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ABSTRACT

The removal efficiency of Cr (VI) from aqueous solutions using magnetite nanoparticles was
investigated. Structural characterization of the nanoparticles prepared by the coprecipitation
method showed that an average particle size of 2 and 7 nm confirmed by transmission
electron microscopy image. The surface area was determined to be 125m2/g using Brunauer-
Emmet-Teller method. Batch experiments were carried out to determine the adsorption equi-
librium of Cr (VI) by these magnetite nanoparticles as a function of contact time, pH, initial
metal concentration, and adsorbent dose. Adsorption equilibrium was reached within 30min
and independent of initial Cr (VI) concentration. The adsorption process was found to be pH
dependent and fits well with the Langmuir and Freundlich isotherm equations. Kinetics of
the adsorption followed the pseudo-second-order model.
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1. Introduction

Toxic heavy metals contamination is a serious
problem threatening human health [1,2]. They are not
biodegradable and can accumulate in living organisms
[3].

Chromium has been put on the top priority list of
toxic pollutants by the US Environmental Protection
Agency (USEPA) and is present in aqueous systems in
both the trivalent form and the hexavalent form. The
major hexavalent chromium pollution sources are
directly related to the industrial activities including
electroplating, steel, and textile industries as well as
cooling towers, tanning, and oxidative dyeing indus-
tries with hexavalent chromium being transferred to
the environments through wastewater release [4].

The USEPA recommends that the levels of
chromium in water should be reduced to 0.1mg/L to
protect against skin reactions known as “allergic
dermatitis” [5,6].

Studies in both animals and people show that
exposure to hexavalent chromium via drinking water
leads to elevated chromium levels in tissues, particu-
larly the gastrointestinal tract, blood, liver, kidneys,
and spleen, and in increased toxicity [7,8]. The EPA’s
new analysis of hexavalent chromium toxicity, in
2010, cites significant cancer concerns linked to expo-
sure to the contaminant in drinking water. It high-
lights the health effects documented in animal studies,
including anemia and damage to the gastrointestinal
tract, lymph nodes, and liver.

In response to this study and others, California
officials in the USA last year proposed setting a public
health goal for chromium (VI) in drinking water of*Corresponding author.
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0.06 ppb. This is the first step toward establishing a
statewide enforceable limit [9].

Several technologies including chemical precipita-
tion, ion exchange, reverse osmosis, adsorption, etc.
have been used to remove heavy metal ions from vari-
ous aqueous solutions [10,11]. Among these methods,
adsorption has increasingly received much attention
in recent years because the method is simple, rela-
tively low-cost, and effective in removing heavy metal
ions from water and wastewater, especially at low
metal ion concentrations [12].

Many kinds of adsorbents for treatment have been
developed, such as activated carbon [13], activated
alumina [14], coated silica gel [15], and treated
sawdust [16]. Recently, there has been growing inter-
est in using adsorption materials with large specific
external surface area, easy recycling, and high reus-
ability [10–16].

With the rapid development of nanotechnology,
nanoparticles are currently studying widely. Nanoad-
sorbents found to have particularly high adsorption
capacities for metal ions removal from aqueous
solutions because of their specific functionality, extre-
mely small size, large specific surface areas, and high
reusability.

Magnetic separation has been shown to be a very
promising method for solid–liquid phase separation
technique [17]. Superparamagnetic iron oxide (Fe3O4)
nanoparticles have been applied in various fields such
as physics, medicine, biology, environmental applica-
tions, and materials science due to their small size
and superparamagnetism so that they can be easily
recovered with an external magnetic field and have
low toxicity [18].

Magnetite nanoparticles in this study prepared by
the coprecipitation method and characterized by
transmission electron microscopy (TEM), X-ray
diffraction (XRD), and Brunauer-Emmet-Teller (BET).

The objectives of this study are to (1) Assess the
prepared magnetite nanoparticles for removing Cr
(VI) from aqueous solutions. (2) Investigate the effect
of experimental conditions (e.g. pH value, contact
time, adsorbent dose, and initial Cr (VI) concentration)
on chromium removal. (3) Study the adsorption iso-
therm, equilibria, and kinetics of Cr (VI) adsorption
onto the prepared magnetite nanoparticles.

Also, the reusability of prepared nanomagnetite
and Cr (VI) desorption after several recycling periods
were checked to show the efficiency of the separation
process.

The study provides potential application of nano-
magnetite for Cr (VI) adsorption from industrial
wastewater even at very low concentrations. Another
important advantage of using nanomagnetite for the

removal of environmental pollutants lie in the fact
that they cost-effectively meet the environmental
regulations for wastewater treatment.

2. Experimental

2.1. Synthesis of magnetite nanoparticles

Magnetite nanoparticles were prepared via
improved chemical coprecipitation method [19,20]. A
2:1M ratio of Fe2+ and Fe3+ ions was dissolved in
deionized water using anhydrous ferric chloride FeCl3
and ferrous chloride tetrahydrate FeCl2.4H2O.

Chemical precipitation was achieved by adding
NH4OH solution (25%) till the final pH attained to
10–12 with maintaining vigorous stirring for 2 h. The
precipitates were heated to 80˚C for 30min, and then
washed three times with distilled water and one time
with anhydrous ethanol. The particles were then dried
in an oven at 70˚C.

2.2. Characterization of adsorbent

The structural characterization of the prepared
magnetite nanoparticles was conducted by powder
X-ray diffraction spectrometry using Bruker D8
advance instrument. The instrument was equipped
with a copper anode generating (Cu-Ka) radiation (k=
1.5406 Å).

TEM for size investigation and morphology identi-
fied using JOEL JEM (1230) electron microscope
instrument with resolving resolution of 0.2 nm.

Gas adsorption analyzer with BET method (Quanta-
chrome NOVA Automated gas sorption system sorb-
1.12) was used for the surface area determination. The
method was carried out under relatively high vacuum,
where N2 gas was used as adsorbate at 77K.

Point zero charge (PHpzc) for the adsorbent was
determined, 0.01M NaCl was prepared, and its pH
was adjusted in the range of 2–12 by adding NaOH or
HCl. About 50mL of 0.01M NaCl was put in a num-
ber of conical flasks and then 0.25 g of the adsorbent
was added to the solution at the different pH values
[21]. The flasks were kept for 48 h and the final pH of
the solution was measured. Graphs were then plotted
for pH final vs. pH initial.

The concentration of Cr (VI) in the solution was
determined according to APHA (2005) [22] using
atomic absorption spectrometer (Varian Spectra AAS
220) with graphite furnace accessory and equipped
with deuterium arc background corrector. The preci-
sion of the metal measurement was determined by
analyzing (in triplicate) the metal concentration of all
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samples, and for each series of measurements an
absorption calibration curve was constructed.

2.3. Adsorption studies

The adsorption behavior of the prepared magnetite
nanoparticles for Cr (VI) was investigated by means
of the batch experiments at room temperature. A
known amount of magnetite nanoparticles was mixed
with Cr (VI) solution over a period of time on a sha-
ker at 200 rpm. All the experiments were carried out
in triplicate and the mean of the quantitative results
were used for further calculations. After that, the
aqueous phase was separated by magnetic decantation
followed by filtration.

The adsorption of Cr (VI) by prepared magnetite
nanoparticles for Cr (VI) was investigated in the pH
range of 2–9. The solution pH was adjusted by 0.1M
NaOH or 0.1M HNO3. The effects of contact time (10–
140min), initial Cr (VI) concentration (5, 20, 50, and
100mg/L), and amounts of adsorbent dosage (0.1–
4 g/L) were also examined throughout the experi-
ments at room temperature.

The equilibrium adsorption capacity, qe (mg/g), of
Cr (VI) aqueous was calculated using the mass bal-
ance, according to the following equation:

qe ¼ Co � Ce

M
XV ð1Þ

where V is the sample volume (L), m is the mass of
the adsorbents (g), Co is the initial concentration of Cr
(VI) (mg/L), and Ce is the equilibrium concentration
of Cr (VI) in the solution (mg/L).

2.4. Sorption isotherms

Adsorption isotherm studies were conducted by
varying the initial Cr (VI) concentration from 100 to
400mg/L using different sorption models.

2.5. Sorption kinetics

The kinetics of the sorption process describe the
solute uptake and provides useful data regarding the
efficiency of the adsorption and the feasibility for
scale-up operations. Different models were used to
analyze the kinetics of the sorption process.

2.6. Desorption of Cr (VI) and reusability of nano
magnetite

Desorption of Cr (VI) from Cr-loaded nanoadsor-
bent was performed using two different eluents,

HNO3 and HCl solutions, at different concentrations
(1 and 5M). The mixture was agitated at 200 rpm for
2 h.

After desorption, the nanoadsorbent was separated
by a small magnet followed by filtration and Cr (VI)
concentration measured. The recovery efficiency, r (%),
of Cr (VI) from the solid phase was calculated as
follows [23]:

rð%Þ ¼ Cdes

Cads

� 100 ð2Þ

where Cdes and Cads are the amount of Cr (VI)
released into the aqueous solution and the amount of
Cr (VI) adsorbed onto the magnetite nanoadsorbents
(mg/L), respectively.

To test the reusability of the nanoadsorbent, 10mL
of 100mg/L Cr (VI) solution was adsorbed by 20mg
of Cr (VI)-loaded nanomagnetite for 2 h and then des-
orbed with the addition of 10mL of 5M HNO3 and
stirring for 2 h. After each cycle of adsorption–desorp-
tion, the adsorbent was washed thoroughly with
distilled water to neutrality, then dried, and
reconditioned for adsorption in the succeeding cycle.

3. Results and discussion

3.1. Characterization of magnetite nanoparticles

The TEM image for magnetite nanoparticles is
shown in Fig. 1. Most magnetite nanoparticles exhibit
spherical shape and have a particle size range from 2
to 7 nm. The BET surface area of magnetite nanoparti-
cles was 125 m2/g.

The XRD pattern of the prepared magnetite nano-
particles compared with JCPDS reference pattern of
magnetite (No. 19-0629) are shown in Fig. 2.

Fig. 1. TEM images of magnetite nanoparticles.
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Six characteristic peaks for magnetite (2h= 30.1,
35.5, 43.1, 53.4, 57.0, and 62.6˚) and the position (35.5˚)
of the most intense line in the XRD pattern are shown.
No peak of the other component except magnetite has
been detected in this sample. The XRD patterns of the
prepared magnetite nanoparticles matched well with
JCPDS reference pattern (No. 19-0629) of magnetite
[24] (Fig. 3.)

pHpzc was determined for magnetite nanoparticles
adsorbent. PHpzc indicates the electrical neutrality of
the adsorbent and surface at a particular value of pH.
The graph of pH initial vs. pH final was plotted. The
intersection of the curve with the straight line is
known as the point of the pHpzc, and the value is 6.2.

3.2. Adsorption studies

3.2.1. Effect of contact time and initial concentration

The effect of contact time and initial concentration
of Cr (VI) on its removal from aqueous solutions was
carried out by monitoring its adsorption onto magne-
tite nanoadsorbent for 140min. The initial Cr (VI) con-
centrations were 5, 20, 50, and 100mg/L, with an
adsorbent dose of 2 g/L.

The observed removal rates of Cr (VI) at different
initial concentrations are shown in Fig. 4. The removal
efficiencies were 88 and 95% for Cr (VI) initial concen-
trations of 100 and 5mg/L and equilibrium was
achieved within 60min, independent of the initial con-
centration of Cr (VI). The conclusion that the removal
percentage of Cr (VI) decreased with increasing con-
centration for a given amount of adsorbent was also
obtained by Hu et al. [25].

3.2.2. Effect of pH

It is well known that pH is one of the most impor-
tant factors which affect the adsorption process.
Experiments were performed to find the optimum pH
on the adsorption of Cr (VI) onto magnetite nanoad-
sorbent using different initial pH values changing
from 2 to 9. Fig. 4 presents the effects of initial pH on

the adsorption of Cr (VI) at initial concentrations 20
and100mg/L at room temperature and adsorbent
dose 2 g/L. Adsorption efficiencies increased gradu-
ally from pH 2. The maximum adsorption efficiencies
were 96.6 and 88% at pH 5.5 for initial concentrations
20 and 100mg/L, respectively, then adsorption
decreased with increasing pH.

According to Hu et al. [25], Cr (VI) adsorption by
magnetite was a combination of electrostatic attraction
and ligand exchange at various pH conditions.

3.2.3. Effect of adsorbent dose

Adsorbent dose is an important parameter in the
determination of adsorption capacity. As the adsor-
bent dosage increases, the adsorption sites available
for Cr (VI) are also increased and consequently better
adsorption takes place. The adsorbent doses were var-
ied from 0.1 to 4 g/L for 5, 20, and 100mg/L Cr (VI)
solutions, while all the other variables such as rpm,
contact time, and temperature were kept constant.
Fig. 5 revealed that the removal of Cr (VI) increased
with increasing magnetite dose. Adsorption reached
equilibrium using 2 g/L of adsorbent.
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Fig. 3. Effect of contact time and initial concentration on
Cr (VI) removal (magnetite dose: 2 gm/L, initial metal
concentration: 5, 20, 50, and 100mg/L, and shaking rate:
200 rpm).
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dose: 2 g/L, contact time: 60min, initial metal concentration:
20, and 100mg/L, and shaking rate: 200 rpm).
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Fig. 2. XRD pattern of (a) Prepared magnetite
nanoparticles (b) Magnetite reference database (JCPDS No.
19-0629).
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3.3. Adsorption isotherms

Several mathematical models have been applied in
describing equilibrium studies for the removal of pol-
lutants by adsorption on solid surfaces. Out of several
isotherm equations, Freundlich, Langmuir, and Dubi-
nin–Kaganer–Radushkevich isotherm equations have
been reported most frequently. These equations were
applied to the obtained effective conditions.

3.3.1. Freundlich isotherm

The Freundlich adsorption isotherm (1906) based
on the adsorption phenomenon occurred on heteroge-
neous surfaces. The isotherm assumes that the surface
sites of the adsorbent have a spectrum of different
binding energies.

It has the following form:

qe ¼ kFCe
1=n ð3Þ

Eq. (3) can be expressed in a linear form:

log qe ¼ log kF þ 1=n logCe ð4Þ

where qe is the equilibrium adsorption capacity,
(mg/g) and Ce is the equilibrium concentration of Cr
(VI) in the solution (mg/L). kF represents the adsorp-
tion capacity when metal ion equilibrium concentra-
tion equals to 1 (mg/g), n is the degree of dependence
of adsorption with equilibrium concentration, and kF
and 1/n are related to the adsorbent capacity and
sorption intensity of the adsorbent, respectively.

The equilibrium data for Cr (VI) over the concen-
tration range from 100 to 400mg/L have been corre-
lated with the Freundlich isotherm. A linear plot is
obtained when log Ce is plotted against log q over the
entire concentration range of Cr (VI) (Fig. 6). Values

of kF and 1/n can be calculated from the intercept and
the slope of this straight line, respectively.

The values of Freundlich constants, kF and 1/n,
obtained are shown in Table 1. The high R2 values
obtained are shown in the table. The value of kF
calculated from the Freundlich model is large, which
indicates that magnetite nanoparticles have a high
adsorption affinity toward Cr (VI).

The Freundlich constant (1/n) is related to the
sorption intensity of the sorbent. When, 0.1 < 1/n6 0.5,
it is easy to adsorb; 0.5 < 1/n6 1, there is some diffi-
culty with the absorption; 1/n> 1, there is a quite dif-
ficult with the absorption as stated by Treybal [26].

The 1/n value in the study was 0.348 (Table 1),
which suggests that the adsorption process is favor-
able, then the adsorption capacity increases and new
adsorption sites are formed [27].

3.3.2. The Langmuir isotherm

The Langmuir adsorption isotherm was reported
in 1918 and used to describe the adsorption phenome-
non at the interface between solid and liquid phases
for monomolecular layer. The Langmuir model
assumes that the surface of the adsorbent is homoge-
neous, adsorption energy is uniform for each adsorp-
tion site, and solute uptake occurs by monolayer
adsorption.

It can be represented in the linear form by the
following equation:

Ce

q
¼ 1

bqmax

þ Ce

qmax

ð5Þ

q is the amount of metal ions sorbed per unit mass
onto magnetite (mg/g), qmax is maximum adsorption
capacity at complete monolayer coverage (mg/g), and
b is a Langmuir constant that relates to the heat of
adsorption (L/mg).
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Fig. 6. The Freundlich isotherm plot for Cr (VI) adsorption
by magnetite nanoparticles (pH: 5.5, contact time: 60min,
shaking rate: 200 rpm, and amount of adsorbent: 2 g/L).
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Fig. 5. Effect of adsorbent dose on Cr (VI) removal
(magnetite dose: 2 g/L, contact time: 60min, initial metal
concentration: 5, 20, and 100mg/L, pH: 5.5, and shaking
rate: 200 rpm).
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A plot of Ce/qe vs. Ce over the entire concentration
range of metal ion investigated (Fig. 7). The values of
qmax and b were determined by the slope and inter-
cept of Fig. 7, and are given in Table 1. It was noted
that the correlation coefficient (R2) for Langmuir indi-
cated a significant correlation. The results showed that
the isothermal data better conformed to Freundlich
equation.

3.3.3. Dubinin–Kaganer–Radushkevich isotherm (DKR
isotherm)

The DKR isotherm is a semiempirical equation
where adsorption follows a pore-filling mechanism. It
assumes that the adsorption has a multilayer charac-
ter, involves van der Waals forces, and is applicable
for physical adsorption processes [28].

The sorption data were applied to the DKR model
in order to distinguish between physical and chemical
adsorption.

The linear form of the DKR model is:

ln q ¼ ln qmax � be2 ð6Þ

b is the activity coefficient related to mean sorption
energy (mol2/kJ2) and e is the Polanyi potential,
which is equal to:

e ¼ RT ln 1þ 1

Ce

� �
ð7Þ

where R is the ideal gas constant (8.3145 J /molK), T
is the absolute temperature (K).

The slope of the plot of ln q vs. e2 gives b (mol2/J2)
and the intercept yields the maximum sorption
capacity, qmax (mol/g).

E is defined as the free energy change (kJ/mol),
which required transferring 1mol of ions from solu-
tion to the solid surfaces. The relation is as follows:

E ¼ 1ffiffiffiffiffiffiffiffiffi�2b
p ð8Þ

The plot of ln q against e2 for Cr (VI) adsorption
on magnetite nanoparticles is shown in Fig. 8 and
DKR parameters are listed in Table 1.

The magnitude of E is useful for estimating the
mechanism of the adsorption reaction. Adsorption is
dominated by chemical ion-exchange if E is in the
range of 8–16 kJ/mol, whereas physical forces may
affect the adsorption in the case of E< 8kJ/mol [29].
The E value obtained from Eq. (9) is (11.78 kJ/mol),
which is in the adsorption energy range of chemical
ion exchange reactions. This suggests that Cr
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Fig. 7. The Langmuir isotherm plot for Cr (VI) adsorption
by magnetite nanoparticles (pH: 5.5, contact time: 60min,
shaking rate: 200 rpm, and amount of adsorbent: 2 g/L).

Table 1
Freundlich, Langmuir, and DKR isothermal adsorption equation parameters for the adsorption of Cr (VI) by prepared
magnetite nanoparticles (absorbent dose: 2 g/L, pH value: 5.5, initial concentration: 100–400mg/L, contact time: 60min,
and agitation speed: 200 rpm)

Freundlich isotherm parameters l/n KF (mg/g) R2

0.353 18.36 0.9986

Langmuir isotherm parameters qmax (mg/g) b (L/mg) R2

121.9 0.0355 0.9817

DKR isotherm parameters qmax (mol/g) b (mol2/J2) E (kJ/mol) R2

3.87� 10�3 �0.360� 10�8 11.78 0.9808
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Fig. 8. The DKR isotherm plot for Cr (VI) adsorption by
magnetite nanoparticles (pH: 5.5, contact time: 60min,
shaking rate: 200 rpm, and amount of adsorbent: 2 g/L).

M.R. Lasheen et al. / Desalination and Water Treatment 52 (2014) 6464–6473 6469



(VI) adsorption onto magnetite nanoparticles is
attributed to chemical adsorption rather than physical
adsorption.

3.4. Adsorption kinetics

3.4.1. Pseudo-first-order kinetics

The pseudo-first-order equation (Lagergren’s equa-
tion) describes adsorption in solid–liquid systems
based on the sorption capacity of solids. It is assumed
that one chromium ion is sorbed onto one sorption
site on the nanomagnetite surface [30].

The linear form of pseudo-first-order model can be
expressed as:

logðqe � qtÞ ¼ log qe � k1t

2:303
ð9Þ

where qe and qt are the amounts of adsorbed Cr (VI)
on the adsorbent at equilibrium and at time t, respec-
tively (mg/g), and k1 is the first-order adsorption rate
constant (min�1).

The linearized form of the pseudo-first-order
model for the sorption of Cr (VI) ions onto magnetite
nanoparticles is given in Fig. 9 for initial concentration
20mg/L. The calculated results of the first-order rate
equation are given in Table 2. The qe value acquired
by this method is contrasted with the experimental
value. So, the reaction cannot be classified as first
order.

3.4.2. Pseudo-second-order kinetics

In order to find a more reliable description of the
kinetics, second-order kinetic equation was applied.
The pseudo-second-order kinetics can be represented
by the following linear equation [31]:

T

qt
¼ 1

k2qe2
þ 1

qe
t ð10Þ

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

Linear plot of t/qt vs. t is achieved according to
Eq. (11) (Fig. 10). The k and qe values calculated from
the slope and intercept are summarized in Table 2.

The correlation coefficients of the pseudo-second-
order equation for the linear plots are very close to 1.
Besides, the calculated qe values agreed very well with
the experimental data. These experimental results sup-
port the assumption behind the model that the rate-
limiting step in adsorption is chemisorption involving
valence forces through the sharing or exchange of
electrons between adsorbent and metal ions.

3.4.3. Elovich kinetic model

The Elovich kinetic model [32] is based on chemi-
sorption phenomena and is expressed as:

dq

dt
¼ a expð�bqtÞ ð11Þ

To simplify the Elovich equation, Chien and Clay-
ton [33] assumed abt>> t and by applying boundary
conditions qt= 0= at t= 0 and qt= qt and t= t, Eq. (12)
yields Eq. (13), where a (mg/g min) is the initial sorp-
tion rate and the parameter b (g/mg) is related to the
extent of surface coverage and activation energy for
chemisorption. The kinetic results will be linear on a
qt vs. ln (t) plot (Fig. 11) and the constants a and b
can be computed from the slope and intercept of the
graph.

Table 2 lists the kinetic constants obtained from
the Elovich equation. The correlation coefficients are
lower than those of the pseudo-second-order
equation.

3.4.4. Intraparticle diffusion model

The Weber’s diffusion model [34] is the most com-
monly used technique for identifying the mechanism
involved in the adsorption process.

The adsorption process may be controlled by: (1)
Film diffusion, where the adsorbate transports to the
external surface of the adsorbent. (2) Particle diffusion,
where the adsorbate transports within the pores of the
adsorbent except for a small amount of adsorption
that occurs on the external surface. (3) Surface diffu-
sion adsorption, where the adsorption occurs on the
exterior surface of the adsorbent.

-1.5

-1

-0.5

0

0.5

1

0 20 40 60

lo
g 

(q
e-

q t
)

t (min)

Fig. 9. Pseudo-first-order sorption kinetics of Cr(VI) onto
magnetite nanoparticles (absorbent dose: 2 g/L, pH value:
5.5, initial concentration: 20mg/L, contact time: 10, 15, 20,
25, 30, 35, 40, 50, and 60min, and agitation speed:
200 rpm).
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Usually, external transport is the rate-limiting step
in systems, which have poor mixing; dilute concentra-
tion of adsorbate; and small particle size.

The Weber’s diffusion model is expressed as:

qt ¼ kdt
1=2 þ C ð12Þ

Plots of qt vs. t
1/2 for the initial concentration can

achieve the value of intraparticle diffusion rate con-
stant Kd (mg/gmin1/2) (Fig. 12), the intercept C is a
constant (mg/g) which gives an idea about the thick-
ness of the boundary layer on the adsorbent surface.

If a straight line passing through the point of ori-
gin is obtained, therefore, sorption of Cr (VI) on mag-
netite nanoparticles followed intraparticle diffusion
mechanism only.

Fig. 12 indicates that the plot of qt vs. t
1/2 is linear

before reaching equilibrium state and the line is not
passing through the origin, implying that more than
one process affected the sorption of Cr (VI) and the
intraparticle diffusion is not the rate-limiting step for
the whole reaction. The values of model parameters
calculated from the slopes of the linear plots obtained
are given in Table 2.

In order to determine the actual rate-controlling
step involved in the sorption process, the kinetic data
have been analyzed using the model given by Boyd
et al. [36].

B ¼ Dip2

r2
ð13Þ

where B is the time constant (min�1), Di is the
effective diffusion coefficient of the metal ions in the
sorbent phase (cm2/min), r is the radius of the sorbent
particle (cm) assumed to be spherical, and m is an
integer that defines the infinite series solution. Bt is
given by the equation:
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Fig. 12. Intraparticle diffusion plots for for Cr (VI)
adsorption onto magnetite nanoparticles (absorbent dose:
2 g/L, pH value: 5.5, initial concentration: 20mg/L, contact
time: 10, 15, 20, 25, 30, 35, 40, 50, 60, 90, and 120min, and
agitation speed: 200 rpm).

Table 2
Kinetic parameters for Cr (VI) adsorption by prepared magnetite nanopartics (absorbent dose: 2 g/L, pH value: 5.5, initial
concentration: 20mg/L, contact time: 10–120min, and agitation speed: 200 rpm)

Pseudo-first-order qe (mg/g) (calculated) qe (mg/g) (experiment) K1 (min�1) R2

5.9 9.6 0.07 0.9621

Pseudo-second-order qe (mg/g) (calculated) qe (mg/g) (experiment) K2 (g/mgmin) R2

9.9 9.6 0.028 0.9994

Elovich kinetic model a (mg/gmin) b (g/mg) R2

94.9 0.91 0.9351
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Fig. 11. Elovich sorption model for Cr (VI) adsorption onto
magnetite nanoparticles (absorbent dose: 2 g/L, pH value:
5.5, initial concentration: 20mg/L, contact time: 10, 15, 20,
25, 30, 35, 40, 50, 60, and 90min, and agitation speed:
200 rpm).
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Fig. 10. Pseudo-second-order sorption kinetics of Cr (VI)
onto magnetite nanoparticles (absorbent dose: 2 g/L, pH
value: 5.5, initial concentration: 20mg/L, contact time: 10,
15, 20, 25, 30, 35, 40, 50, 60, 90, and 120min, and agitation
speed: 200 rpm).
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Bt ¼ �0:49770� lnð1� FÞ ð14Þ

The calculated Bt values were then plotted against
time. A straight line passing through the origin indi-
cates that the process was governed by particle diffu-
sion mechanisms otherwise they are governed by film
diffusion [36]. The results show that the plots are lin-
ear in the initial period of sorption and do not pass
through the origin. This indicates that the adsorption
kinetics is not limited to only pore diffusion or, in
other words, the diffusion of the adsorbate into the
pores of the adsorbents is not the only rate-controlling
step.

3.5. Desorption of Cr (VI) and reusability of nanomagnetite

The primary objective of desorption is to restore
the adsorption capacity of the exhausted adsorbent,
while the secondary objective is to recover valuable
components present in the adsorbed phase, if any.

Ten milli litre of 1 and 5M from each eluant were
mixed with Cr-adsorbed magnetite for 2 h. The
desorption efficiencies of HNO3 and HCl were found
to be 90 and 65% at 1M concentration, respectively.
The desorption efficiency increased at 5M concentra-
tion of HNO3 and HCl solution to reach 94 and 75%,
respectively.

To study the reusability of nanoadsorbent, experi-
ments pertaining to magnetite regeneration and Cr
(VI) readsorption were carried out in five consecutive
cycles. For each cycle, 10mL of 100mg/L Cr (VI) solu-
tion was adsorbed by 20mg magnetite nanoparticles
for 1 h and then desorbed with 10mL of 5M HNO3

and stirring for 2 h. After each cycle of adsorption–
desorption, the adsorbent was washed thoroughly
with distilled water to neutrality, then dried, and
reconditioned for adsorption in the succeeding cycle.
The results show that the efficiencies of the recycled
sorbent for removing Cr (VI) are nearly the same as
those for the fresh one even after three times recy-
cling.

4. Conclusions

The efficiency of magnetite nanoparticles for
removing Cr (VI) ions from aqueous solutions has
been investigated. Adsorption was very rapid and
equilibrium was achieved in 1 h. Also, adsorption was
highly dependent on the initial concentration of Cr
(VI), pH, and adsorbent dose. Maximum removal was
observed at pH between 5 and 6.

Adsorption increased as the initial concentration of
Cr (VI) decreased.

The adsorption data were well fitted by both the
Langmuir and Freundlich isotherms and the pseudo-
second-order kinetics. The regeneration studies also
showed that magnetite nanoparticles can be used
several times for the sorption of Cr (VI) from aqueous
solutions without loss of their magnetic properties.

Therefore, magnetite nanoparticles are considered
as fast, effective, and inexpensive adsorbents for rapid
removal and recovery of metal ions and could be used
as an alternate to conventional adsorbents for the
removal of metal ions from wastewater.
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