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ABSTRACT

Contamination of water bodies with toxic and non-biodegradable heavy metals is a serious
environmental problem. Chromium is a very important contaminant in soil, industrial waste,
groundwater, and surface water sources. This study was conducted to assess hexavalent
chromium (Cr(VI)) adsorption onto modified magnetite nanoparticles from aqueous solution.
The effects of adsorbent dose, pH, contact time, initial Cr(VI) concentrations, adsorption
capacity, and modeling of kinetic and isotherm adsorption of Cr(VI) were investigated.
Modified magnetite nanoparticles were synthesized by using a co-precipitation method, and
its structural and textural properties were studied by scanning electron microscopy (SEM)
and X-ray diffraction (XRD). The maximum removal of Cr(VI) was achieved at pH 4.0. A
contact time of 60min was required to reach the equilibrium. Experimental data were fitted
with different nonlinear isotherm and kinetic models. The results showed that the adsorption
data were fitted well by the Redlich and Peterson and Freundlich isotherm models. The
kinetic data were best fitted to pseudo-second-order kinetic model. The results indicate that
modified nano-sized magnetite could be employed as adsorbent for the removal of Cr(VI) in
aqueous environments effectively.
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1. Introduction

Water pollution by heavy metals is of considerable
concern in relation to both human health and aquatic
ecosystems. Although they occur naturally, the main
source of heavy metals in the environment appears to

be closely related with the discharge of wastewater
due to human activities [1].

Heavy metals are toxic at low concentrations and
can lead to accumulation in living organisms, causing
various diseases and disorders. Chromium is the
among of heavy metals that cause the most concern [2]
as this metal has found widespread use in electroplat-
ing, leather tanning, metal finishing, nuclear power
plant, textile industries, dyeing, sugar cane production,*Corresponding author.
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chemical plants, refining ores and petroleum,
produced color, and chromate preparation [3–6].

Chromium exists in two oxidation states as Cr3+

and Cr6+ [7]. The hexavalent chromium is about 500
times more toxic than the trivalent form [8]. In
environmental systems, Cr(VI) exists as oxyanions
such as chromate and dichromate [3,9].

Cr(VI) is known as to be carcinogenic, mutagenic,
and teratogenic for the living organism and enters the
human body through ingestion, inhalation or skin
absorption [10,11]. The maximum contaminant levels
(MCLs) for Cr3+ and Cr6+ in drinking water are 5 and
0.05mgL�1, respectively [12].

Overcoming this problem has led to the develop-
ment of alternative technologies for effective Cr(VI)
removal from effluents. Various physical, chemical,
and biological techniques have been employed for the
treatment of Cr(VI) including adsorption, ion
exchange, chemical precipitation, electrolysis, reverse
osmosis, and photocatalytic reduction [1,13–15].

Adsorption techniques, among others, using
different activated or modified model adsorbents are
the most widely employed procedures in the heavy
metals treatment studies but low-cost alternatives or
cost-effective adsorbents are still needed [5,16]. The
nano-sized magnetite is among the most effective
adsorbent to remove contaminants from the aqueous
medium due to high specific surface area, high reac-
tivity, and catalytic potential. In recent years, magne-
tite nanoparticles (Fe3O4) in the field of biological and
chemical treatment such as heavy metals adsorption
are considered [17,18]. Magnetite nanoparticles not
only are strong adsorbent, but also active reducing.
Furthermore, it is separated easily by a strong
magnetic field, which is helpful in terms of recycling
and reuse [9,19,20].

Physical and chemical properties of magnetite
nanoparticles are strongly dependent on the size.
Thus, the control and distribution of particle sizes are
the challenge regardless of the particle agglomeration.
Since the agglomeration reduces the specific surface
area and reduction potential of nanoparticles, there-
fore, methods such as application of a surfactants,
silica particles, polymers, zeolites, and organic
ingredients have been developed to solve the
agglomeration problem [3,9].

Magnetic nanoparticles can be dispersed in an
aqueous solution through specific interactions
between the particle surfaces and selected modifiers.
Recently, modification of magnetite nanoparticles
using Chitosan [2,3,7], starch [21], CaCO3 [22], poly-
electrolytes [19], the zero-valent Fe [23,24] for Cr(VI)
and heavy metals adsorption has been reported. In
many studies, surfactants have been used as

stabilizers and as a coating agent in the surface
modification of iron oxide particles. Emulsifying
properties of sodium lauryl sulfate (SLS), an anionic
surfactant, lead our interest to study the feasibility of
synthesizing magnetite nanoparticles modified with
sodium lauryl sulfate (SLS-Mag) and to evaluate the
modified magnetite nanoparticles for the removal of
Cr(VI) from aqueous solutions.

2. Materials and methods

2.1. Synthesis of modified magnetite nanoparticles

The Si et al. method was modified for synthesizing
SLS-Mag nanoparticles [19]. Briefly, SLS-Mag nanopar-
ticles were synthesized using the “bottom-up” method
with dropwise addition of FeCl2 4H2O (5.0 gL�1 as
Fe) aqueous solution to 1.0% (w/v) SLS
(NaC12H25SO4) with continuous stirring until a
homogeneous suspension of SLS-Mag was obtained.
The mixture was stirred for 30min to complete the
formation of the SLS-Mag complex. Then, the pH was
increased slowly to 12 by adding 0.5M NaOH
solution. The reaction mixture was subsequently aged
for 1 h with constant shaking. Magnetite was prepared
via controlled oxidation of a Fe2+ ion solution
according to the following equation:

6Fe2þ þO2 þ 12OH� ! 2Fe3O4 þ 6H2O ð1Þ

2.2. Adsorption experiments

Laboratory batch experiments were carried out to
study the adsorption of Cr(VI) on SLS-Mag nanoparti-
cles. The experiments were performed at room
temperature (20 ± 1˚C) using 150-mL Erlenmeyer flasks
containing 50mL Cr(VI) solution. Stock solution of
Cr(VI) (1,000mgL�1) was prepared by K2Cr2O7, and
all concentration range of Cr(VI) prepared from stock
solution varied between 5 and 300mgL�1. A known
amount of SLS-Mag nanoparticles was added to 50mL
of the corresponding Cr(VI) solution over a period of
time on a shaker at 350 rpm. After the aqueous
phase was separated magnetically, the concentration
of Cr(VI) and total Cr in the solution was determined
by using spectrophotometer (Dr-5,000, Hack Co.) and
flame atomic absorption spectrometer (Analytic Jena,
Vario 6, Germany), respectively [25]. The amount of
Cr(III) was determined by subtracting the total Cr and
Cr(VI).

In this study, the effect of various parameters such
as pH, initial concentration of the Cr(VI), amount
of adsorbent, and contact time was studied.
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The adsorption of Cr(VI) by SLS-Mag nanoparticles
was investigated at pH range of 2–8. The initial pH of
the solution was adjusted by using 0.1M HCl or 0.1M
NaOH. The effects of contact time (2–240min), initial
concentration of Cr(VI) (5–300mgL�1), and adsorbent
dosage (0.1–3.0 g L�1) were also examined throughout
the experiments at 20 ± 1˚C. The amount of Cr(VI)
removal was calculated from the difference between
Cr(VI) take and that remained in the solution.

The removal efficiency (R) of Cr(VI) and the
adsorption capacity (qe) were obtained by using the
following equations:

R ¼ Co � Ce

Co

� 100 ð2Þ

qe ¼ ðCo � CeÞV
m

ð3Þ

where R is the removal efficiency (%), qe the sorption
capacity at equilibrium (mg g�1), Co the initial concen-
tration of desired heavy metal (mg L�1), Ce the
concentration in equilibrium of desired heavy metal
(mg L�1), m the mass of adsorbent (g), and V volume
of the solution (L).

2.3. Adsorption isotherm and kinetic models

Determination of adsorption isotherm and related
parameters is a basic requirement for the design of
adsorption systems. To remove contaminant such as
heavy metals from water and wastewater, it is neces-
sary to know the removal rate for the design and the
quantitative evaluation of adsorbent. In addition, the
kinetics describes the adsorbate uptake rate which
control the residence time of adsorbate uptake at the
adsorbent–solution interface. Therefore, it is important
to be able to predict the metallic ion uptake removal
rate from aqueous solutions in order to design an
appropriate adsorption unit.

Five models, Langmuir [26], Freundlich [27],
Redlich–Peterson [28], Koble–Corrigan [29], and Liu
[30], were used to describe adsorption equilibrium of
Cr(VI) ions by SLS-Mag nanoparticles. All the used
mathematical isotherm models have been summarized
in Table 1, where q is the adsorbed amount and C is the
equilibrium concentration of Cr(VI), respectively. In the
Langmuir model, qm is the maximum solute adsorbed
at equilibrium state for completion of a layer (mgg�1)
and KL is a constant that depends on the energy of
adsorption, which shows the enthalpy of adsorption
and is as an index to describe the binding energy of
surface adsorption. In the Freundlich model, KF and n

are coefficients were attributed to adsorption capacity
and adsorption intensity of adsorbent, respectively.
KRP, aRP, and g in the Redlich–Peterson isotherm are
model constants. KRP is the solute adsorptivity (L g�1),
aRP related to adsorption energy (Lmg�1) and g is the
heterogeneity constant (0 < g< 1) [31,32]. In the Koble–
Corrigan model, KK, aK, and a are Koble–Corrigan
coefficients, which this model is valid for a> 1. In the
Liu model, Kg (Lmg�1) and nL are the coefficients
which are attributed to Liu equilibrium constant and
exponent of the Liu equation, respectively [33].

In order to describe the kinetics of Cr(VI)
adsorption onto modified magnetite nanoparticles,
characteristic constants were determined using
pseudo-first-order equation of Lagergren [34], pseudo-
second-order equation of Ho [35], Elovich [36], and
Avrami fractional order [37], which the used kinetic
model expressions are also presented in Table 1.
Where qe is the Cr(VI) adsorbed at equilibrium state
(mgg�1), qt is the adsorbed amount of Cr(VI) at any
time t (mgg�1), kf (min�1) and kS (gmg�1min�1) are
the kinetic rate constants of the pseudo-first-order and
pseudo-second-order, respectively, a is the initial
adsorption rate (mgg�1min�1), b is the adsorption
constant (gmg�1), kAV and nAV are the Avrami rate
constant (min�1) and fractional reaction order
(Avrami), respectively.

To determine the parameters of the isotherm and
kinetic models, the nonlinear method is superior to
the linear one [38,39]. While the nonlinear approach is
based on trial and error using “raw” experimental
data to determine the model parameters, but the
linear approach assumes that the data points scattered
around the straight line and follow a Gaussian distri-
bution that the distribution error is the same for each
value of the abscissa. This is rarely true or almost
impossible in the case of equilibrium isotherm models,
because many of the isotherm models are nonlinear.
Therefore, unwanted falsification of error distribution
occurs due to data transformation to a linear form
[39]. The Cr(VI) adsorption data were fitted to the
kinetic and isotherm models using MATLAB� 7.11.0
(R2010b) by employing a nonlinear method, with
successive interactions calculated by the Levenberg–
Marquardt algorithm.

2.4. Goodness of fit model test

In this study, the goodness of fit between
experimental and predicted data was assessed by the
linear coefficient of determination (R2), the adjusted
determination factor (R2

adj) [40], the root mean square
error (RMSE), and the sum squared error (SSE) [32] as
follows:
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RMSE ¼
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i¼1

ðqi;exp � qi;calcÞ2

n

vuuut ð5Þ

SSE ¼
Xn

i¼1

ðqi;calc � qi;expÞ2i ð6Þ

where qi,calc is each value of q predicted by the fitted
model, qi,exp is each value of q measured experimen-
tally, �qi;exp is the average of q measured experimen-
tally, n is the number of experiments performed, and
p is the number of parameters of the fitted
model [32,41]. The best model is the model with the

lowest RMSE and SSE, as well as with R2
adj with R2

close to one.

2.5. Characterization of modified magnetite nanoparticles

Scanning electron microscopy (SEM) characteriza-
tion was performed to identify surface morphology
and size distribution of SLS-Mag nanoparticles. The
functional groups presenting in SLS-Mag nanoparti-
cles was investigated using the Fourier transform
infrared (FTIR) technique. X-ray diffraction (XRD)
analysis was performed to identify the structure and
the composition of freshly synthesized SLS-Mag
nanoparticles.

3. Results and discussion

3.1. Characterization of adsorbent

The surface and textural morphology of SLS-Mag
nanoparticles by SEM image is illustrated in Fig. 1.
It was found that the average particle diameter is
50 nm.

The iron oxide phase was identified from the XRD
pattern, as shown in Fig. 2. Matching with standard
card PDF 2 Number (01-088-0866, Fe3O4) showed that
crystals of pure magnetite synthesized well and
another phases are not available.

Table 1
Mathematical equations of the used isotherm and kinetic adsorption models

Model Equation Parameter and dimension

Isotherm models

Langmuir qe ¼ KLqmCe

1þKLCe

qm (mgg�1)

KL (Lmg�1)

Freundlich
qe ¼ KFC

1
n
e

KF (mgg�1) (mgL�1)�n

n: model exponent (–)

Redlich–Peterson qe ¼ KRPCe

1þaRPC
g
e

KRP (L g�1)

aRP (Lmg�1)

g (–) (0 < g< 1)

Koble–Corrigan qe ¼ KKCa
e

1þaKCa
e

KK (Lnmg1-n/g)

aK ((Lmg�1)n)

a: model exponent (–)

Liu qe ¼ qmðKgCeÞnL
1þðKgCeÞnL

Kg (Lmg�1)

nL (–)

Kinetic models

Pseudo-first order (Lagergern) qt ¼ qeð1� expð�kftÞÞ Kf (min�1)

qe, qt (mg g�1)

Pseudo-second order (Ho) qt ¼ ksq2et
1þqekst

kS (min�1)

t: time (min)

Elovich qt ¼ 1
b

� �
ln abð Þ þ ð1bÞ lnðtÞ a (mgg�1min�1)

b (gmg�1)

Avrami fractional order qt ¼ qe 1� exp½�ðkAVtÞ�nAV
	


kAV (min�1)

nAV (–)
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The adsorbent surface modification, namely,
coating magnetite nanoparticles by SLS surfactant to
prevent aggregation of magnetite nanoparticles
showed a positive impact on adsorption capacity of
magnetite nanoparticles. Briefly, adsorption test was
conducted in the same condition with different
concentration of Cr(VI), and that result showed
approximately 5-fold increasing in adsorption capacity
of modified magnetite nanoparticle with SLS
compared to non-modified one. The nanoparticles
modification with SLS leads to better dispersion of the
nanoparticles and thus increase surface area for
absorption of chromium and consequently, adsorption
capacity would be increased. The results are strongly
similar to the findings of [42]. Also, Yuan et al.
reported that coated magnetite nanoparticles with
silica had a better Cr(VI) adsorption capacity per mass
unit compared with non-coated one due to reduction
of particle agglomeration [9]. According to Zhang

et al. study, the stabilized magnetite nanoparticles
with starch were more effective than the non-stabi-
lized nanoparticles for the adsorption of arsenic [21].

3.2. Equilibrium studies

3.2.1. pH effect

Numerous studies on heavy metal adsorption have
shown that pH is the single most important parameter
affecting the adsorption process [43]. This study
showed the maximum elimination of Cr(VI) by
SLS-Mag nanoparticles was occurred at pH 4 (see
Fig. 3). Results showed that a quantity of chromium
(III) was formed in pH 2, but with increasing pH, the
Cr(III) formation was reduced.

In many studies have been reported that the
removal of Cr(VI) in acidic pH is much faster and
greater than neutral and alkaline pH [3,43–45].

In this study, pHZPC of SLS-Mag nanoparticles was
equal to 6.02, which the magnetite nanoparticles
surface has a positive charge at pH less than pHZPC,
and optimal adsorption of anionic species of Cr(VI)
(Cr2O7

2� and HCrO4
2�) occurs. In contrast, at pH

higher than pHZPC, SLS-Mag surface has a negative
charge and the electrostatic attraction between anionic
species of Cr(VI) and SLS-Mag surface decreases
[3,46]. On the other hand, with increasing pH, func-
tional groups of the adsorbent surface has a negative
charge such OH� ions that hinder the absorption of
Cr(VI), and this is as a result of the repulsion between
the species of Cr(VI) and SLS-Mag surface.

3.2.2. Adsorbent dose effect

The elimination of Cr(VI) was increased from 57.5
to 99.0% with increasing adsorbent dose from 0.1 to
1.0 gL�1, which adsorption efficiency is almost

Fig. 1. SEM image of the SLS-Mag nanoparticles.

Fig. 2. XRD image of the SLS-Mag nanoparticles.

40

45

50

55

60

65

70

75

80

0 2 4 6 8 10

R
 %

pH

Cr 6+

Total Cr

Fig. 3. Effect of pH on Cr(VI) removal by adsorption
onto SLS-Mag nanoparticles. Co = 10mgL�1, contact
time= 120min, adsorbent dose = 1 gL�1, T= 20± 1˚C.
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constant by increasing of adsorbent dose more than
1 gL�1 (Fig. 4). This observation can be elucidated in
terms of availability of active sites on the adsorbent
surface for Cr(VI) adsorption, which it is noted and
expressed in the most of the studies on adsorption
[43,47]. However, the removal efficiency increases
with increasing adsorbent dose due to availability of
active adsorption sites but the equilibrium concentra-
tion decreases. It may be concluded that the adsorp-
tion density is reduced with increasing adsorbent
dose. This is due to the fact that some adsorption sites
remain unsaturated for a given initial chromium
concentration during the adsorption process.

3.2.3. Contact time effect

Fig. 5 represents the removal of Cr(VI) as a
function of contact time using SLS-Mag. As shown,
the removal efficiency increases with increasing
contact time. By increasing the contact time from 2 to
60min, the adsorption efficiency was increased from
55.9 to 99.4% and thereafter was almost constant up to
the studied time of 240min. There was no significant
change in the Cr(VI) adsorption efficiency with
increasing contact time over 60min. Therefore, it is
clear that adsorption of Cr(VI) into SLS-Mag is rather
quick and after 1 h the complete adsorption equilib-
rium was obtained. Wu and Yuan et al. reported
equilibrium time of 60min for Cr(VI) adsorption from
aqueous solutions by magnetite particles and
montmorillonite-supported magnetite nanoparticles,
respectively [3,23].

3.2.4. Adsorption kinetics

Adsorption kinetics was examined to better
understand the mechanism of the adsorption process

of sorbent on the adsorbent surface and to find a
model to estimate the absorption rate with time,
which are important in the treatment of aqueous
effluents [48]. The adsorption of Cr(VI) by Mag-SLS as
a function of time at initial Cr(VI) concentration of
10mgL�1 and a sorbent concentration of 2 gL�1 are
displayed in Fig. 5. The shape of the curve represent-
ing Cr(VI) uptake vs. time (Fig. 5) suggests that a
two-step mechanism occurs. The first portion indicates
that a rapid adsorption occurs during the first 15min
after which equilibrium is slowly achieved. More than
90% removal for Cr(VI) occurred within 15min
(Fig. 5).

In order to describe the adsorption kinetics of
Cr(VI) using Mag-SLS nanoparticles, four kinetic
models were tested, as shown in Fig. 6. Values of
adsorption kinetic coefficients and goodness of fit
parameters are calculated by the nonlinear regression
analysis using MATLAB (Table 2). The R2

adj, the RMSE,
and the SSE values of the different adsorption kinetic
models for the selected chromium concentration
(10mgL�1) suggest that pseudo-second-order model
exhibits the highest correlation with experimental data
indicating that the chemical reaction seems significant
in the rate-controlling step. The results are similar to
Abou EL-Reash et al. study on Cr adsorption by mod-
ified magnetic chitosan chelating resin [2]. According
to Wang et al., Cu (II) adsorption on nano-magnetite
particles best correlates with pseudo-second-order
model [14].

3.2.5. Adsorption isotherms

As adsorption isotherm is an important factor in
design of adsorption systems. The isotherms of
adsorption were carried out with Cr(VI) on the
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Fig. 5. Effect of contact time on adsorption of Cr(VI)
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SLS-Mag adsorbent and were performed using the
best experimental conditions previously described (see
Fig. 7). Although based on the R2

adj, RMSE, and SSE,
the Koble–Corrigan (K–C) model was the best
isotherm model for Cr(VI) adsorption by SLS-Mag
adsorbent, but since a is less than 1, this isotherm
model is invalid. Additionally, the best fit is obtained
from using the Redlich–Peterson (R–P) and Freundlich
models too. Regardless of the Koble–Corrigan model,

the Redlich–Peterson (R–P) and Freundlich models
showed (Table 3) the lowest RMSE and SSE values,
which it shows the heterogeneity of the SLS-Mag
nanoparticles surface. It means that the q calculated

Table 2
Coefficients of adsorption kinetic models

Adsorption kinetic models Parameters Values

Pseudo-first order qe (mgg�1) 4.82

Kf (min�1) 0.279

RMSE 0.365

SSE 1.065

R2
adj

0.947

Pseudo-second order kS (g mg�1min�1) 0.0951

qe (mgg�1) 5.064

RMSE 0.185

SSE 0.274

R2
adj

0.987

Elovich a 6.87

b 1.311

RMSE 0.828

SSE 5.487

R2
adj

0.73

Avrami fractional order kAV (min�1) 0.562

qe (mgg�1) 4.82

nAV 0.496

RMSE 0.390

SSE 1.065

R2
adj

0.94
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Fig. 7. Isotherm curves of Cr(VI) adsorption at 20 ± 1˚C on
SLS-Mag. (pH 4.0; adsorbent dose 2 gL�1; contact time
1 h).
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Fig. 6. Non-linear adsorption kinetics of Cr(VI) on SLS-
Mag nanoparticles.

Table 3
Isotherm parameters for chromium adsorption onto
SLS-Mag

Adsorption isotherm models Parameters Values

Langmuir qm (mgg�1) 30.7

KL (Lmg�1) 0.335

R2
adj

0.956

RMSE 2.68

SSE 57.63

Freundlich KF (L g�1) 10.7

n 5.3

R2
adj

0.988

RMSE 1.43

SSE 16.35

Redlich–Peterson KRP (L g�1) 449.5

aRP (Lmg�1) 33.33

g (�) 0.832

R2
adj

0.993

RMSE 1.10

SSE 8.42

Koble–Corrigan KK (Lnmg1�n/g) 12.77

aK ((Lmg�1)n) 0.265

a 0.34

R2
adj

0.999

RMSE 0.532

SSE 1.98
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by the isotherm model (qcalc) was close to the q
measured experimentally (qexp). The Liu isotherm
model was not suitably fitted, presenting higher
RMSE and SSE values. Therefore, the isotherm param-
eters of the Liu model were not presented in Table 3.

When the constant value of the R–P equation is
large enough, its form is the same as the Freundlich
equation [49]. As shown in Table 3, the constant n in
Freundlich model is greater than one (n= 5.3) that
indicates good adsorption conditions for Cr(VI) by
SLS-Mag nanoparticles [32,50]. Other researchers have
reported that heavy metals such as chromium adsorp-
tion by magnetite adsorbent followed the Freundlich
isotherm model [2,14]. According to Brdar et al.,
Redlich–Peterson isotherm was found to be the best
representative for Cr(VI) adsorption on the Kraft
lignin [51].

Table 4 is presented a comparison of sorption
capacities of chromium adsorbed in different
adsorbents. The maximum amount of chromium
uptake was 30.7mgg�1 for SLS-Mag. Based on the
Table 4, SLS-Mag adsorbent presented good sorption
capacities compared to other adsorbents.

4. Conclusions

In this study, SLS modified magnetite (SLS-Mag)
nanoparticles have been prepared via co-precipitation
method and used as an effective adsorbent for the
removal of chromium from aqueous solutions. The
best conditions were established with respect to pH
and contact time to adsorption chromium on the
adsorbent surface. Four kinetic models were used to

adjust the adsorption data by employing a nonlinear
method, and the best fit was the pseudo-second-order
kinetic model of Ho. Five isotherm models are applied
to fit the experimental data by employing a nonlinear
method. The adsorption data of SLS-Mag nanoparti-
cles fit well with the Redlich–Peterson and Freundlich
isotherm models. The SLS-Mag nanoparticles exhib-
ited good adsorption capacity per unit mass of
magnetite, which found to be 30.7mg Cr(VI) g�1 of
adsorbent. During the adsorption of Cr(VI) onto
SLS-Mag nanoparticles, Cr(VI) not only can be
reduced Cr(III) with less toxicity than Cr(VI) but also
can be fixed into the iron oxide. These results show
that the SLS-Mag nanoparticle is a robust adsorbent
and readily prepared, enabling promising applications
for the removal of Cr(VI) from contaminated waters
with advantages such as no toxicity, simplicity, and
low cost of production and ease of separation by the a
magnetic field compared to other adsorbents.
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