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Abstract In the present study, sodium dodecyl sulphate-coated Fe3O4 nanoparticles (SDS–Fe3O4

NPs) were applied to remove Cu(II), Ni(II) and Zn(II) ions from water and wastewater samples.

The effects of pH of solution, SDS, Fe3O4 NPs and salt addition on removal efficiency of the metal

ions were investigated and optimized. Salt addition has a negative effect on the removal efficiency of

the metal ions, thus extraction follows the ion exchange mechanism. The results showed that the

adsorption process onto the adsorbent is very fast under optimum conditions and nearly 1 min

of contact time was found to be sufficient for completion of the metal ions’ adsorption. Adsorption

equilibrium of the metal ions reveals that data were fitted well to the Langmuir isotherm. Also, the

maximum monolayer capacity, qmax, obtained from the Langmuir isotherm was 24.3, 41.2 and

59.2 mg g�1 for Cu(II), Ni(II) and Zn(II), respectively. Desorption experiments by elution of the

adsorbent with methanol show that the SDS-Fe3O4 NPs could be reconditioned without significant

loss of its initial properties even after three adsorption–desorption cycles. Finally, application of the

SDS-Fe3O4 NPs as efficient adsorbent material for removal of the metal ions from Iran Khodro’s

wastewater samples was investigated and satisfactory results were obtained.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Heavy metals released into the environment pose a significant
threat to the ecosystem and public health because of their

toxicity and persistence (Seiler et al., 1998). Therefore, hea-
vy-metal contamination is still an important problem in both
developing and developed countries throughout the world

(Danazum and Bichi, 2010; Inglezakis et al., 2003; Momodu
and Anyakora, 2010).
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Various methods have been developed for the removal of
heavy-metal ions from wastewater which include chemical pre-
cipitation/coagulation, membrane technology, electrolytic

reduction, ion exchange and adsorption. The advantages and
disadvantages associated with each method are reviewed else-
where (O’Connell et al., 2008). The adsorption process is one

of the most common methods used for the removal of hea-
vy-metal ions because of its simplicity, convenience, and high
removal efficiency (Stafiej and Pyrzynska, 2007; Afkhami

et al., 2007; Santos Yabe and de Oliveira, 2003; Cervera
et al., 2003). The adsorption on activated carbon is attractive
to many scientists due to the effectiveness of the removal of
heavy-metal ions in trace quantities (Rao et al., 2009).

However, the process has not been used extensively because
of its high cost (Rao et al., 2009; Dias et al., 2007; El-Shafey
et al., 2002). Therefore, the use of alternative low-cost

materials as potential adsorbents for removal of heavy metals
has been emphasized recently (Gupta et al., 2009). On
the other hand, the development of heavy-metal adsorbents

with high adsorption capacity, fast adsorption–desorption
kinetics, and easy separation and regeneration is in great
demand.

Recently, application of nanoparticles (NPs) for the re-
moval of pollutants has come up as an interesting area of re-
search (Faraji et al., 2010a). Compared to conventional
adsorbents with micrometre size, nanomaterials offer a signif-

icantly higher surface area-to-volume ratio and a short diffu-
sion route, resulting in high adsorbent capacity, rapid
removal dynamics and high removal efficiencies (Klabunde,

2001). Moreover, magnetic nanoparticles (MNPs) can be easily
separated under external magnetic fields (Faraji et al., 2010b–
d; Ma’mani et al., 2010) and therefore, no sample centrifuga-

tion or filtration is needed after treatment.
In this study, MNPs have been synthesized using a co-pre-

cipitation method and after modification of them with sodium

dodecyl sulphate (SDS), they were applied for the removal and
recovery of copper, nickel and zinc from industrial wastewater
due to high concentration of these metal ions in the real sam-
ples. The objectives of this study are: (1) to assess the perfor-

mances of MNPs for the removal of the heavy-metal ions,
(2) to achieve the possible regeneration of MNPs for reuse,
and (3) to explore the mechanisms of metal adsorption onto

MNPs.
2. Experimental section

2.1. Chemicals and reagents

All reagents were of analytical reagent grade and were used as
supplied. Stock solutions (1000 mg L�1) of Cu(II), Ni(II) and
Zn(II) were prepared by direct dissolution of proper amounts

of Cu(NO3)2Æ3H2O, Ni(NO3)2Æ2H2O and Zn(CH3COO)2Æ2H2O
salts from Merck (Darmstadt, Germany) in doubly distilled
water. The standard solutions were diluted with doubly dis-

tilled water to prepare the mixed standard solutions. Ferric
chloride (FeCl3Æ6H2O), ferrous chloride (FeCl2Æ4H2O), sodium
hydroxide, sodium dodecyl sulphate (SDS), methanol, ethanol,

sodium chloride and hydrochloric acid were obtained from
Merck. The pH of the solutions was adjusted by dropwise
addition of nitric acid (0.01 mol L�1) and/or sodium hydroxide
solutions (0.01 mol L�1).
2.2. Apparatus

Concentrations of the heavy metals in all samples were deter-
mined using a Varian SpectrAA 200 (Springvale, Victoria,
Australia) atomic absorption spectrometer (AAS). Hallow

cathode lamps at respective wavelengths (resonance line) were
used as radiation sources for each metal ion. An air–acetylene
flame was used for determination of the metals ions. All instru-
mental settings were performed based on the procedure recom-

mended by the manufacturer. Magnetic separation was
fulfilled by a supermagnet with 1.2 Tesla magnetic field, N
35 model (5 · 3 · 2 cm) from Tehran Magnet (Tehran, Iran).

A Heidolph mechanical-stirrer RZR 2102 control model
(Kelheim, Germany) was applied for stirring of the metal ion
solutions with a glassware stirrer. The pH values of solutions

were determined and adjusted using a pH meter model
WTW (Inolab, Germany) with a combined glass-calomel
electrode.

2.3. Synthesis of Fe3O4 NPs

Fe3O4 NPs were prepared by the chemical co-precipitation
method via a reactor designed in our previous work (Faraji

et al., 2010b). Briefly, 10.4 g of FeCl3Æ6H2O, 4.0 g of FeCl2Æ
4H2O and 1.7 mL of HCl (12 mol L�1) were dissolved in
50 mL of deionized water in order to prepare the stock solu-

tion of ferrous and ferric chloride in a beaker which was then
degassed by nitrogen for 20 min. Simultaneously, 500 mL of
1.5 mol L�1 NaOH solution was degassed (for 15 min) and

heated to 80 �C in a reactor. Then, the stock solution was
added dropwise using the dropping funnel during 30 min un-
der nitrogen gas protection and vigorous stirring (1000 rpm)
by a glassware stirrer. During the whole process, the solution

temperature was maintained at 80 �C and nitrogen gas was
purged to remove the dissolved oxygen. After the completion
of reaction, the obtained Fe3O4 NPs precipitate was separated

from the reaction medium by magnetic field, and then washed
with 500 mL doubly distilled water four times. Finally, the ob-
tained Fe3O4 NPs were re-suspended in 500 mL of degassed

deionized water. The synthesized Fe3O4 NPs in this work as
same as our previous work (Faraji et al., 2010b), were previ-
ously characterized by using IR, SEM, and XRD techniques

(Faraji et al., 2010c).

2.4. Optimization of metal ion adsorption

Optimization studies were carried out according to the follow-
ing procedure: (1) 20 mL aqueous solution of the metal ion

(10 mg L�1) was prepared in a 50 mL glass beaker by addition
of the appropriate amount of the metal ion stock solutions; (2)
1 mL of the Fe3O4 NPs suspension (containing 10 mg of Fe3O4

NPs) was added to the metal ion solution; (3) pH of the
solution was adjusted to the desired value and then SDS was
added into the metal ion solution; (4) the mixed solution was
stirred for a desired time; (5) after metal ion adsorption,

Fe3O4 NPs were magnetically separated from the sample solu-
tion; (6) the residual metal ion concentration in the superna-
tant clear solution was determined by AAS using a

calibration curve. The following equation was applied to calcu-
late the metal ion removal efficiency in the treatment
experiments:



S516 M. Adeli et al.
Removal efficiency ð%Þ ¼ ðC0 � CeÞ
C0

� 100 ð1Þ

where C0 and Ce are the initial and residual concentrations of
the metal ion in the solution (mg L�1), respectively.

The data for adsorption experiment were replicated three
times and the average results were reported. Also, adsorption
experiments were carried out individually for each metal ion.

2.5. Adsorption isotherms

Adsorption isotherms of metal ions on the SDS-coated Fe3O4

NPs were obtained from batch experiments by adding 15 mg

Fe3O4 NPs and 25 mg SDS to a 50-mL beaker containing
20-mL of metal ions with initial concentrations ranging from
5 to 50 mg L�1. Suspensions were then mixed with a mechan-

ical stirrer at 25 ± 2 �C for 10 min. After reaching adsorption
equilibrium, the SDS-coated Fe3O4 NPs were magnetically
separated from the aqueous solution and the residual concen-

trations of metal ions in the aliquot were determined by AAS.
The equilibrium adsorbed concentration, qe (mg g�1), was cal-
culated according to the following equation:

qe ¼
ðC0 � CeÞV

M
ð2Þ

where C0 and Ce (mg L�1) are the initial and equilibrium con-
centrations of metal ion in solution, respectively, V (L) is the
total volume of solution, and M (g) is the adsorbent mass.

2.6. Preparation of wastewater samples

Wastewater samples were collected from the Iran Khodro
Company’s wastewater (Tehran, Iran) in clean glass bottles.

No filtration or any further treatment was applied to any of
the samples before performing removal experiments. Then,
the proposed method under optimized conditions was applied

to removal of the metal ions, without adjusting pH (pH of
sample was �7.0). After treatment and before AAS analysis,
the samples were filtered through a 0.45 lm pore size mem-

brane filter.
Figure 1 Effect of pH on removal efficiency. Sample volume = 20 mL

10 mg SDS; stirring time = 5 min.
3. Results and discussion

3.1. Effect of sample’s pH

The pH is an important factor affecting the removal of metal
ions from aqueous solutions. Dependence of metal sorption

on pH is related to both the metal chemistry in the solution
and the ionization state of functional groups of the adsorbent
which affects the availability of binding sites (Heidari et al.,

2009; Ngomsik et al., 2009).
In order to evaluate the influence of pH on adsorption of

the metal ions, the experiments were carried out in the pH
range of 2–5 for Cu(II) and 2–6 for Ni(II) and Zn(II). The

pH ranges were chosen as mentioned ranges in order to avoid
precipitation of metal ions in the form of metal hydroxides
(Ksp values for Cu(OH)2, Ni(OH)2 and Zn(OH)2 are

2.20 · 10�20, 2.8 · 10�16 and 4.5 · 10�17, respectively (Wikipe-
dia)). The effect of pH on removal efficiencies is shown in
Fig. 1. It can be observed that the removal efficiency of Cu(II),

Ni(II) and Zn(II) increased by increasing pH from 2 to 5 for
Cu(II) and from 2 to 6 for Ni(II) and Zn(II). Removal of all
metal ions increases with increasing the solution pH, and a
maximum value was reached at an equilibrium pH of around

4.0 for Cu(II) and 6.0 for Ni(II) and Zn(II). Acidic conditions
are not favorable because most functional groups of the com-
ponents are protonated and leave few available ionized groups.

Competition between protons and metal species could thus ex-
plain the weak adsorption efficiency in acidic media. Distribu-
tion of different forms of Cu(II) and Zn(II) as a function of pH

indicates that the dominant species is Cu(II) at pH < 5 and
Zn(II) at pH < 6 (Polat and Erdogan, 2007).

To achieve high extraction efficiency without metal hydrox-

ide precipitation, pH of 4.0 for Cu(II) and pH of 6.0 for Ni(II)
and Zn(II) were selected for subsequent experiments. Several
researchers have investigated the effect of pH on adsorption
of metal ions by using different kinds of adsorbents (Huang

et al., 1997; Vázquez et al., 2009; Kandaha and Meunier,
2007; Cetin and Pehlivan, 2007; Villaescusa et al., 2004; Yavuz
et al., 2003; White et al., 2009; Ngomsik et al., 2006). In all
; concentration of the metal ions = 10 mg L�1; 10 mg Fe3O4 NPs;



Figure 2 Effect of SDS amount on removal efficiency. Sample

volume = 20 mL; sample’s pH = 4.0 for Cu(II) and 6.0 for Ni(II)

and Zn(II); concentration of the metal ions = 10 mg L�1; 10 mg

Fe3O4 NPs; 10 mg SDS; stirring time = 5 min.
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cases, they have observed a maximum adsorption of metal ions
between pH values 5 and 6.

3.2. Effect of SDS amount

Fig. 2 depicts the percentage of removed metal ions as a func-
tion of the amount of SDS added. In the absence of SDS, the

metal ions are hardly adsorbed on the surface of Fe3O4 NPs.
In contrast, by increasing the SDS amount, removal of the me-
tal ions increases remarkably. The increase in removal effi-
ciency can be explained by the gradual formation of SDS

aggregates on the surface of Fe3O4 NPs and the metal ions
are adsorbed gradually. These results can be proved by Lin
et al. investigation for removal of Cu(II) and Zn(II) from aque-

ous solutions by sorption on the montmorillonite modified
with SDS (Lin and Juang, 2002). Maximum removal was ob-
tained when SDS amounts increased up to 25 mg

(4.4 · 10�3 mol L�1), whereas the removal efficiency decreased
when the amount of added SDS is more than 25 mg. Under
this circumstance, SDS molecules begin to form micelles in
the bulk aqueous solution. Critical micellization concentration

(CMC) of SDS is about 8 · 10�3 mol L�1 (Marcolongo and
Mirenda, 2011). Furthermore, the micelles cause the metal ions
to redistribute into the solution again, and they are not ad-

sorbed on the adsorbent surface. On the other hand, SDS
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Figure 3 Effect of the adsorbent amount on removal efficiency. Sam

Ni(II) and Zn(II); concentration of the metal ions = 10 mg L�1; 10 m
has been used to stabilize suspension of NPs. So, the increase
of the metal ion sorption could be attributed to the reduction
of aggregation of the NPs and therefore a higher surface area

for sorption in comparison with ‘‘naked’’ MNPs. Given these
findings, 25 mg SDS was added into the solution in the next
studies.
3.3. Effect of adsorbent amount

In comparison with the traditional sorbents (micro-sized sor-
bents), NPs offer a significantly higher surface area-to-volume
ratio. Therefore, satisfactory results can be obtained with a

fewer amounts of NPs. Generally, interaction of metal ions
with SDS-coated Fe3O4 NPs can be changed when amounts
of Fe3O4 NPs are changed individually. Hence, in order to

study the effect of adsorbent amount, amounts of Fe3O4

NPs and SDS were changed simultaneously to keep a constant
interaction between Fe3O4 NPs and SDS. Therefore, 0–20 mg

of Fe3O4 NPs was added to 20 mL of the sample solution by
keeping a constant ratio of SDS to Fe3O4 NPs amount as ob-
tained in previous section (25 mg SDS for 10 mg Fe3O4 NPs;

SDS/Fe3O4 NPs = 2.5). The obtained results (Fig. 3) showed
that by increasing the adsorbent amounts from 0 to 15 mg
(SDS from 0 to 37.5 mg), due to the raise in accessible sites,
the removal efficiency increased remarkably and after that re-

mained constant. So 15 mg of Fe3O4 NPs and 37.5 mg of SDS
were selected for all subsequent experiments.
3.4. Effect of salt addition

The effect of salt concentration on adsorption of the metal ions
was investigated by the addition of NaCl in the range of
0–10% (w/v). The results are shown in Fig. 4. It can be seen

that as the NaCl concentration increases, adsorption capacity
of the Fe3O4 NPs decreases significantly. The results can be
justified by exchange reactions in solutions during adsorption

as shown below (White et al., 2009):

RSO3HþNaþ ¡ RSO3NaþHþ ð3Þ

2RSO3NaþM2þ
¡ ðRSO3Þ2Mþ 2Naþ ð4Þ
15 20
 (mg)

Cu
Ni
Zn

ple volume = 20 mL; sample’s pH = 4.0 for Cu(II) and 6.0 for

g Fe3O4 NPs; 25 mg SDS; stirring time = 5 min.
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Figure 4 Effect of salt addition on removal efficiency. Sample

volume = 20 mL; sample’s pH = 4.0 for Cu(II) and 6.0 for Ni(II)

and Zn(II); concentration of the metal ions = 10 mg L�1; 15 mg

Fe3O4 NPs; 37.5 mg SDS; stirring time = 5 min.

Table 1 Langmuir and Freundlich model parameters for the

metal ions adsorption onto SDS-coated Fe3O4 NPs.

Metal ion Isotherm model

Langmuir Freundlich

qmax

(mg g�1)

KL

(L mg�1)

R2
L n KF

(L mg�1)

R2
F

Copper 24.3 0.05 0.9900 1.8 2.25 0.9641

Nickel 41.2 0.21 0.9944 0.8 0.08 0.7392

Zinc 56.2 0.26 0.9919 2.4 15.40 0.9390
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Thus, according to the obtained results, the strategy of no

salt addition was chosen for kinetic and isotherm studies.
According to the obtained results, a probable removal mecha-
nism of the metal ions was suggested as is shown schematically

in Fig. 5 (for Zn(II) as example).

3.5. Kinetic study

Adsorption kinetics of the metal ions as percentage of metal
ions removed versus time was studied under optimum condi-
tions for an initial concentration of 10 mg L�1. The results
showed that removal of all metal ions occurred at the first sec-

onds of contact time, and no appreciable increase was ob-
served in the contact time range of 0.5–60 min.

3.6. Isotherm study

Equilibrium data, generally known as adsorption isotherms,
are basic requirements to provide insight into the adsorption

mechanism, the surface properties, and the affinity of adsor-
bent; they have also been commonly used to evaluate the
adsorption capacity of an adsorbate on an adsorbent (Ibrahim

et al., 2010) and can be modeled using different simple adsorp-
tion models such as Langmuir and Freundlich isotherms. The
Langmuir model assumes monolayer coverage of adsorbate
over a homogeneous adsorbent surface, and the sorption of
Figure 5 Schematic illustration of the probable adsorption mechanis

as model).
each molecule onto the surface has equal sorption activation
energy. The linearized Langmuir equation can be expressed as:

Ce

qe
¼ 1

KLqmax

þ 1

qmax

Ce ð5Þ

where qmax is the maximum amount of metal ion adsorbed per

unit weight of Fe3O4 NPs to form a complete monolayer on
the surface (mg g�1), KL is a constant related to affinity of
the binding sites with the metal ions (L mg�1), and Ce

(mg L�1) and qe (mg g�1) are the equilibrium liquid phase
and solid phase metal ion concentrations, respectively. The
empirical Freundlich isotherm based upon sorption on hetero-
geneous surfaces was applied in linear form (Eq. (4)):

log qe ¼ logKF þ
1

n
log Ce ð6Þ

where KF (mg1�(1/n) g�1 L1/n) and 1/n (dimensionless) are the

Freundlich constants indicating the relative adsorption capac-
ity and the intensity of adsorption, respectively.

Parameters related to each isotherm for the adsorption of
the metal ions on the adsorbent were determined by using lin-

ear regression analysis, and square of the correlation coeffi-
cients (r2) were calculated (Table 1). The results showed that
equilibrium data for all metal ions were well explained by

the Langmuir isotherm model as compared to the Freundlich
model. On the basis of the Langmuir analysis, maximum
adsorption capacities were determined to be 24.3, 41.2 and

59.2 mg g�1 for Cu(II), Ni(II) and Zn(II), respectively. This or-
der can be justified by binding behavior of the metal ions to
SDS at pH = 6. Huang and co-workers found that the order
of association constant of SDS and metal ions is Cu(II)
m of the metal ions on the surface of SDS-coated Fe3O4 NPs (zinc
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Figure 6 Comparison of desorption efficiency of the metal ions from surface of the SDS-coated Fe3O4 NPs using different eluents.

Sample volume = 20 mL; sample’s pH = 4.0 for Cu(II) and 6.0 for Ni(II) and Zn(II); concentration of the metal ions = 10 mg L�1;

15 mg Fe3O4 NPs; 37.5 mg SDS; stirring time = 5 min; eluent’s volume = 2.0 mL.

Table 2 Removal of the metal ions from different Iran Khodro’s wastewater samples by applying the proposed method.

Sample Analyte Input

(mg L�1)

SDS-coated Fe3O4 NPs Naked Fe3O4 NPs

After treatment ± SD

(mg L�1, n= 3)

Removal (%) After treatment ± SD

(mg L�1, n = 3)

Removal

(%)

1 Copper 0.011 0.0097 ± 0.0003

12.0

0.0046 ± 0.0004

58.5

Nickel 0.442 0.1834 ± 0.0158

58.5

0.1799 ± 0.0123

59.3

Zinc 0.018 0.0052 ± 0.0004

71.0

0.0069 ± 0.0002

61.5

2 Copper 0.012 0.0108 ± 0.0021

10.3

0.0065 ± 0.0005

45.8

Nickel 0.481 0.0904 ± 0.0060

81.2

0.0476 ± 0.0032

90.1

Zinc 0.043 0.0108 ± 0.0007

75.0

0.0076 ± 0.0006

82.3

3 Copper 0.021 0.0178 ± 0.0009

15.0

0.0104 ± 0.0012

50.6

Nickel 2.865 0.0544 ± 0.0032

98.1

0.4527 ± 0.0276

84.2

Zinc 1.784 0.1909 ± 0.0198

89.3

0.0232 ± 0.0024

98.7
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< Ni(II) < Zn(II) (O’Connell et al., 2008). These results dem-
onstrated that the SDS-coated Fe3O4 NPs exhibited interesting

adsorption properties. Compared to some recent data in the
literature (Table 2), the results also introduced the SDS-coated
Fe3O4 NPs to be an excellent adsorbent for removal of the me-

tal ions.

3.7. Desorption and regeneration studies

Desorption of the metal ions from the SDS-coated-Fe3O4 NPs
was tested by using different kinds of organic solvents (meth-
anol, acetone, ethanol, basic methanol and acidic methanol).
The obtained results are illustrated in Fig. 6. Desorption abil-

ity of methanol was found to be higher than those of the other
solvents. This can be explained by the suitable solubility of
SDS in methanol.

To evaluate the reusability of the adsorbent, adsorption of
the metal ions and regeneration of metal ion-loaded adsorbent
were performed in consecutive cycles. In each cycle, 200 lL of
stock solution of metal ion (1000 mg L�1) was added to 20 mL

of solution and then mixed with 15 mg Fe3O4 and 25 mg SDS
for 5 min. The SDS-coated Fe3O4 NPs were separated magnet-
ically and the supernatant was subjected to metal ions’ mea-

surements. The resultant SDS-coated Fe3O4 NPs were mixed
with 2 mL of methanol solution for 5 min. Prior to the next
adsorption–desorption cycle, the regenerated Fe3O4 NPs were

washed thoroughly with double distilled water. The results
indicated that Fe3O4 NPs can be used at least in five consecu-
tive cycles without a considerable reduction of removal
efficiency.

3.8. Application of the proposed method to wastewater samples

Under optimum conditions, removal of the metal ions from

the wastewater samples was studied. Standard deviations
(SD) for analysis of the metal ions in wastewater samples using



Table 3 Comparison of the proposed method with some of the methods reported in the literature for removal of the metal ions.

Metal ion Adsorbent qmax

(mg g�1)

Removal (%) Sample’s

pH

Removal

time (min)

Ref.

Zn2+ and Cu2+ Chestnut shell 2.4 and 5.5 70–85 5.5 5760 Vázquez et al. (2009)

Ni2+ As-produced and

oxidized CNTs

18.083

and 49.261

a 6.0 20–50 Kandaha and Meunier (2007)

Ni2+ and Zn2+ Fly ash 9.5 and 10.8 80 and 100 4.0–5.0 60 Cetin and Pehlivan (2007)

Cu2+ and Ni2+ Grape stalk wastes 10.1 and 10.6 a 5.5–6.0 60 Villaescusa et al. (2007)

Ni2+ and Cu2+ Kaolinite 1.669 and 10.787 a a 120 Yavuz et al. (2003)

Cu2+, Ni2 and Zn2+ Poly-L-cysteine

functionalized c-Fe2O3

49.2, 32.8 and 24.1 >50 7.0 2.5 White et al. (2003)

Ni2+ Magnetic alginate

microcapsules

30.5 70 8.0 480 Ngomsik et al. (2006)

Cu2+, Ni2 and Zn2+ SDS-coated Fe3O4 NPs 24.3, 41.2 and 59.2 35–95 <6 1 This work

a Data not reported.
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the proposed method based on three-replicate removal as well
as determinations are provided in Table 2. It is demonstrated

that satisfactory results can be obtained by applying the pro-
posed method to a very complex matrix such as wastewater
samples. Also, the results showed that by applying the pro-

posed method to wastewater samples, turbidity of the samples
increased. This can be attributed to the coacervation phenom-
enon due to the presence of cationic surfactants in the waste-

water samples. Therefore, removal of metal ions from the
wastewater samples was reconsidered in the absence of SDS.
The obtained results (Table 2) indicate that by applying the
new conditions, removal efficiency of the metal ions can be

improved.
4. Conclusions

The present study confirms the capability and effectiveness of
the SDS-coated Fe3O4 NPs adsorbent for removal of heavy
metals from various water and wastewater samples. Based on

obtained results, a probable mechanism for uptake of the me-
tal ions can be electrostatic attraction and ion exchange.
Adsorption of the metal ions on the adsorbent reached equilib-
rium very fast (<1 min) and also adsorption data for the metal

ions were fitted well by the Langmuir isotherm. Maximum
adsorption capacity values of Cu(II), Ni(II) and Zn(II) ions
from Langmuir equation were 24.3, 41.2 and 59.2 mg g�1,

respectively. A comparison of maximum adsorption capacity
(qmax) of the SDS-coated Fe3O4 NPs with those of other adsor-
bents used for removal of the metal ions was made. Data (Ta-

ble 3) reveal its remarkable efficiency over other treated and
untreated natural and synthetic adsorbents. Due to very high
surface areas and short diffusion route of the SDS-coated

Fe3O4 NPs, high adsorption capacities can be obtained in a
very short time (�1 min). Regeneration and re-adsorption
studies demonstrated that the adsorbent could be recovered
efficiently. Studies on batch adsorption using wastewater sam-

ples in order to remove the metal ions indicated that the adsor-
bent has a good potential to remove the heavy-metal ions from
wastewater samples.
References

Afkhami, A., Madrakian, T., Karimi, Z., Amini, A., 2007. Effect of

treatment of carbon cloth with sodium hydroxide solution on its
adsorption capacity for the adsorption of some cations. Colloids

Surf. A 304, 36–40.

Cervera, M.L., Arnal, M.C., Gurdia, M.D.L., 2003. Removal of heavy

metals by using adsorption on alumina or chitosan. Anal. Bioanal.

Chem. 375, 820–825.

Cetin, S., Pehlivan, E., 2007. The use of fly ash as a low cost,

environmentally friendly alternative to activated carbon for the

removal of heavy metals from aqueous solutions. Colloids Surf. A:

Physicochem. Eng. Aspects 298, 83–87.

Danazum, S., Bichi, M.H., 2010. Industrial pollution and heavy metals

profile of Challawa river in Kano, Nigeria. J. Appl. Sci. Environ.

Sanit. 5, 56–62.

Dias, M., Alvim-Ferraz, M.C.M., Almeida, M.F., Rivera-Utrilla, J.,

Sanchez-Polo, M., 2007. Waste materials for activated carbon

preparation and its use in aqueous-phase treatment: a review. J.

Environ. Manage. 85, 833–846.

El-Shafey, E., Cox, M., Pichugin, A.A., Appleton, Q., 2002. Appli-

cation of a carbon sorbent for the removal of cadmium and other

heavy metal ions from aqueous solution. J. Chem. Technol.

Biotechnol. 77, 429–436.

Faraji, M., Yamini, Y., Rezaee, M., 2010a. Magnetic nanoparticles:

synthesis, stabilization, functionalization, characterization, and

applications. J. Iran. Chem. Soc. 7, 1–37.

Faraji, M., Yamini, Y., Rezaee, M., 2010b. Extraction of trace amounts

of mercury with sodium dodecyl sulphate-coated magnetite nano-

particles and its determination by flow injection inductively coupled

plasma-optical emission spectrometry. Talanta 81, 831–836.

Faraji, M., Yamini, Y., Saleh, A., Rezaee, M., Ghambarian, M.,

Hassani, R., 2010c. A nanoparticle-based solid-phase extraction

procedure followed by flow injection inductively coupled plasma-

optical emission spectrometry to determine some heavy metal ions

in water samples. Anal. Chim. Acta 659, 172–177.

Faraji, M., Yamini, Y., Tahmasbi, E., Saleh, A., Nourmohammadian,

F., 2010d. Cetyltrimethylammonium bromide-coated magnetite

nanoparticles as high efficient adsorbent for rapid removal of reactive

dyes from the textile companies’ wastewaters. J. Iran. Chem. Soc. 7,

S130–S144.

Gupta, V.K., Carrott, P.J.M., Carrott, M.M.L.R., 2009. Low-cost

adsorbents: growing approach to wastewater treatment––a review.

Crit. Rev. Environ. Sci. Technol. 39, 783–842.

Heidari, A., Younesi, H., Mehraban, Z., 2009. Removal of Ni(II),

Cd(II), and Pb(II) from a ternary aqueous solution by amino

functionalized mesoporous and nano mesoporous silica. Chem.

Eng. J. 153, 70–79.

Huang, Y.-C., Ahmadi, S., Batchelor, B., Koseoglu, S.S., 1997. Study

of the binding of sodium dodecyl sulfate to heavy metals using a

diafiltration method. J. Chin. Inst. Environ. Eng. 7, 49–58.

Ibrahim, H.S., Jamil, T.S., Hegazy, E.Z., 2010. Application of zeolite

prepared from Egyptian kaolin for the removal of heavy metals: II.

Isotherm models. J. Hazard. Mater. 182, 842–847.



Removal of copper, nickel and zinc by sodium dodecyl sulphate coated magnetite S521
Inglezakis, V.J., Loizidou, M.D., Grigoropoulou, H.P., 2003. Ion

exchange of Pb2+, Cu(II), Fe3+, and Cr3+ on natural clinoptilolite:

selectivity determination and influence of acidity on metal uptake.

J. Colloid Interf. Sci. 261, 49–54.

Kandaha, M.I., Meunier, J.-L., 2007. Removal of nickel ions from

water by multi-walled carbon nanotubes. J. Hazard. Mater. 146,

283–288.

Klabunde, K.J., 2001. Nanoscale Material in Chemistry. Wiley-

Interscience, New York.

Lin, S.-H., Juang, R.-S., 2002. Heavy metal removal from water by

sorption using surfactant-modified montmorillonite. J. Hazard.

Mater. 92, 315–326.

Ma’mani, L., Sheykhan, M., Heydari, A., Faraji, M., Yamini, Y.,

2010. Sulfonic acid supported on hydroxyapatite-encapsulated-c-
Fe2O3 nanocrystallites as a magnetically Brønsted acid for N-

formylation of amines. Appl. Catal. A: Gen. 377, 49–64.

Marcolongo, J.P., Mirenda, M., 2011. Thermodynamics of sodium

dodecyl sulfate (SDS) micellization: an undergraduate laboratory

experiment. J. Chem. Educ. 88, 629–633.

Momodu, M.A., Anyakora, C.A., 2010. Heavy metal contamination

of ground water: the surulere case study research. J. Environ. Earth

Sci. 2, 39–43.

Ngomsik, A.-F., Bee, A., Siaugue, J.-M., Cabuil, V., Cote, G., 2006.

Nickel adsorption by magnetic alginate microcapsules containing

an extractant. Water Res. 40, 1848–1856.

Ngomsik, A.F., Bee, A., Siaugue, J.M., Talbot, D., Cabuil, V., Cote,

G., 2009. Co(II) removal by magnetic alginate beads containing

Cyanex 272�. J. Hazard. Mater. 166, 1043–1049.
O’Connell, D.W., Birkinshaw, C., O’Dwyer, T.F., 2008. Heavy metal

adsorbents prepared from the modification of cellulose: a review.

Bioresour. Technol. 99, 6709–6724.

Polat, H., Erdogan, D., 2007. Heavy metal removal from waste waters

by ion flotation. J. Hazard. Mater. 148, 267–273.

Rao, M.M., Ramana, D.K., Seshaiah, K., Wang,M.C., Chien, S.W.C.,

2009. Removal of some metal ions by activated carbon prepared

from Phaseolus aureus hulls. J. Hazard. Mater. 166, 1006–1013.

Santos Yabe, M.J., de Oliveira, E., 2003. Heavy metals removal in

industrial effluents by sequential adsorbent treatment. Adv. Envi-

ron. Res. 7, 263–272.

Seiler, H.G., Sigel, A., Sigel, H., 1998. Handbook on Toxicity of

Inorganic Compounds. Marcel-Dekker, New York.

Stafiej, A., Pyrzynska, K., 2007. Adsorption of heavy metal ions with

carbon nanotubes. Sep. Purif. Technol. 58, 49–52.

Vázquez, G., Calvo, M., Freire, M.S., González-Alvarez, J., Antor-
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