-precipitation method; (2) characterization 
of these adsorbents by using Fourier transform 
infrared spectroscopy (FT-IR), X-ray diffractometer 
(XRD), Field emission scanning electron 
microscopy (FE-SEM),thermogravimetric (TGA) 
analysis and Transmission electron microscopy 
(TEM); (3) study the effects of main parameters 
that affect adsorption of Co(II) ions; (4) study 
isotherm, thermodynamic and kinetic parameters 
of adsorption process and (5) study reusability and 
stability of nanoadsorbents. The main object of this 
work is to develop cost efficient, biocompatible and 
easily available adsorbent for the environmental 
applications.

EXPERIMENTAL
Materials

Ferric chloride (FeCl3·6H2O), ferrous sulfate 
(FeSO4·7H2O), ammonia solution (with analytical 
grade, Merck Chemical Company) and double-
distilled water were used for the preparation 
of magnetite nanoparticles. Natural zeolite 
clinoptilolite was prepared from the West Semnan, 
Iran and all of the coatings (citric acid (C6H8O7), 
ascorbic acid (C6H8O6), salicylic acid (C7H6O3), 
starch (C6H10O5)n and saccharose (C12H22O11)) were 
purchased from the Sigma–Aldrich company.

Synthesis of magnetite-based nanoadsorbents
We used previously reported co-precipitation 

method [19] for the synthesis of bare magnetite 
nanoparticles. In order to synthesize Fe3O4 based 
nanoadsorbents (except magnetite-zeolite), 4.2 
g of FeSO4.7H2O and 6.1 g of FeCl3.6H2O were 
dissolved in 100 mL of double-distilled water 
and heated at 100 ºC for 1 h. After that 10 mL of 
ammonium hydroxide solution (25%) was added 
to the mixture. Then the temperature of the system 
decreased to the 80 ºC and 0.5 g of the coating 
was dissolved in 50 mL of distilled water and was 

added to the mixture. The mixture was stirred at 
this temperature for about 1 hour. The dark brown 
precipitate was collected by centrifugation and 
washed with deionized water and acetone for 3 
times and dried at 70ºC for 5 h. 

Magnetite-clinoptilolite nanoadsorbent was 
prepared by the co-precipitation method as follows: 
First of all, for activation of natural zeolite, 10 mL 
of H2SO4-HCl (%10) solution was added to the 
zeolite and the mixture was relaxed for 3 h. Then 
acid was evacuated and the sample was washed 
with deionized water 2 times and dried at 200ºC for 
about 3 h. We added the activation zeolite to the 
Fe3O4 sample. Centrifugation, washing and drying 
processes of the obtained sample were done just 
like the last samples and the final product´s color 
was dark brown.

Characterization
The surface functional groups of samples 

were determined by Fourier transform infrared 
spectrum (Spectrum RXI).The crystal structures of 
the synthesize nanoadsorbents were determined by 
XRD analysis (D8-Advance, Bruker AXS, Cu K α1, 
λ=1.54 ˚A). The thermogravimetric analyses of the 
samples were performed with a thermal analysis 
system (STA 503). For these measurements, the 
weight losses of dried samples were monitored 
under N2 from room temperature to 600 ºC at a rate 
of 10ºC/min. Surface study and size measurement 
of the nanostructures were done by Field emission 
scanning electron microscopy (Hitachi S4160) and 
transmission electron microscopy (Philips CM 
30), respectively. Atomic adsorption spectroscopy 
(Chemtech analytical CTA-2000) was used for 
determination of Co(II) ions concentration in 
supernatant. 

Batch adsorption experiments
In order to evaluate the adsorption ability of 

synthesized nanoadsorbents, batch experiments 
were carried out at room temperature. Hydrated 
Co(NO3)2 was used as the source of Co(II) ions 
and pH values were adjusted by using 0.1 M NaOH 
or 0.1 M HCl. In a typical removal experiment, 
0.2 g of magnetite-citric acid nanoadsorbent was 
added into 100 mL of Co(II) ions solution (25 
mg/L), sealed and shaken for 1 h(rpm was 500). 
Then as can be seen from Fig. 1, magnetite was 
easily separated by using an external magnetic 
field. Co(II) ions concentration in the supernatant 
solution was measured by using atomic absorption 
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spectroscopy. All of the experiments were carried 
out in triplicates and average values were used in 
the graphs. The adsorption capacity and removal 
percentage of Co(II) ions were calculated by using 
Eqs. (1) and (2), respectively [20,21].

qe =
(C0  −  Ce)

W
x V                                                      (1)

Removal efficiency (%) = 
(C0  −   Ce)

C0
x 100           (2)

Where qe (mg/g) is the adsorption capacity 
at equilibrium, C0 and Ce are the initial and 
equilibrium concentration of Co(II) ions (mg/L); V 
is the total volume of solution in (L) and W is the 
adsorbent mass(g).

RESULT AND DISCUSSION
Characterization of nanoadsorbents

The crystalline structures of differently 
synthesized nanoadsorbents were identified with 

XRD pattern (Fig. 2). Diffraction peaks with 2θ at 
30.2º, 35.5º, 43.3º, 57.2º, and 62.8ºthat were observed 
for bare magnetite spectra, indicate a cubic spinel 
structure of this nanoparticle [22]. The same set 
of characteristic peaks were also observed for 
magnetite-citric acid, magnetite-salicylic acid 
and magnetite-starch samples that indicate the 
stability of the crystalline phase of magnetite 
nanoparticles during functionalization of the 
surface [23]. The magnetite-clinoptilolite pattern 
shows three crystalline peaks with 2θ at 35º, 58º and 
62° related to the 311, 511 and 440 crystallographic 
planes of the face-centered cubic (FCC) iron oxide 
nanocrystals [24]. The average crystallite size of 
different nanoadsorbents was calculated by using 
the Scherrer’s equation [25]:

Dc =  
0.9 λ

L .  CosƟB
                                                     (3)

Where Dc is the crystallite size (A° ), λ is 1.54056 

 
Fig. 1 

  

Fig. 1. Magnetic nanoadsorbent separation in Co(II) ions media (a) before using magnet, 
(b) after using magnet

Fig. 2. XRD pattern of (a) bare magnetite, (b) magnetite-citric acid, (c) 
magnetite-salicylic acid, (d) magnetite-starch and (e) magnetite-clinoptilolite
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A° , L is the full width at half-maximum (FWHM) 
and ƟB is Bragg angle. Obtained results are 
summarized in Table 1.

The FT-IR spectra of bare magnetite 
nanoparticles, magnetite-citric acid, magnetite-
salicylic acid, magnetite-starch, and magnetite-
clinoptilolite are illustrated in Fig. 3. The low-
intensity adsorption band at 570 cm-1attributed 
to Fe-O stretching vibration of the magnetite 
nanoparticles was observed in all five samples 
[26,27]. The observed band at nearly 3500 cm−1 in 
bare magnetite spectra is due to –OH stretching 
vibrations. There is a large and intense band at 

nearly 3450 cm−1 in magnetite-citric acid sample 
spectra that could be devoted to the structural OH 
groups of molecular water or citric acid. The intense 
band at nearly 1600 cm−1 for the magnetite-citric 
acid, revealed the binding of a citric acid radical 
to the magnetite surface (Fig. 3b). In the spectrum 
of magnetite-salicylic acid (Fig. 3c), the two peaks 
that were observed at 2850 and 2920 cm-1 were 
corresponded to the asymmetric and symmetric 
CH2 stretching vibrations, respectively [28]. In the 
magnetite-starch spectra (Fig. 3d), the peak that 
was observed at 1090 concerned with the C-O 
stretching vibration in the C-O-H group, while the 

Table 1 
 

Nanoadsorbents Average crystallite size (nm) 
Bare magnetite 16 
Magnetite-citric acid 19 
Magnetite-salicylic acid 18 
Magnetite-starch 19 
Magnetite-clinoptilolite 20 

 
  

Table 1. Average crystallite size of different nanoadsorbents.
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Fig. 3. FT-IR spectra of (a) bare magnetite, (b) magnetite-citric acid, (c) 
magnetite-salicylic acid, (d) magnetite-starch and (e) magnetite-clinoptilolite
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Fig. 4. TGA curve for(a) bare magnetite, (b) magnetite-citric acid, (c) 
magnetite-salicylic acid and (d) magnetite-starch
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1160 cm-1 peak corresponded to the C-O stretching 
vibration in the C-O-C group. Unlike the bare 
magnetite sample, the greatly intensified peaks were 
observed for the magnetite-starch sample due to the 
H-bonded OH groups of amylose and amylopectin 
of starch [29]. In comparison with magnetite, FTIR 
spectrum of magnetite-clinoptilolite in the range of 
440-580 cm-1 showed vibration bands that related 
to Fe-O functional groups (Fig. 3e).

TGA curves of bare magnetite, magnetite-citric 
acid, magnetite-salicylic acid and magnetite-
starch were shown in Fig. 4. TGA curve of the 
bare magnetite nanoparticles shows a weight loss 
of about 2% below 200ºCwhich can be attributed 
to the loss of adsorbed water in the sample and no 
other weight loss was observed until 800 ºC. TGA 
curve for Fe3O4-citric acid exhibits two steps of 
weight loss. The first weight loss can be attributed 
to the loss of residual water in the sample and the 

second is due to the loss of citric acid in the range of 
200 to 600 ºC. The total weight loss for this sample is 
about 12%. For the magnetite-salicylic acid sample, 
a weight loss of about 4% is observed between 
room temperature and 200 ºC, which is attributed 
to the evaporation of adsorbed water. A secondary 
weight loss of about 10% in the temperature range 
of 200 to 600 ºC is attributed to the decomposition 
of salicylic acid. For Fe3O4-starch sample, weight 
loss at temperatures below 250ºC can be attributed 
to water desorption and a drastic weight loss of 
about 13% from 250 to 600 ºC is due to the loss 
or decomposition of starch. The obtained TGA 
curves of these samples confirm the successful 
modifications of magnetite nanoparticles.

SEM images of the magnetite-ascorbic acid 
sample are shown in Figs. 5(a) and 5(b). MNPs are 
roughly spherical and tend to aggregate together 
because of their high surface energy and adhesion.

 

Fig. 5 
  

Fig. 5. SEM images of magnetite-ascorbic acid

 

Fig. 6 

  

Fig. 6.  TEM image of (a) bare magnetite nanoparticles, (b) ascorbic acid coated magnetic nanoparticles
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TEM images of magnetite and magnetite-ascorbic 
acid are shown in Fig. 6a and 6b, respectively. 
Well-shaped spherical or ellipsoidal magnetic 
nanoparticles are observed in TEM images. Particle 
size distribution histogram is presented in Fig. 7 
which is obtained by measuring 100 nanoparticles. 
An average size of 60±10 nm was obtained for 
magnetite-ascorbic acid nanoparticles. Crystallite 
size obtained from XRD pattern is smaller than 
the particle size obtained from TEM, revealing 
the polycrystalline structure of most observed 
nanoparticles. Also, the similar size of magnetite 
with magnetite-ascorbic acid indicates that the 
binding process did not result in agglomeration 
and the change in the size of the nanoparticles.

Adsorption study using nanoadsorbents
Some of the main parameters affecting the 

Co(II) ions adsorption by using synthesized 
nanoadsorbents were investigated and optimized 

here. These parameters are pH, temperature, 
contact time, adsorbent dose, shaking rate and 
initial concentration of the analyte.

Effect of pH
pH is a key factor affecting the adsorption of 

heavy metal ions. So, the dependence of pH on the 
removal of Co(II) ions was studied at a constant 
Co(II) ions concentration (25 mg./L) using 0.2g of 
nanoadsorbent. As shown in Fig. 8, cobalt adsorption 
increased with increase in pH range from 2 to 8 and 
slowly decreased or fixed with increasing pH in the 
range of 8 to 12. Therefore, pH 8 was chosen for 
further experiments. The removal decreasing trend 
at pH above 8 can correspond to nanoadsorbents 
probable destroying in an alkaline environment and 
certain precipitation of Co(OH)2 from the solution. 
At pH higher than 8, the dominance of OH− ions 
in the solution creates a competition between 
negatively charged nanoadsorbent surface and OH− 
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Fig. 7. Obtained histogram from SEM images of magnetite-ascorbic acid
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Fig. 8. Effect of pH on the removal of Co(II) (adsorbents dose: 0.2 g, Co(II) concentration: 25 mg/L)
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ions which resulted in a decrease in the adsorption 
of Co(II) metal ions[31]. The suppressed adsorption 
of metal ions at lower pH implies that acid treatment 
is a possible and useful method to regenerate these 
nanoadsorbents [32,33].

Effect of temperature
The effects of temperature on the adsorption 

of Co(II) ions were explained in Fig. 9. It was 
observed that removal increased with increase 
in the temperature range from 293 to 313 K and 
further fixed or even slowly decreased at the higher 
temperatures. Probably the connivance decrease in 
the removal of Co(II) ions that observed at higher 
temperatures was due to the weakening of the 

adsorptive forces between the active sites on the 
nanoadsorbents surfaces and Co(II) ions[24].

Effect of contact time
Fig. 10 shows the time-dependent behavior 

of Co(II) ions removal from aqueous solution by 
using different synthesized adsorbents. As shown, 
the removal amount of Co(II) ions increased with 
increase in contact time and the equilibrium time 
was reached within 50 min. The initial adsorption 
rate was very fast which was due to the existence of a 
greater number of available sites on nanoadsorbents 
surfaces for Co(II) ions adsorption. According to 
the obtained results contact time of 50 min selected 
for further experiments. 

 

Fig. 9 
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Fig. 9. Effect of temperature on the removal of Co(II) (adsorbents dose: 0.2 g, Co(II) 
concentration: 25 mg/L).
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concentration: 25 mg/L).
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Effect of adsorbent dose
In order to study the adsorbent dose effect on the 

removal of Co(II) ions, the adsorption experiments 
were carried out with different concentrations 
of nanoadsorbents. 40, 80, 120, 160, 200 and 240 
mg of each magnetite based nanoadsorbents were 
applied. As can be seen from Fig. 11, by increasing 
the dose of the nanoadsorbents, the number of 
adsorption sites available for adsorbent interaction 
is increased, thereby resulting in the increased 
percentage of Co(II) ions removal from the solution. 
In all cases, the optimal amount of adsorbent dose 
was 0.2 g and no significant increase was observed 
with further increases in adsorbent dose.

Effect of shaking rate
Since an optimum shaking rate is essentially 

needed to maximize the interactions between 

metal ions and adsorption sites of nanoadsorbents, 
the removal of Co(II) ions under various shaking 
rates was investigated and is shown in Fig. 12. It 
is found that Co(II) ions removal increased with 
increase in shaking rates from 100 to 500 rpm and 
with further increases in shaking rate from 500 to 
750 rpm, the effect of shaking rate on the cobalt 
adsorption became comparatively negligible. This 
can be explained by the fact that, for a relatively 
lower shaking rate, the system is incompletely 
mixed; hence the poor dispersion of nanoparticles 
in solution resulted in only a small portion of 
surface area of adsorbent being exposed and reacted 
with the Co(II) ions. With further increasing the 
shaking rate from 500 to 750 rpm, the effect of 
shaking rate on the Co(II) adsorption became 
comparatively insignificant; since the system was 
well mixed under a comparatively higher shaking 

Fig. 11. Effect of adsorbent dosage on the removal of Co(II)
Adsorbent dose (g)

R
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Fig. 12. Effect of shaking rate on the removal of Co(II) (pH: 8, Co(II) concentration: 25 mg/L).
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rate, say 500 rpm[34]. As a consequence, a shaking 
rate of 500 rpm was selected as the optimum value 
and was used for further experiments. 

Effect of initial concentration
The initial concentration of the analyte is also an 

important parameter for removal of heavy metals. 
As shown in Fig. 13, by increasing the initial 
concentration of Co(II) ions, removal amounts 
were decreased. Regarding maximum removal of 
Co(II) ions at 25 mg/L concentration of the analyte 
and a further significant decrease in removal 
amounts, 25 ppm was selected for further studies.

After obtaining optimum values of different 
parameters, we did the Co(II) ions adsorption 
by using bare magnetite nanoparticles. Removal 
efficiency was obtained 69% in this situation. 
From obtained results, it is completely clear that 
magnetite-citric acid is the most efficient adsorbent 
among the tested materials for the removal of 
Co(II) ions. So we did further studies just by using 
this nanoadsorbent.

Adsorption isotherms
Cobalt adsorption is significantly influenced by 

the initial concentration of Co(II) ions in aqueous 
solution. In this study, the initial concentration of 
Co(II) ions varied from 10 to 100 mg/L while the 
adsorbent dosage is 0.2 g/L, pH is 8 and contact 
time is 50 min. The experimental data were fitted 
to Langmuir [35] and Freundlich [36] isotherm 
model.

The Langmuir isotherm model was used to 
describe the chemisorptions and monolayer 
coverage of adsorbates onto nanoadsorbents and 

it is linear form can be expressed by the following 
equation:

Ce

qe
=  

1
KLqm

+ 
1

qm
Ce                                          (4)

Where qe is the amount of Co(II) adsorbed at 
equilibrium in mg/g, Ce is the solute equilibrium 
concentration in mg/L, qmax, and KL is Langmuir 
constants indicating the saturated capacity of 
adsorbents and energy term, respectively. 

The Freundlich isotherm model which indicates 
the exponential distribution of active sites and 
their energies and surface heterogeneity of the 
adsorbents are described by the following equation:

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝐶𝐶𝑛𝑛
1 𝑛𝑛�                                                              (5)

Where Kf and 1/n are the Freundlich constants 
related to the adsorption capacity and the 
adsorption intensity, respectively.

Table 2 shows that the adsorption behavior 
of Co(II) ions onto the magnetite-citric acid 
nanoadsorbent is better described by Langmuir 
isotherm model because this model yields 
higher correlation coefficients. This indicates 
that monolayer coverage of magnetite-citric acid 
adsorbent is the main sorption mechanism.

The maximum adsorption capacity determined 
by the Langmuir model was 43.292 mg/g which 
was compared with other reports in Table 3.

Thermodynamic parameters
The effect of temperature on the adsorption 

isotherm was investigated under isothermal 
conditions in the temperature range of 303to 323 
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Fig. 13.  Initial concentration effect on removal of Co(II).
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K and optimal pH, contact time and adsorbent 
dose. Thermodynamic parameters such as change 
in free energy () (KJ/mol), enthalpy () (KJ/mol), 
and entropy () (J/mol.K) are calculated using the 
following thermodynamic functions [44,45]:

ΔG0 = −RT lnKd                                                     (6)

ln Kd = −
ΔH0

RT
+  
ΔS0

R
                                          (7)

Kd =
qe

Ce
                                                                    (8)

ΔG0 = ΔH0 − TΔS0                                               (9)

where R is the universal gas constant (8.314 J/
mol.K), T is the absolute temperature in Kelvin, Kd 
is distribution coefficient,  (mg/g) is the equilibrium 
concentration of Co(II) ions adsorbed onto 
magnetite-citric acid and  (mg/L) is the remained 
concentration of Co(II) ions in the aqueous 
solution. The values of the different thermodynamic 
parameters are summarized in Table 4.  value 
was obtained 47.684 kJ/mol and it means that 
adsorption process has endothermic nature [46]. 
The negative and positive  values indicate the 
spontaneous nature of the adsorption process 

and affinity of the Co(II) ions adsorbent [47,48], 
respectively. The value of decreases with increase 
in temperature suggesting that higher temperature 
makes the adsorption process favourable but this 
stop at temperature upper than 323 K (Fig. 9).The 
positive entropy change for the process is caused by 
the increase in degree of freedom or randomness 
at the adsorbent-adsorbate interface during the 
adsorption of Co(II) ions at different temperatures 
[49].

Kinetic parameters
The adsorption kinetics of Co(II) ions onto 

magnetite-citric acid is investigated with the help 
of the pseudo-first order [50] and pseudo-second 
order [51] model.

The linear form of pseudo-first order kinetic 
model is expressed by the following equation:

ln(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = ln 𝑞𝑞𝑡𝑡 − 𝑘𝑘1𝑡𝑡                               (10)
Where qe and qt refer to the adsorption capacity 

of Co(II) ions (mg/g) at equilibrium and at any 
time, respectively and k1 is the rate constant of 
pseudo-first order adsorption (1/min).

The pseudo-second-order kinetic rate equation 

Table 2 
 

Temperature (K) 
Langmuir model Freundlich model 

(L/mg) qm(mg/g) KF  
(mg/kg)(L/mg)^(1/n) 

293 
303 
313 

0.08 
0.11 
0.13 

27.84 
34.32 
43.29 

0.995 
0.998 
0.999 

1.32 
1.60 
1.68 

1.90 
4.02 
5.38 

0.983 
0.985 
0.971 

 

Table 2. Isotherm parameters for the adsorption of cobalt on magnetite-citric acid adsorbent

Table 3 
 

Adsorbent Adsorption capacity (mg/g) Reference 
Kaolinite 0.92 [37] 
Coir pith 12.82 [38] 
Natural zeolites 14.38 [39] 
EDTA-modified silica gel 20.00 [40] 
Synthetic hydroxyapatite 20.19 [41] 
Lemon peel adsorbent 22.00 [42] 
Fe3O4/GO 22.70 [43] 
Al-pillared bentonite clay 38.60 [1] 
Present study 43.29 - 

 
  

Table 3. Comparison of adsorption capacity (mg/g) of different adsorbents for removal of Co(II) ions.

Table 4 
 

Temperature(K) ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0 (J/mol.K) 
303 
313 
323 

-6.25 
-6.74 
-7.16 

47.68 0.18 

 
  

Table 4. Thermodynamic parameters for the adsorption of cobalt on magnetite-citric acid adsorbent
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is expressed as follows:
𝑡𝑡
𝑞𝑞𝑡𝑡

=
1

𝑘𝑘2𝑞𝑞𝑒𝑒2
+

1
𝑞𝑞𝑒𝑒
𝑡𝑡                                                (11)

Where k2 is the rate constant of pseudo-second 
order adsorption (g/mg.min).

As can be seen from Table 5, the adsorption 
of Co(II) ions onto magnetite-citric acid is more 
favorably described by a pseudo-second-order 
kinetic model because of its greater correlation 
coefficient (0.998) and closer values of calculated 
and experimental qe. The higher values of R2 
of pseudo-second order and applicability of 
Langmuir isotherm indicated that the process to be 
chemisorptions in nature [45,52,53].

Stability and reusability of nanoadsorbents
To evaluate desorption of Co(II) ions loaded 

magnetite-citric acid, various concentration of 0.05, 
0.1, 0.15 and 0.2 M HNO3 was used as desorption 
media and quantitative desorption efficiencies 
were 72%, 92%, 94% and 95%, respectively. The 
maximum value of desorption efficiency was 95% 
by using 0.20 M concentrate of HNO3. To evaluate 
the reusability of adsorption–desorption process, 
five times desorption were carried out. In this 
study, the initial concentration of Co(II) ions was 
25 mg/L, the adsorbent dose was 0.2 g, the reaction 
temperature was 298 K, pH was 3 and shaking 
rate was 500 rpm. In each experiment, the used 
magnetite-citric acid nanoadsorbent was collected 
by using an external magnet. Obtained results 
that are summarized in Table 6 show a wonderful 
reusability for selected nanoadsorbent. It was 
observed that with an increase in cycle numbers, 
uptake capacity of Co(II) ions was slowly decreased. 
Following reaction was used in order to determine 
the efficient recovery of Co(II) ions:

𝑅𝑅(%) =
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎

× 100      (12)

CONCLUSION
The main idea of this study was to provide a simple, 

cost-effective, reproducible and inexpensive method 
to remove Co(II)ions from aqueous solution. To 

this end, different magnetic nanocomposites were 
synthesized by the simple co-precipitation method. 
Some of these nanoadsorbents weren´t synthesized 
until now. After determining and characterizing 
of different synthesized nanoadsorbents structure, 
several parameters affecting the removal of Co(II)
ions were evaluated and optimized. The results show 
that in all cases, the maximum removal efficiency of 
Co(II) ions was obtained by using magnetite-citric 
acid as an adsorbent. Also, the results show that 
pH, temperature, contact time, adsorbent dose and 
initial concentration factors have a high effect on the 
removal of Co(II) ion. It is found that the adsorption 
behavior of Co(II) ions is better described by the 
Langmuir isotherm model and the kinetics of Co(II) 
ions adsorption follows the pseudo-second order 
model. Moreover, the results indicate that the method 
has a suitable repeatability and nanoadsorbents have 
high stability. Results of this work suggest that the 
magnetite-based nanoadsorbents are wonderful 
adsorbents for the removal of heavy metal ions from 
synthetic and industrial wastewater by using the 
technology of magnetic separation.
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