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This study investigated the elimination of Cr(VI) from aqueous solution utilizing a composite from mag-
netic nanoparticles (Fe3O4) capped with cetyltrimethylammonium bromide (CTAB). The structure of the
prepared composite system was examined by Fourier Transform Infra Red Spectroscopy (FTIR), X-ray
Diffractometry (XRD), and Transmission Electron Microscopy (TEM). Separation of the Fe3O4/CTAB com-
posite from the wastewater can be achieved by application of an external magnetic field. Factors affecting
the Cr(VI) expulsion from wastewater such as pH, competing ions, the dosage level of the nanoparticles,
and contact time were studied. The results indicated that the maximum efficiency of the present system
for removal of Cr(VI) (95.77%) was in acidic conditions (pH 4), contact time 12 h, and composite dosage of
12 mg/mL. The used Cr(VI) concentration was 100 mg/L. Considering results, the Fe3O4/CTAB system
showed a high capability and selectivity for the treatment of water sullied with Cr(VI). This can recede
the mutagenic and carcinogenic health risk caused by Cr(VI) water tainting.
� 2017 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Study of water remediation from contaminants such as toxic
heavy metals is one of the most important environmental issues.
Contaminants can pose serious health and environmental prob-
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Scheme 1. Adsorption and reduction of Cr(VI) on the surface of Fe3O4/CTAB
nanocomposite.
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lems [1]. The literature survey confirms that chromium has two
oxidation states, hexavalent Cr(VI) and trivalent Cr(III) [2]. The lat-
ter is essential in mammals life and it is concluded that Cr(VI) is
more toxic, mutagenic, carcinogenic and hazardous than Cr(III)
by 500 times. Cr(VI) can be found as chromate (CrO4

2�), hydrogen
chromate (HCrO4

�), dichromate (Cr2O7
2�), and hydrogen dichromate

(HCr2O7
�) stable oxyanions in wastewater [3]. The highly toxic

transition heavy metal Cr(VI) has a harmful and destroying effect
on the human biological system. It is found in wastewater streams
from mining, stainless steel production, textile industry, and dyes
[4–6].

US Environmental Protection Agency (EPA) indicates that the
allowed contamination level for chromium ion in potable water
is 0.1 mg/L, while the concentration of the discharge to inland sur-
face water is 0.5 mg/L [7]. Adsorption is the sufficient technique for
Cr(VI) removal from industrial wastewater [8]. The guideline pre-
scribed by the World Health Organization (WHO) for Cr(VI) in
drinking water is 16 mg/L [9]. The effluent from industries contain-
ing Cr(VI) is considered by the International Agency for Research
on Cancer (IARC) (1982) as a powerful carcinogenic agent that
modifies the DNA transcription process causing important chro-
mosomal aberration [10].

Wastewater treatment using the adsorption techniques is more
effective than using other techniques as precipitation, coagulation,
chemical reduction, and ion exchange [11]. Magnetic nanoparticles
are a good candidate for heavy metal adsorption from aqueous
solution. Due to the four unpaired electrons in the 3d shell, an iron
atom has a strong magnetic moment. Fe2+ ions have 4 unpaired
electrons in their 3d shell and Fe3+ ions have 5 unpaired electrons
in their 3d shell. Thus, the formed crystals from iron ions of Fe2+ or
Fe3+, can be in ferromagnetic or ferrimagnetic states [12]. Mag-
netite nanoparticles are susceptible to air oxidation and can be
easily aggregated in aqueous systems [13]. The stabilization of
the iron oxide nanoparticles by adding surfactants as a type of sur-
face modification is desirable. This can change in the surface layer
properties to become more different from that in the core of the
nanoparticles [14]. The properties of the nanocrystals strongly
depend on the dimension of the nanoparticles [15,16].

Fe3O4 and Fe2O3 nanoparticles stabilized by Aloe Vera were suc-
cessfully applied before for the elimination of mercury (70%) from
a wastewater sample [17]. Fe3O4/talc nanocomposite was used for
the removal of Cu(II), Ni(II), and Pb(II) ions from aqueous solutions.
The results showed 72.15%, 50.23%, and 91.35% removal efficiency
for Cu(II), Ni(II), and Pb(II), respectively [18]. Fe3O4 magnetic
nanoparticles modified with Schiff base ligand were prepared to
remove heavy metal ions from aqueous solutions. The maximum
adsorption capacities were 97.2, 87, and 81.6 mg g�1 for Cu(II),
Zn(II), and Ni(II), respectively [19].

Surfactants are used to lower the surface tension of liquids and
have a structure that cannot easily be detected by conventional
methods. Cetyltrimethylammonium bromide (CTAB) is a common
surfactant used in nanoparticles synthesis. CTAB has a 16-carbon
as a long tail and an ammonium head group with three methyl
groups attached. Here CTAB can be used for the removal of heavy
metals from wastewater [20]. CTAB is a positively charged surfac-
tant, used as a coating agent. CTAB can appear as rod-like micelles
with increasing its concentration [21–23]. Jin et al. had succeeded
in preparing the Fe3O4 composite capped with CTAB for arsenate
removal from water. Fe3O4/CTAB was prepared by a modified sim-
ple co-precipitation process using cheap and environmentally
friendly iron salts and the cationic surfactant CTAB [24].

This work aims to develop magnetic nanoparticles (MNPs)
coated with CTAB as an efficient composite for the removal of toxic
Cr(VI) from wastewater. It is evident from literature survey that,
this is the first time that Cr(VI) elimination and quantification from
wastewater samples based on Fe3O4 and Fe3O4/CTAB is described.
Schematic representation of Cr(VI) elimination by Fe3O4/CTAB is
sketched in Scheme 1. The Fe3O4/CTAB has some advantages such
as facile synthesis and simple regeneration in alkali solutions.
Thus, favoring its reusing or recycling purposes. It also can be
easily collected by external magnetic field for the regeneration pro-
cess. Furthermore, this composite is cheap and effective in the
removal of Cr(VI) from wastewater.
Material and methods

Reagents

All chemicals that used in this work are analytical grade
reagents. Iron (III) chloride 97% (FeCl3), iron (II) chloride tetrahy-
drate 98% (FeCl2�4H2O), potassium chromate (K2CrO4) 99%,
Cetyltrimethylammonium bromide (CTAB) 95% and ammonium
solution 25% were purchased from Sigma-Aldrich (Missouri,
USA). Nitrite standard, sulfate standard, and phosphate standard
were purchased from Ultratech (California, USA).
Preparation of Fe3O4 (magnetic) nanoparticles

Chemical co-precipitation method is a widely applicable
method for synthesis of iron oxide nanoparticles. It involves mix-
ing of ferric and ferrous salts in 2:1 (Fe3+/Fe2+) ratio in a basic aque-
ous medium (using 25% ammonium solution) [25]. Formation of
Fe3O4 nanoparticles can be completed at a pH 8.0–10.0 [26].

The formed nanoparticles were washed with deionized water
(DI), collected by applying an external magnetic field and dried
under vacuum [27].
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Preparation of Fe3O4/CTAB composite

Cationic surfactants have been used for anionic metal removal
[28]. Iron (III) chloride (0.5 g), 0.4 g of iron (II) chloride tetrahy-
drate, and 0.4 g of CTAB was dissolved together in 100 mL DI, then
25% ammonium solution was added until the black precipitate was
formed. The mixture was stirred for 2 h and the formed Fe3O4/
CTAB was collected and washed as mentioned before [11].
Samples processing

DI was used for all preparations and throughout all experi-
ments. Experiments were carried out at room temperature. Differ-
ent dosages of Fe3O4 nanoparticles or Fe3O4/CTAB (4, 8, and 12 mg/
mL) were added in 25 mL of DI containing Cr(VI) (100 mg/L)
solution.

The adsorption capacity of the adsorbents was determined
according to Eq. (1) [29].

Qe ¼
ðC0 � CeÞ � V

W
ð1Þ

where Qe is the equilibrium adsorption capacity of the adsorbent in
mg (metal)/g (adsorbent), C0 is the concentration of metal ions
before adsorption in mg/L, Ce is the equilibrium concentration of
metal ions in mg/L (remained in solution after shaking), V is the
volume of metal ions solution in liter scale, and W is the weight of
the adsorbent in gram scale. The samples were shaken at a rate of
1.17 xg and different contact times (2, 4, 6, 8, 10, and 12 h) to esti-
mate the best contact time for maximum adsorption. All adsorption
experiments were conducted in triplicate and the mean of the three
values was expressed as the result. After shaking, the adsorbent was
collected by applying an external strong magnet. The concentration
of Cr(VI) in the supernatant as well as in the control samples was
determined by flame atomic absorption spectroscopy (FAAS) [30].
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Effect of pH

Three pH values, including acidic, neutral and basic pH were
tested to assess the adsorption capacity of the adsorbent in the dif-
ferent media. The pH of the samples was adjusted to 4.0, 7.0, and
9.0 using 0.01 N NaOH or 0.01 N HCl. The percentage of removal
was calculated from the Eq. (2)

% Removal ¼ C0 � Cf

C0

� �
� 100 ð2Þ

where Co and Cf are the initial and final concentration of heavy met-
als in the solution, respectively [31]. Additionally, the association
between the initial concentration of Cr(VI) and the adsorption
capacity was explored. 8 mg/mL of Fe3O4/CTAB nanoparticles was
added into each flask containing 25 mL of Cr(VI) ion solutions with
various initial metal ion concentrations (from 10 mg/L to 200 mg/L).
All the flasks were shaken at 1.17 xg for 80 min. The adsorbed
amount of metal ions onto the Fe3O4/CTAB was calculated according
to Eqs. (1) and (2).
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Fig. 1. XRD pattern for Fe3O4 nanoparticles.
Effect of interfering ions

A series of different concentrations (1, 10, 15 and 20 mg/L) of
interfering anions (nitrite, sulfate, and phosphate) was prepared.
Each anion was applied separately in a binary system to investigate
its interference with the Cr(VI) (100 mg/L) adsorption by Fe3O4/
CTAB composite at pH 4 and 12 h contact time.
Field sample

The real field samples were collected from (Ternaries area, Fom
El-Khaleg, Cairo Governorate-Egypt). The real field experiment was
performed using 12 mg/mL Fe3O4 /CTAB composite and 25 mL
wastewater sample volume. The contact time was 12 h at pH 4
and shaking rate 1.17 xg.

Instruments

Atomic absorption spectroscopy of Cr(VI) was measured using a
Perkin-Elmer flame atomic absorption spectrometer model 2380
(Perkin-Elmer, Norwalk, Connecticut, USA). The hollow cathode
lamp used as a radiation source was operated at a wavelength of
425.4 nm and the slit width was adjusted to 0.2 nm. The flow of
acetylene and air was 4.5 and 15.0 L/min, respectively. The infrared
spectra (4000.6–399.1 cm�1) were recorded on a Fourier Trans-
form Infra Red spectrometer JASCO FT/IR-4100 (Jasco, Tokyo,
Japan). X-ray diffraction (XRD) pattern was performed using a
PANalytical’s X’Pert PRO diffractometer (PANalytical, Almelo,
Netherlands) with Cu Ka radiation. The morphology of the Fe3O4

nanoparticles was observed by the transmission electron micro-
scope (FEI Tecnai G2 20, 200 kV TEM, Oregon, USA). JENWAY
3010 digital pH/mV meter (JENWAY, Staffordshire, UK) was used
for pHmeasurement. Millipore Elix S (Automatic Sanitization Mod-
ule, Millipore, Massachusetts. USA) was used for the preparation of
deionized water.

Results

Characterization of the prepared magnetic nanoparticles

XRD
The crystal structure and phase purity of the prepared iron

oxide nanoparticles were identified by measuring the XRD pattern
as shown in Fig. 1.

All the peaks of XRD pattern were analyzed and indexed com-
paring with magnetite standards. The lattice constants are equal
(a = b = c = 8.3778 Å) confirming the formation of a cubic structure.
The diffraction peaks at 30, 35.4, 43, 53.4, 56.9, and 62.5� are
indexed to planes (220), (311), (400), (422), (511) and (440) of
the cubic unit cell. The average Fe3O4 crystal size estimated from
the plane (311) at 2h–35.5� using the Scherrer formula (Eq. (3))
is 16.25 nm [32].

d ¼ Kk=b cos h ð3Þ
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where d is the crystal size, K is the Scherrer constant (0.89), k is the
wavelength of the X-ray radiation (0.15418 nm for Cu Ka), and b is
the full width at half maximum of a diffraction peak measured at 2h.
FTIR
The IR spectrum of CTAB (Fig. 2a) consists of a band at

3420 cm�1 that could be assigned to the vibrations of the ammo-
nium moiety in CTAB. Peaks at 2918 and 2848 cm�1are attributed
to two different CH bands vibration of the –CH2 group in CTAB. The
bands at 1630 and 1467 cm�1 belong to asymmetric and symmet-
ric stretching vibration of N+ACH3, while the band at 960 cm�1 cor-
responds to the out-of-plane ACH vibration of CH3 [33]. The band
at 720 cm�1 could be assigned to Br�. The FTIR spectrum of Fe3O4/
CTAB nanoparticles (Fig. 2b) displays a peak at 566 cm�1 that rep-
resents Fe-O of Fe3O4. The broadband at 3430 cm�1 might be
assigned to the electrostatic interaction between Fe3O4 surface
hydroxyl groups and the ammonium moiety in CTAB (OH�� � �N+).
TEM
The TEM image in Fig. 3a showed particles with spherical-like

shapes and size range from 10 to 20 nm. There is a good correspon-
dence between Fe3O4 size shown in the TEM and that calculated
from XRD spectrum by Scherrer formula.

The HRTEM image in Fig. 3b shows Fe3O4 crystal with a well-
aligned and single crystalline structure (the d spacing is 0.22 nm).
Fig. 3. TEM (a) and HRTEM (b) images of Fe3O4 nanoparticles.

Table 1
The effect of different pH values on adsorption of Cr(VI) by different concentrations
Factors affecting the adsorption process

Effect of pH
The pH of the sample influences the adsorption progress by pro-

tonation and deprotonation of adsorbent surface functional groups.
The effect of different pH values (4, 7, and 9) on the adsorption of
Cr(VI) by nanoparticles (4 and 12 mg/mL) for 8 h contact time was
investigated.

Table 1 showed that the maximum adsorption of Cr(VI) was
observed at pH 4 for both adsorbents after 8 h contact time.

From Table 1 it is obvious that the composite of Fe3O4/CTAB
adsorption efficiency is higher than Fe3O4 in acidic pH 4. For exam-
ple, the same dose (12 mg/mL) results in 72.47% Cr(VI) removal
when applying Fe3O4 nanoparticles whereas it removes 94.19%
after using Fe3O4/CTAB.
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Fig. 2. FTIR of CTAB (a) and Fe3O4/CTAB nanocomposite (b).

from Fe3O4 nanoparticles or Fe3O4/CTAB nanocomposite after 8 h contact time.

pH Fe3O4 Fe3O4/CTAB

Removal %

4 mg/mL
4.00 25.631 27.399
7.00 24.621 22.096
9.00 19.571 13.510

12 mg/mL
4.00 72.475 94.192
7.00 40.909 44.444
9.00 33.586 27.778
Effect of nanocomposite dosage
As evident from studying the effect of pH, removal of Cr(VI) was

more proficient in pH 4 for both adsorbents. Therefore, the effect of
nanocomposite dosage will be investigated at this pH value. Differ-
ent dosages from both adsorbents (4, 8, and 12 mg/mL) were
applied for the removal of Cr(VI) ions (100 mg/L) at room temper-
ature (25.0 �C ± 1.0 �C) and at different contact times. From
Fig. 4a and b it was noted that the removal of the Cr(VI) ions
increases as the concentration of both adsorbents increases. The
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Fig. 4. Removal% of Cr(VI) using different dosages from Fe3O4 nanoparticles (a) and
Fe3O4/CTAB nanocomposite (b) at pH 4.
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Fig. 5. Time dependence for the adsorption capacity of Cr(VI) using different
dosages from Fe3O4 nanoparticles (a) and Fe3O4/CTAB nanocomposite (b) at pH 4
and 10 h contact time.
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optimum dosage (12 mg/mL) of the composite Fe3O4/CTAB could
stamp out 95.77% from Cr(VI) while an equivalent amount from
Fe3O4 adsorbs 74.49% of Cr(VI) after 12 h contact time. The inter-
mediate amount (8 mg/mL) from both Fe3O4/CTAB and Fe3O4

nanoparticles wipes out 84.4% and 57.4% Cr(VI), respectively.
The maximum adsorption capacity was achieved for both

adsorbents at 8 mg/mL dosage level using 100 mg/L Cr(VI) concen-
tration. It was 6.74 mg/g (Fig. 5-a) and 10.05 mg/g (Fig. 5b) for
Fe3O4 and Fe3O4/CTAB, respectively.

From the adsorption capacity values, it appears that Fe3O4/CTAB
has a better adsorption than bare Fe3O4.

Adsorption kinetic study
The metal adsorption mechanism can be explored by applying

the pseudo-first-order and pseudo-second-order kinetic models.
The pseudo-first-order kinetic model equation assumes that the
binding is originated from a physical adsorption as follows [34].

logðqe � qtÞ ¼ log qe
K1

2:303
t ð4Þ

where qe and qt are the amount of heavy metal ions adsorbed on the
adsorbent in mg (metal)/g (adsorbent) at equilibrium and at time t,
respectively. K1 is the constant of first-order kinetics in min�1.
While the pseudo-second-order kinetic model is based on
chemical adsorption (chemisorption) as follows [29].

t
qt

¼ 1
k2q2

e
þ t
qe

ð5Þ

where qe and qt are the amount of heavy metal ions adsorbed by the
adsorbent in mg (metal)/g (adsorbent) at equilibrium and at time t,
respectively. K2 is the rate constant of second-order kinetics in g/
(mg min).

The values of K1 and K2 for Fe3O4/CTAB were experimentally
determined from Eqs. (4) and (5), respectively. The fitting curves
obtained from the linear plots of log (qe-qt) versus time and t/qt
versus time are plotted in Fig. 6a and b respectively. From Fig. 6
it appears that the second order model seems to be more favorable
for the Cr(VI) sorption process indicating its chemical adsorption
by Fe3O4/CTAB nanocomposite.

The obtained K1 and K2 values for Fe3O4 and Fe3O4/CTAB
nanocomposite plus other parameters obtained from the linear
form of pseudo-first-order and pseudo-second-order are listed in
the Table 2.
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Table 2
Parameters of kinetic models for the sorption of Cr(VI) by Fe3O4 and Fe3O4 /CTAB
nanocomposite.

Parameters Fe3O4 Fe3O4/CTAB

Qe (mg/g) 6.74 10.05
SE 0.006 0.004

Pseudo first order model
K1 (min�1) 0.012 0.064
R2 (correlation coefficient) 0.95 0.98
SE 0.0009 0.003

Pseudo second order model
K2 (g mg�1min�1) 0.002 0.001
R2 (correlation coefficient) 0.96 0.99
SE 0.007 0.003
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Fig. 7. Adsorption isotherm of Cr(VI) ion onto the Fe3O4/CTAB nanocomposite
plotted by (a) Langmuir model and (b) Freundlich model.
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Equilibrium modeling
The common isothermmodels (Langmuir and Freundlich), were

used to describe the adsorption of Cr(VI) ion on the Fe3O4/CTAB
nanocomposite. Langmuir model supposed that all the adsorption
sites of the adsorbent have the same binding energy and every site
joints to only one adsorbate [35].

The linearized Langmuir isotherm is given by Eq. (6):
Ce

qe
¼ 1

qmb
þ Ce

qm
ð6Þ

where qe is the equilibrium adsorption capacity of the adsorbent in
mg (metal)/g (adsorbent), Ce is the equilibrium concentration of
metal ions in mg/L, qm is the maximum amount of metal adsorbed
in mg (metal)/g (adsorbent), and b is the constant that belongs to
the bonding energy of adsorption in L/mg.

On the other hand, Freundlich isotherm assumes heterogeneity
of binding energies of adsorption sites [35]. The linearized Fre-
undlich isotherm is given by Eq. (7):

log qe ¼ logKf þ 1
n
logCe ð7Þ

where qe is the equilibrium adsorption capacity of the adsorbent in
mg (metal)/g (adsorbent), Ce is the equilibrium concentration of
heavy metal ions in mg/L, Kf is the constant refers to the adsorption
capacity of the adsorbent in mg/L, and n is the constant linked to the
adsorption intensity.

Usually, for the valuation of preeminent fit, values of correlation
coefficients (R2) of linear plots of the two models are compared.
The correlation coefficient is higher (R2 = 0.99) in the case of apply-
ing a Langmuir model (Fig. 7a) than Freundlich model (R2 = 0.95) as
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shown in Fig. 7 (b). The correlation coefficients and other parame-
ters for both models are presented in Table 3.

Effect of interfering ions
Some anions can compete with Cr(VI) at the adsorption process

by the nanoparticles. As Fe3O4/CTAB nanocomposite gives a better
adsorption results, it was applied to investigate the effect of com-
petitive anions at a pH 4 and at a contact time 12 h. As can be seen
from Fig. 8 the Cr(VI) ions abolition percentage was 94.89, 93.56,
and 90.68% in the existence of SO2�

4 , NO�
2 or PO3�

4 (20 mg/mL),
respectively. These values are very close to the obtained results
without competitive ions under the same conditions (95.77%).

Wastewater field sample test
Real samples (three replicates) were collected from Ternaries

area, Fom El-Khaleg, Cairo Governorate-Egypt. The test was per-
formed to investigate the nanocomposite efficiency in the field
applications. The Fe3O4/CTAB composite was chosen for field appli-
cation at the optimized conditions (12 mg/mL dosage at pH 4) that
was used in the model sample. The results in Fig. 9 reveal a high
removal % of Cr(VI) (94.636%) from the field samples compared
with the model samples (95.77%).

Discussion

Since the XRD analysis is used for phase identification of a crys-
talline material, the strongest reflection in Fig. 1 that proceeds
from the 311 plane is characteristic of the crystal cubic phase. Zhao
et al. obtained similar XRD planes when they have prepared Fe3O4

nanocomposite [36].
The FTIR analysis helps in interpreting reaction products. The

decrease in the intensity of CTAB IR bands in Fig. 2b could be
due to the dilution of CTAB during the functionalization process.
The existence of CTAB IR bands (Fig. 2b) at 3420, 2918, 2855, and
1630 cm�1 prove the capping of Fe3O4 by CTAB [37]. While the dis-
appearing of N+ACH3 absorption band at 1467 cm�1 (Fig. 2b)
showed that the ammonium moiety of CTAB interacted with
Fe3O4 nanoparticles.

In the TEM image (Fig. 3) there are few particles (upright cor-
ner) with a large diameter observed faceted particles. This is prob-
ably related to the high crystallinity of the particles and reflecting
the cubic phase of the Fe3O4 crystal, which agreed with the data
obtained from the XRD analysis.

In Fig. 4 the augmentation of Cr(VI) adsorption at the high
adsorbent dosage could be owing to the enhanced total surface
area and adsorption sites of the adsorbent at high dosages. Similar
results were obtained by Mahmoodi et al. when they applied zinc
ferrite nanoparticles and CTAB as an adsorbent for Direct Green
(DG6) and Direct Red dyes (DR31) and (DR23) [38].

From Table 1 it is evident that the acidic medium was superior
in Cr(VI) elimination than the basic medium. This may be due to in
acidic medium a positively charged composite by the action of the
protonated amino group (N+) of CTAB (zeta potentials of Fe3O4/
CTAB are positive at pH < 6.4) easily adsorb negative HCrO4

� ions
through electrostatic attraction [24]. On the other side at basic
pH, the excess of OH�ions in the alkaline solution can compete with
the metal ions in binding with anion-exchange sites of the Fe3O4/
CTAB composite and cause a repulsion force between the adsor-
Table 3
Langmuir and Freundlich isotherm parameters for Cr(VI) adsorption on Fe3O4/CTAB nano

Langmuir model

qm (mg/g) b (L/mg) R2 SE

18.5 0.001 0.99 0.001
bent surface and the Cr(VI) metal ion [8]. Moreover, it was reported
that electrons can transfer from the Fe2+ (located in the core of
Fe3O4 MNPs) to Cr(VI). This resulting in the reduction of Cr(VI)
which can precipitate as insoluble Cr(III) hydroxide on the mag-
netite surface [39]. Free radical electrons can be formed due to
the magnetic field generated by MNPs around themselves. This is
visible from the removal results of composite nanoparticles in
alkaline pH 9. The same amount of the nanoparticles (4 mg/mL)
eliminates 13.5% when applying Fe3O4/CTAB, which is less than
that of the bare Fe3O4 nanoparticles (19.57%).

It is supposed that there is an electrostatic attraction between
CTAB on the surface and Cr(VI) ions in the solution. This can
composite.

Freundlich model

Kf n R2 SE

0.87 1.64 0.95 0.06
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enhance the chemical adsorption of HCrO4
� anions in the solution

by iron cations in the core of MNPs. Chemical adsorption of Cr
(VI) was reported before by Huang et al. when they are applying
magnetic nanoparticles/multi-wall carbon nanotubes composite
for adsorption of Cr(VI) in wastewater [40].

The adsorption isotherm models (Fig. 7) suggest the homoge-
neous metal ion adsorption activity. It may result from the similar
adsorption sites of CTAB on the surface of Fe3O4 nanoparticles that
have identical metal-binding energies.

The presence of the competitive ions such as sulfate, phosphate
or nitrite at concentrations ranged from 1.0 to 20.0 mg/L does not
give a significant effect on the adsorption of Cr(VI) ions. Thus, com-
petitive adsorption of these metal ions from their binary solutions
showed significant indication of high selectivity of Fe3O4/CTAB to
Cr(VI) ion.

Applying Fe3O4/CTAB to wastewater field sample showed com-
parable Cr(VI) removal efficiency to that obtained in the model
sample. Thus Fe3O4/CTAB can be introduced for real implementa-
tion in field application with high Cr(VI) elimination aptitude.

Conclusions

The removal of Cr(VI) from wastewater is strongly pH depen-
dent. It was also influenced by the Fe3O4/CTAB composite or the
Fe3O4 nanoparticles amount. Contact time after 2 h or the compet-
itive anions (20 mg/L) does not have a great effect on the adsorp-
tion of Cr(VI). For Cr (VI), the maximum adsorption was achieved
at pH 4 and contact time 12 h using 12 mg/mL Fe3O4/CTAB. From
this study, it can be concluded that the composite of Fe3O4/CTAB
has high efficiency in remediation of wastewater with the advan-
tage of low-cost and easy collection from the Cr(VI) contaminated
wastewater. In future, this composite will be supported on a poly-
mer thin film for easier reusing or recycling purposes without loss.
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