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ABSTRACT

In the present work, the CeO,/CuFe,O, nanofibers with the structure of CuFe,O, as the
core and CeO, nanoparticles as the outer layer were prepared. This novel nanostructure
was characterized by X-ray diffraction analysis, Fourier transform infrared spectroscopy,
and scanning electron microscopy (SEM). The sizes of CeO,/CuFe,O, nanofibers deter-
mined from the SEM images were 100 nm. The obtained nanocomposite was used to inves-
tigate adsorption of Pb(Il), Ni(Il), and V(V) ions from aqueous solutions. Contact time, pH,
initial metal concentration, and temperature were optimized to improve the removal effi-
ciency. The adsorption equilibrium and kinetic data were modeled with classical and
recently developed models. Maximum adsorption capacity of Pb(II), Ni(Il), and V(V) on
Ce0,/CuFe,0, nanofibers were 972.4, 686.1, and 798.6 mg g ', respectively. The results
showed that the synthesized nanocomposite could be considered as an efficient adsorbent

in the field of wastewater treatment.
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1. Introduction

Contamination of water systems with heavy metals
received an increasing attention in the last decades.
Heavy metals are generally considered to be one of
the most important inorganic pollutants due to their
toxicity toward living organisms [1]. Of all the heavy
metals, lead (Pb), nickel (Ni), and vanadium (V) are
carcinogenic and non-biodegradable substance, and it
is commonly detected in textile dying, petroleum
refining, tanneries, steel, ceramic, glass, galvanization,
smelting, and mineral processing wastewater [2,3].

*Corresponding author.

The presence of metal ions in drinking water can
cause adverse effects in humans such as anemia,
encephalopathy, nausea, diarrhea, headache, cancer of
lungs, dermatitis, hepatitis, nephritic syndrome the
kidneys, and the dysfunction of reproductive and cen-
tral nervous system. According to the World Health
Organization (WHO), the permissible limit of Pb, Ni,
and V for drinking water is 0.01, 0.1, and
0.015 mg L™, respectively [4-6]. Up to now, research-
ers have tried to remove heavy metal ions by various
methods, including membrane separation, precipita-
tion, ion-exchange, electrochemical reduction, reverse
osmosis, and adsorption [7,8]. Among them, adsorp-
tion is an easy and economic process due to its high
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selectivity, simplicity of design, and separation of
various pollutants [9].

Nanomagnetic materials are considered potential
adsorbents for removal of pollutants due to their high
surface area and the unique advantage of easy separa-
tion under external magnetic fields. Several reports
have been published on the using of various types of
nanomagnetic materials for removal, separation, and
determination of dyes and metal ions [10].

Nanocrystalline ferrites with the general formula
MFe,O4 (M = Mn, Co, Ni, Cu, or Zn) are very impor-
tant magnetic materials because of their interesting
magnetic and electrical properties with chemical and
thermal stabilities. Among the ferrites, copper ferrites
(CuFe,O4) have attracted much fundamental and
applied research attention owing to its wide applica-
tions in sensors, electronics, catalysts, and removal of
heavy metals. CuFe,O4 with an inverse spinel struc-
ture shows ferrimagnetism that originates from mag-
netic moment of anti-parallel spins between Fe®* ions
at tetrahedral sites and Cu®* ions at octahedral sites
[11,12].

So far, most reported nanostructures CuFe,O, are
in the form of nanoparticle, while only few studies
reported on other nanostructured forms of nanowalls,
aligned nanorod arrays, nanofibers and nanorods, and
nanowires. CuFe,O, nanofibers have attracted an
increasing interest in the construction of sensors and
nanocomposites because of their good biocompatibil-
ity, large surface areas, super strong paramagnetic
property, low toxicity, and high adsorption ability.
CuFe,O4 nanofibers can be readily separated from
solution with an external magnetic field, showing
great potential for heavy metal removal from water
[13,14].

However, the basic disadvantages of these
CuFe,O4 nanofibers are the lack of selectivity in
removal of metal ions, which leads to other species
interfering with the target metal ion. Therefore, better
performance of the CuFe,O, nanofibers can be
obtained via surface modification using different types
of metal oxides such as MnQO,, Co3;0,, NiO, TiO,, and
Ce0,. Cerium dioxide (CeO,) is one of the most active
rare earth metal oxides and has been extensively used
in wastewater treatment, the separation and recycling
of this rare earth metal oxides like cerium oxide from
the mixture is still inefficient. If the cerium oxide
nanoparticles cannot be completely separated from the
mixture, they will cause the secondary pollution and
be not economical in applications [15,16].

In this manuscript, we have synthesized CuFe,O,
nanofibers by combining electrospinning technique,
subsequently, CuFe,O, nanofibers coated by CeO,
through the chemical precipitation process in order
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to improve adsorption capacity (CeO,/CuFe,O,4
nanofibers). These magnetic nanocomposites were
employed as an novel adsorbent for removal of Pb
(ID, NidI), and V(V) ions from water samples. The
effects of contact time, solution pH, and temperature
on the adsorption behavior of metal ions were inves-
tigated. Finally, kinetic and isotherm of adsorption
were evaluated.

2. Materials and methods
2.1. Chemical and reagents

All chemicals were of analytical reagent grade or
the highest purity available from Merck (Merck,
Darmstadt, Germany). Double-distilled water was
used throughout the study. Stock solutions of Pb(ID),
Ni(I), and V(V) (1,000 mg L") were prepared by dis-
solving appropriate amount of Pb(NOj3);, Ni
(NO3),:6H,O, and NH4VO; in double-distilled water.
Metal solutions of different initial concentrations were
prepared by dilution of 1,000 mg L™". Glassware was
soaked in 10% nitric acid for 12 h and rinsed three
times with double-distilled water prior to use.

2.2. Apparatus

All pH measurements were made with a 780 pH
meter (Metrohm, Switzerland) combined with a glace-
calomel electrode. The crystal structure of synthesized
materials was determined by an X-ray diffraction
(XRD) (38066 Riva, d/G.via M. Misone, 11/D (TN)
Italy) at ambient temperature. The structure of the
nanoparticles was characterized by a scanning electron
microscope (SEM-EDX, XL30, and Philips Netherland).
Fourier transform infrared spectroscopy (FI-IR) spec-
tra (4,000-400 cm ) in KBr were recorded on Perkin
Elmer, spectrum100, FT-IR spectrometer. Specific sur-
face area and porosity were defined by N, adsorp-
tion-desorption = porosimetry (77 K) using a
porosimeter (Bel Japan, Inc.).

2.3. Sample analysis

The concentration of metal ions was determined by
inductively coupled plasma optical emission spec-
trometry (ICP-OES) (Varian 710-ES, Australia).

2.4. Preparation of CuFe;O,4 nanofibers

In a typical procedure, 1.0 g of poly(vinyl pyrroli-
done) (PVP) was dissolved in a mixture of ethanol
(9.0 ml) and double-distilled water (2.0 ml), followed



F. Talebzadeh et al. | Desalination and Water Treatment 57 (2016) 28363-28377

by magnetic stirring for about 5h to ensure the
dissolution of PVP. Then 1.6160 g of ferric nitrate
(Fe(NO3)3:9H,O) and 0.3993 g of copper acetate
(Cu(CH;COO0),9H,0) with the molar ratio of 2:1
were added to the above solution and magnetically
stirred for about 24 h at room temperature. The solu-
tion was loaded into a plastic syringe with a stainless
steel needle and the feeding speed of 0.6 ml/h was
controlled by a syringe pump during the electrospin-
ning process. While applied voltage was 17 kV
between the positive and negative electrodes with the
distance of 18 cm. The obtained precursor nanofibers
were dried at 90°C for 20 h and subsequently calcined
at 600°C with a heating rate of 2°C/min for 2h at
ambient atmosphere to form magnetic CuFe,O,
nanofibers [17].

2.5. Preparation of CeO,-coated CuFe,O4 nanofibers
(CeO,/CuFe;O4 nanofibers)

CeO,/CuFe;O, nanofibers were synthesized via a
chemical precipitation method. First, about 0.40 g of
CuFe,O, nanofibers and 1.0 g of Ce(NO3);-6H,O were
dispersed in double-distilled water (100 ml) and then
sonicated for 30 min, followed by adding 200-ml
NaOH under continuously stirring with the flow rate
of 1.0 ml/min to form the precipitate. After vacuum
filtration, the precipitate was washed with double-
distilled water and ethanol for several times and then
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dried at 120°C for 4 h. The nanocomposite was formed
by calcination of the dried precipitate at 600°C for 1 h
at ambient atmosphere (Fig. 1(a)).

2.6. Point of zero charge of the adsorbent (pHpzc)

The point of zero charge (PZC) is a characteristic
of metal oxides (hydroxides) and of fundamental
importance in surface science. It is a concept relating
to the phenomenon of adsorption and describes the
condition when the electrical charge density on a sur-
face is zero. The pHp,. for the adsorbent was deter-
mined by introducing 0.005 g of adsorbent into 100-ml
Erlenmeyer flasks containing 0.01 molL™" NaNO;
solutions. The pH wvalues of the solutions were
adjusted between 3.0 and 8.0 using solutions of HNOj;
and NaOH. The solution mixtures were allowed to
equilibrate in an isothermal shaker (25°C) for 24 h.
The final pH was measured after 24 h. The pH,,. is
the point where the pHipnitial = PHfina1 [11].

2.7. Batch adsorption experiments

Metal removal experiments with 0.005g of
CeO,/CuFe;O,4 nanofibers were performed in 25-ml
stoppered conical flask containing 10 ml of metal ions
solution (30 mgL™"). The pH of the solution was
adjusted to 2.0-11, using 0.1 mol L™ HCl and/or
0.1molL™" NaOH solutions. The mixture was
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Fig. 1. Schematic diagram for (a) synthesis of the CeO,/CuFe,O4 nanofibers and (b) the adsorption mechanism of metal

ions.
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agitated in a temperature-controlled shaking water
bath at a constant speed of 180 rpm. Samples were
withdrawn, metal-loaded nanocomposites were sepa-
rated with magnetic decantation and the concentra-
tions of the metal ions that remained in the solution
were determined by ICP-OES analysis. The metal
removal efficiency was calculated using the following
equation:

Metal removal efficiency (%) = COC_ Ce x 100 (1)
0

where Cp and C. (mg L™Y) were the initial and final
metal concentrations.

Adsorption isotherm studies were carried out by
adding 10 ml of different initial concentrations of Pb
) (30-220 mg L"), Ni(ID) (30-250 mg L"), and V(V)
(30-250 mg L™") solution to 0.005g of adsorbent at
25°C. The samples were shaken in a water bath shaker
at 180 rpm until equilibrium was achieved. After that,
the adsorbent was separated from the solution by
magnetic decantation and the equilibrium concentra-
tion of metal ions in the bulk (C.) was determined
using an ICP-OES analysis. The amount of adsorbed
Pb(ID), Ni(I), and V(V) ions per unit mass of adsor-
bent at equilibrium g. (mgg™'), was calculated using
the following equation:

jo =@V ®

where Cy and C. (mgL™") are the initial and equilib-
rium concentrations, respectively, V (L) is the vol-
ume of solution, and W (g) is the weight of
adsorbent.

The Kkinetic adsorption experiments were per-
formed at three different initial concentrations of Pb
(I, Ni{I), and V(V) (30, 50, 70 mg L™Y. In each con-
centration, 10 ml of metal solution was added in to
0.005 g of adsorbent. The samples were placed in a
shaker at 180 rpm at temperature 25°C and the con-
centration of metal ions at different time intervals (C,)
was determined with ICP-OES analysis. The amount
of adsorbed Pb(Il), Ni(II), and V(V) ions per unit mass
of adsorbent at different times g, (mg g”'), was calcu-
lated using the following equation:

Co—-C)V
g = % (3)
where Cy and C; (mg L™") are the liquid phase concen-
trations of Pb(II), Ni(Il), and V(V) ions at initial and
any time ¢, respectively.
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2.8. Preparation of real samples

In order to demonstrate the applicability and relia-
bility of the method for real samples, three samples,
including tap water, river water, and petrochemical
wastewater were prepared and analyzed. Tap water
samples were taken from our research laboratory
(Islamic Azad University, Hamedan Branch, Iran) and
river water samples collected from polluted sites of the
river on the Hamedan, where a cement plant is in oper-
ation nearby. River water and petrochemical wastewa-
ter were collected in a 2.0 L PTFE bottle. All samples
filtered through a filter paper (Whatman No. 40) to
remove suspended particulate matter.

3. Results and discussion
3.1. Characterization of adsorbents

The XRD pattern of CuFe,O4 nanofibers (a) and
CeO,/CuFe,O, nanofibers (b) is shown in Fig. 2. As
shown in Fig. 2(a), the XRD pattern of CuFe,O4 nano-
fibers calcined at 600°C presented three intense diffrac-
tion peaks at 260 angle of 34.718°, 35.861° and 62.156°,
being well matched with the published JCPDS data
(JCPDS card, file no. 34-0425) for the tetragonal
CuFe;,O,. However, a second phase of CuO
(26 =38.5°, JCPDS card, file no. 045-0937) was also
found in the calcined samples. The presence of CuO
may be due to the precipitation of Cu by PVP in the
solution and/or the as-spun nanofibers and then the
CuO phase was formed after calcination. Compared
with Fig. 1(a), after coated with CeO, nanoparticles,
the peaks of CuFe,O, disappear, while the diffraction
peaks of CeO, (26 = 28.68°, 33.38°, 47.84°, 56.48°, 76.86°,
and 79.10° (JCPDS card, file No. 34-0,394)) occur
(Fig. 2(b)).

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (Degree)

Fig. 2. XRD patterns of CuFe,O, nanofibers (a) and
CeO,/CuFe,O4 nanofibers (b).
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Fig. 3 shows the scanning electron microscopy (SEM)
images of CuFe,O,4 nanofibers and CeO,/CuFe,O4 nano-
fibers. From these SEM images, it is obvious that the
nanofibers show an average diameter of 100 nm. As
shown in Fig. 3, the CeO, nanoparticles are distributed
on the orifices and surface of nanofibers. These nanofi-
bers can effectively prevent the aggregation of nanopar-
ticles, and the composite nanofibers band together to
form abundant meso/macropores. Therefore, these
porous structures will be helpful for adsorption and
storage enhancement, with a high adsorption capacity of
adsorbent.

The FT-IR spectra of CeO, nanoparticles (a),
CuFe,O4 nanofibers (b) and CeO,/CuFe,O, nanofibers
(c) are shown in Fig. 4. The FT-IR spectra show main
absorption bands at 585 cm™'!, corresponding to the
vibration modes of all spinel compounds. The ferrite
can be considered as continuously bonded crystals,
via ionic, covalent, or van der Waals force, to the near-
est neighbors. In ferrite, the metal ions can be situated
in two different sublattices, namely tetrahedral and
octahedral according to the geometrical configuration
of the oxygen nearest neighbor. The band around
585 cm ™' is attributed to stretching mode of tetrahe-
dral complexes. The absorption broad band at
3,400 cm™' represents the stretching mode of H,O
molecules and OH groups. The band around
1,600 cm ™" corresponds to the bending mode of H,O
molecules (Fig. 4(b) and (c)) [15].

Specific surface areas are commonly reported as
BET surface areas obtained by applying the theory of
Brunauer-Emmett-Teller (BET) to nitrogen adsorp-
tion/desorption isotherms measured at 77 K. This is a
standard procedure for the determination of the speci-
fic surface area of sample. The specific surface area of
the sample is determined by physical adsorption of a
gas onto the surface of the solid and by measuring the
amount of adsorbed gas corresponding to a

CuFe054
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monomolecular layer on the surface. The data are trea-
ted according to the BET theory [18,19]. The results of
the BET method showed that the average specific sur-
face areas of CuFe,O, nanofibers and CeO,/CuFe,O,
nanofibers were 168.7 and 190.2 m* g, respectively. It
can be concluded from these values that the synthe-
sized nanocomposite have relatively large specific sur-
face areas. It can also be seen that the coated CeO,
nanoparticles will enhance the adsorption capacity
due to a higher specific surface area and a larger
amount of mesopores.

3.2. Adsorption isotherms

The effect of initial metal concentration on
CeO,/CuFe,O4 nanofibers was studied at various con-
centrations of Pb(II), Ni(II), and V(V) solutions from 30
to 250 mg L' at temperatures of 25°C. The results are
shown in Fig. 5. As can be seen, at low initial metal ion
concentrations, the available active sites on the adsor-
bent were rapidly occupied by metal ions. But, as the
initial concentrations of Pb(I), Ni(II), and V(V) ions
increased, most of the vacant available active sites
became occupied. Also, the initial Pb(II), Ni(Il), and V
(V) concentrations provided a larger driving force to
overcome the mass transfer resistance of Pb(II), Ni(Il),
and V(V) between the aqueous and solid phases.

Adsorption isotherms describe how different kinds
of pollutants interact with adsorbents and, therefore,
are very important in the clarification of adsorption
mechanisms as well as in determining the equilibrium
adsorption capacity and its influence on the surface
properties on adsorption. Hence, adsorption isotherms
are essential in the design of batch adsorption systems.
In this study, the Langmuir (L), Freundlich (F), Temkin
(T), Redlich-Peterson (R-P), Langmuir-Freundlich
(L-F), and Brouers-Sotolongo (B-S) adsorption iso-
therms were used to fit the experimental data.

Fig. 3. SEM images of CuFe,O4 nanofibers and CeO,/CuFe,O, nanofibers.
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Fig. 4. FT-IR spectra of CeO, nanoparticles (a), CuFe,O4 nanofibers (b), CeO,/CuFe,O4 nanofibers (c).
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Fig. 5. Adsorption isotherm of (a) Pb(II), (b) Ni(II), and (c) V(V) onto CeO,/CuFe,O, nanofibers.

Langmuir isotherm is often used to describe neous surface with finite number of identical sites
adsorption of solute from liquid solutions and this [20]. The non-linear form of Langmuir isotherm model
model assumes monolayer adsorption onto a homoge-  is given as follows:
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Im KL Ce

e = 1+ K Ce @
where g, (mgg™") and Ky (L mg ') are known as
Langmuir constants and referred to maximum adsorp-
tion capacity and affinity of adsorption, respectively.
In order to predict the favorability of the adsorption
process, the essential characteristic of Langmuir equa-
tion can be described using the dimensionless separa-
tion factor Ry, which can be defined as follows:

1

Ri=—
L 1+KLCO

5)

where C, is the maximal initial concentration of metal
ion (mgL™"). Ry indicates that the nature of the
adsorption process. If Ry, > 1, the isotherm is unfavor-
able, Ry =1, the isotherm is linear, 0 < R} < 1, the iso-
therm is favorable, R, = 0, the isotherm is irreversible.

The Freundlich model assumes that the uptake or
adsorption of solute occurs on the heterogeneous sur-
face [21]. The non-linear form of Freundlich isotherm
presented as follows:

de = KF(Ce)l/n (6)

where Kr (mg'~"/"”L!"/g) is Freundlich constant and
n indicating adsorption heterogeniety.

The Temkin isotherm shows the effects of indirect
interactions between adsorbate molecules based on the
assumption that the heat of adsorption of all mole-
cules in the layer would decrease linearly with surface
coverage [22]. Tempkin isotherm model is:

ge = B In(AC,) 7)

where B = RT/b and b (J mol™) is the Temkin constant
related to the heat of adsorption; A (L mg™') is the
Temkin isotherm constant.

Redlich and Peterson (R-P) proposed an isotherm
compromising the features of the Langmuir and the
Freundlich isotherms. Redlich-Peterson is one of the
three-parameter equations [23]:

_ kaP Ce

=—7 (8)
1+ aCe

€

where kg_p (L g_l), a, B are the Redlich-Peterson con-

stants. f is the parameter which is between 0 and 1.
The other isotherm model used for modeling of

equilibrium adsorption data is Langmuir-Freundlich
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isotherm. The Langmuir-Freundlich isotherm model is
obtained by introducing a power law expression of
the Freundlich isotherm into the Langmuir isotherm.
At low adsorbate concentrations, it reduces to Fre-
undlich isotherm; while at high concentrations, it pre-
dicts a monolayer adsorption capacity characteristic of
the Langmuir isotherm [24]:

EIm(KL—FCe)l/H 9
e = o 9
1+ (KL—F Ce)
where Ki_g (L mg_l) and # are constants.
Brouers-Sotolongo proposed an isotherm for
heterogeneous surface containing micro cores [25]. Its
expression is given as follows:

qe = qm(l - eXP(—kB—sCil)) (10)
where g,,, is the maximum adsorption capacity, C. and
kgs are equilibrium concentration (mg LY and
Brouers—Sotolongo isotherm constant, respectively.
The exponent is a measure of the width of the adsorp-
tion energy distribution and therefore of the energy
heterogeneity of the adsorbent surface.

Fitting parameters for the Langmuir, Freundlich,
Temkin, Redlich-Peterson, Langmuir-Freundlich, and
Brouers-Sotolongo (B-S) isotherm models are listed in
Table 1. It was found that higher correlation coeffi-
cients value (2 =0.990 for Pb(ID), #* = 0.992 for Ni(ID),
and 7 =0.991for V(V)) and smaller RMS error value
of Langmuir-Freundlich isotherm compared to the
similar value of other applied model confirm the high
efficiency of Langmuir-Freundlich isotherm to repre-
sent the experimental data. This means that adsorbent
provides a heterogeneous surface, i.e. there are differ-
ent active sites for adsorption. The results of fitting by
this isotherm are shown in Fig. 5. The obtained maxi-
mum adsorption capacities for Pb(I), Ni(Il), and V(V)
ions on the CeO,/CuFe,O4 nanofibers are 972.4, 686.1,
and 798.6 mgg ', respectively. Adsorption capacity
increased in the sequence of Pb(I) > V(V) > Ni(D),
where the different adsorption capacities may be due
to disparity in cations radius and interaction enthalpy
values. The adsorption capacities of different types of
adsorbents for Pb(II), Ni(II), and V(V) ions are summa-
rized in Table 2. It is evident that the CeO,/CuFe,O,
nanofibers used in this work have a larger adsorption
capacity than many reported adsorbents.

Based on the results described, we propose that
two adsorption mechanisms may be involved in
the process of Pb(Il), Ni(Il), and V(V) ions adsorption
on CeO,/CuFe,O; nanofibers: chemical binding
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Table 1
Obtained parameters for adsorption of metal ions onto
CeO,/CuFe,O,4 nanofibers

Metal cations

Isotherm  Parameters Pbd) Ni(I)  V(V)
L Gm (mg g ") 8609  807.69  850.9
Ki(L mg ™" 0.111  0.042  0.072
Ry 0300 0793  0.462
r 0.9957  0.9701  0.9960
RMS error 11.566 38.892 15.826
F K (Lmg" V" /g) 1745 10589 1503
n 0368 0397  0.366
r? 09729 08730 0.9172
RMS error 41.06 80278 67515
T B 1715 1835  181.79
A (L mg™ 1.383 0368  0.734
r 09970  0.9575  0.9859
RMS error 8231 46389 27.788
B-S Jm(mg g ") 8144 6388  729.1
a 0692  1.180  0.886
Kps (L mg™)* 0.156  0.025  0.085
7 0.9958  0.9894  0.9964
RMS error 11231 15520 14517
L-F Im (mg g™ 9724 6861  798.6
Kip Lmg " 0079  0.058  0.084
n 1227 0659  0.867
r 09982  0.9920  0.9974
RMS error 7.765 12.520 9.826
R-P Krp (L g™ 1251 2314 5476
o (Lmg H'” 0236  0.003  0.044
B 0884 1453  1.083
r 09962 09861  0.9969
RMS error 10221 16301  14.121
Table 2

F. Talebzadeh et al. | Desalination and Water Treatment 57 (2016) 28363-28377

adsorption and electrostatic binding adsorption. Con-
sidering the presence of H" (from hydroxyl group) or
Na* on the surface of CeQ,/CuFe,O, nanofibers, it
was believed that Pb(II), Ni(II), and V(V) ions could
exchange with H* ions or Na" ions and then bonded
with O atoms. Meanwhile, the negative charged
CeO,/CuFe,O, nanofibers with deprotonated hydro-
xyl groups had an electrostatic attractive interaction
with Pb(I), Ni(Il), and V(V) ions (Fig. 1(b)). Similar
adsorption mechanisms were also proposed by SDS-
coated magnetite nanoparticles modified with 24-
DNPH [26] and zinc oxide nanoparticles (ZnO) [27].

3.3. Adsorption kinetics

The effect of contact time on the adsorption capac-
ity of CeO,/CuFe,O, nanofibers for removal of Pb(ID),
Ni(I), and V(V) ions was carried out at temperature
25°C and initial metal concentration of 30 mg L™". As
shown in Fig. 6, the adsorption equilibrium for Pb(I),
Ni(I), and V(V) ions was fast and was achieved
within 70 min. Generally, the adsorption of Pb(II), Ni
(II), and V(V) ions by CeO,/CuFe,O, nanofibers
showed two stages: a rapid adsorption stage of the
first 40 min, and a slower stage of 40-70 min. At the
start of the adsorption, metal ions removal can be
rapid surface adsorption (external surface adsorption).
In the later slower stage, adsorption mainly occurred
via transportation of surface-adsorbed metal ions to
the internal adsorption sites of the adsorbent (internal
surface adsorption). Meanwhile, part of external sites
were released and cycled for next adsorption. After
70 min, the adsorption reached equilibrium.

Comparison of maximum adsorption capacity (g,,) of different adsorbents for Pb(II), Ni(II), and V(V)

Maximum adsorption capacity

-1
Adsorbent mgs ) Refs.
Pb(II) NidII) V(V)
Amine-functionalized mesoporous Fe;O, nanoparticles 369 - - [28]
Oxidized multi-walled carbon nanotubes - - 100 [29]
Magnetic y-Fe,O;/titanate nanotubes composite 223.7 - - [30]
Chitosan-zirconium (IV) composite - - 208 [6]
EDTA functionalized magnetic graphene oxide 508.4 - - [31]
Thiol modified Fe;0,@5iO, - 148.8 - [32]
Al(OH);/(PAA-CO-PAM) sub-microspheres 106.2 - - [33]
Protonated chitosan flakes - - 2.58 [34]
Chitosan-modified poly(methacrylate) nanoparticles - 340 - [35]
Mg-Al layered double hydroxides/MnO, 49.87 - - [36]
CeQO,/CuFe,O4 nanofibers 972.4 686.1 798.6 This work




F. Talebzadeh et al. | Desalination and Water Treatment 57 (2016) 28363-28377 28371
(@) 350 (b) 350
3004 300 4 ]
o
a
2504 250
7, 2001 Ty 200
g g
=
~— 1504 0 ~ 150
o o
100 0 30mgL' 100 0 30mgl
5 30 mg
A 50 mg Ii,‘ A 50mg r
50 4 @ 70mgL 50 o 70mgL!
—— FL-PSO-Pb(I) — FLPSO-Ni(I)
0 T T T T T T T 0 T T T T
0 20 40 60 80 100 120 140 160 0 50 100 150 200 250
t (min) t (min)
(©) 350
300 -
250 -
A
< 200 4
=1
£
<. 150 {
0y
100 4 o 30mglL’
A 50mgL’
50 O 70mgL’
—— FL-PSO-V(V)
0 . . . .
0 50 100 150 200 250

t (min)

Fig. 6. Experimental kinetic data for the adsorption of (a) Pb(Il), (b) Ni(I), and (c) V(V) by CeO,/CuFe,O, nanofibers at
different initial concentrations. Lines represent the FL-PSO model fitted to the data.

Kinetic models are a significant aspect of adsorp-
tion studies and define the efficiency of the adsorption
process. Kinetic models are proposed for a better
understanding of the mechanism of adsorption. In
order to investigate the adsorption behaviors of Pb(ID),
Ni(I), and V(V) ions with the adsorbent, six kinetic
models (pseudo-first-order (PFO), pseudo-second-
order (PSO), Elovich (E), mixed 1,2-order (MOE),
Exponential (EXP) and fractal-like pseudo-second-
order (FL-PSO)) have been employed to simulate the
experimental data by non-linear method.

Pseudo-first-order equation is one of the most pop-
ular and empirical models for adsorption kinetics
which presented by Lagergren [37]. The integrated
form of this model can be given as follows:

9: = q.(1 — exp(~kit) an
where g; and g. (mg g™') are the amount of adsorbed
species per unit mass of adsorbent at any time (f) and
at equilibrium, respectively. k; (min™') is the pseudo-
first-order rate constant.

Another simple and well-known kinetic model
which is used extensively in recent years is pseudo-

second-order equation [37]. The integrated form of this
equation is:

kz []Zt
— e 12
" Y ko t 12
where k, (g mg ™' min) is the rate coefficient.
The mixed 1,2-order, that is the combination of
first- and second-order equations, is expressed by [38]:

1 —exp(—kit)
—g,— VM 1
9= 9T Fy exp(—kif) (13)
where F, (F; <1) is determining the share of second-
order term in the order rate equation.

k2 q,

Fp=——2-°¢
2 ki + koq,

, Fi+F =1 (14)

In order to investigate the adsorption of pollutants
from aqueous solution, Elovich rate equation has been
widely used [39]. The integrated form of Elovich
equation is expressed as follows:
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9, = élnﬂ + abt) (15)

where a and b are equation constants. Mainly, Elovich
equation is applied to describe chemical adsorption
onto heterogeneous adsorbent surfaces.

Exponential model is one of the new empirical
models which are suitable for modeling of adsorption
kinetic onto both homogeneous and heterogeneous
solid surfaces [40]. Its integrated form is:

gt = qe In[2.72 — 1.72] exp(—k} t) (16)
where k{ is constant.

One of the recently developed kinetic models for
adsorption is the fractal-like pseudo second-order
model, which was presented for the systems with dif-
ferent paths of adsorption [41]. The integrated form of
this equation is:

ks get*
qr = W 17)
where k) is a constant.

The parameters obtained by non-linear (fitting
using different kinetic models were summarized in
Table 3. Based on correlation coefficient values
(** > 0.99) and the RMS error value, the FL-PSO kinetic
model agreed well with the adsorption of Pb(II), Ni
I, and V(V) ions onto CeO,/CuFe,O; nanofibers.
Following of kinetic data by this model means that the
adsorption sites changes with time due to surface
heterogeneity of adsorbent. Comparison of a value of
the FL-PSO model at different concentrations indicates
a small increase in a with concentration and approach-
ing to unity. This means that by increasing the concen-
tration the number of paths for adsorption decreases,
and at high concentrations the adsorbates are directly
adsorbed onto active sites. In addition, the obtained
Je(cany Values by FL-PSO model matched well with the
experimental feexp)- The results of fitting by the
FL-PSO models are shown by solid lines in Fig. 6.

3.4. Effect of solution pH

pH of the solution in the adsorption process of
metal molecules can affect both aqueous chemistry
and surface-binding sites of the adsorbent. The effect
of the pH on the removal efficiency of Pb(Il), Ni(ID),
and V(V) ions was studied in the pH range from 2.0
to 11 for initial metal ion concentration of 30 mg L™".
As shown in Fig. 7, the maximum removal efficiencies
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were obtained at pH of 7.0 for Pb(II), Ni(I), and 6.0
for V(V), with the values of 99.4, 925, and 94.5%,
respectively.

The adsorption curve of Pb(I), Ni(I), and V(V)
ions onto CeQO,/CuFe,O, nanofibers can be divided
into three regions. In the first region (pH 2.0-6.0), the
adsorption efficiency of Pb(II), Ni(Ill), and V(V) ions
sharply increases when the pH increases from 2.0 to
6.0. In the second region, when the pH values increase
from 6.0 to 8.0, the corresponding adsorption efficiency
has no obvious change and nearly maintains the maxi-
mum value. When the pH is above 8.0, the removal of
Pb(ID), Ni(I), and V(V) ions gradually decreases along
with the increase in the pH values (third region). The
variations of adsorption efficiency can be attributed to
the different interactions between the CeO,/CuFe,O,
nanofibers and the metal ions. The solution pH not
only has great influence on the surface properties of
the CeO,/CuFe,O, nanofibers, but also exerts tremen-
dous effect on the existing forms of Pb(II), Ni(Il) and V
(V) ions. As for CeO,/CuFe,O4 nanofibers, the effects
of pH can be summarized into two aspects: the change
of surface charges and the dissociation of -OH groups.
According to the zeta potential test, the pHp,. for the
synthesized CeO,/CuFe,O, nanofibers is determined
to be 4.5 and this means that the surfaces will be posi-
tively charged when the solution pH is below 4.5. The
surfaces of CeO,/CuFe,O, nanofibers will become neg-
atively charged when the pH is above 4.5. Meanwhile,
the surface of CeO,/CuFe,O, nanofibers contains a
large number of binding sites and may become posi-
tively charged at low pH values because of the proto-
nation reaction on the surfaces (—ROH ) + H;i&
ROH, ). As the pH of solution increases, the
surfaces of CeO,/CuFe,O,; nanofibers will become
negatively charged because of the deprotonation reac-
tion on the surfaces (—ROH ) + OH@3§4 — ROgup) +
H,0).

When the pH is low (pH < 4.5), the surfaces of the
CeO,/CuFe;O, nanofibers are positively charged.
Under this condition, an electrostatic repulsion force
will exist between the metal ions and CeO,/CuFe,O,
nanofibers, preventing from Pb(I), Ni(II), and V(V)
adsorption onto the surface of CeO,/CuFe,O4 nanofi-
bers. While the pH value increases (pH >4.5), the
surfaces of CeO,/CuFe,O4 nanofibers became less pos-
itively charged, leading to the decrease in electrostatic
repulsion force, which will facilitate the adsorption of
Pb(I), Ni(II), and V(V) ions onto CeO,/CuFe,O4 nano-
fibers, resulting in the increase in adsorption efficiency
in the first region. In the second region (pH 6.0-8.0),
the removal of Pb(I), Ni(II), and V(V) ions is possible
to accomplished by the precipitation and simultaneous
adsorption.
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Table 3
Constant of kinetic models for adsorption of metal ions onto CeO,/CuFe,O, nanofibers
Metal cations
Pb(II) Ni(I) V(V)
Isotherm Parameters 30 50 70 30 50 70 30 50 70
PFO k; (min™?) 0.066 0.061 0.080 0.037 0.030 0.026 0.039 0.028 0.036
gde (mg g_l) 150.6 238.6 309.4 138.1 224 4 293.2 145.9 237.8 294.9
7 0.9722 09964 0.9804 0.9949 0.9915 0.9966 0.9929 0.9787 0.9621
RMS error 10.052 5.356 15362  3.687 7.358 6.176 4.354 11.49 18.74
PSO k, (g mg_1 min)  0.000 0.000 0.000 0.000 0.005 0.020 0.000 0.000 0.000
ge (Mg gfl) 175.9 278.9 351.8 161.4 266.3 354.6 170.3 283.3 340.2
r 0.9427 09889 09947 09772 09972 0.9973 0.9678 0.9920 0.9912
RMS error 14.440 9.459 7.985 7.850 4.224 5.481 9.272 7.045 8.992
E a 0.025 0.016 0.014 0.027 0.016 0.011 0.027 0.015 0.014
b 20.62 32.63 73.70 11.689 15.145 15.638 1549 17.32 36.29
7 0.8892 09571 0.9741 0.8504 0.8963 0.9722 0.9221 0.9927 0.9976
RMS error 20.079 18617 17.673 12.70 7.999 11.63 14.42 6.717 4.622
EXP 14 0.034 0.031 0.024 0.025 0.020 0.018 0.027 0.020 0.025
ge (mg g_l) 153.3 243.4 270.26 1404 229.5 301.2 148.3 243.7 300.8
r? 09598 09948 09890 0.9881 0.9963 0.9980 0.9839 0.9881 0.9787
RMS error 12.092 6422 11483 5.655 4.832 5.557 6.554 8.580 14.06
MOE F, 7.963 0.068 0.911 1.059 0.781 2.144 1.453 0.978 0.999
k; (min™?) 0.225 0.058 0.022 0.058 0.007 0.016 0.067 0.000 0.001
ge (Mg gfl) 145.1 239.1 338.6 135.9 244.2 650.1 143.1 288.8 347.4
7 0.9961 09964 0.9947 0.9982 0.9972 0.9985 0.9995 0.9913 0.9899
RMS error 3.892 5.570 8.331 2.835 4.354 4.216 1.131 7.706 10.13
FL-PSO a 0.521 0.737 1.215 0.225 0.218 0.754 0.356 0.434 0.915
ks 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.010
ge (Mg g’l) 147.0 238.5 334.0 135.2 228.0 300.2 144.5 242.4 318.5
r 0.9996 0.9991 0.9950 0.9987 0.9979 0.9987 0.9980 0.9951 0.9988
RMS error 1.254 2.808 8.089 1.938 3.982 3.793 2.423 5.739 3.347
Experimental data  ge(exp) 145.0 236.0 324.0 133.0 222.5 290.5 141.5 237.5 302.7

In the third region (pH 9.0-11), the hydrolyzed
species, such as Pb(OH)(z), Pb(OH);, Ni(OH);,
Ni(OH);", V303°, HVO3", and HV,0;  gradually
increase and become the primary species. Therefore,
the decrease in the removal percentage might be
ascribed to the reason that the complexation between
metal ions and CeO,/CuFe,O, nanofibers is weakened
and the difficulty in the adsorption of these species
onto the negatively charged surface.

3.5. Effect of temperature

Temperature mainly influences metal ion
adsorption by affecting the chemical structure of an
adsorbent surface, as well as the physical and chemi-
cal status of a solution. Therefore, controlling the
adsorption temperature is necessary to achieve the
optimal adsorption. In order to determine the effect of
temperature on the removal of Pb(II), Ni(I), and V(V)
ions by CeO,/CuFe,O, nanofibers, adsorption experi-

ments were tested at four temperatures (25, 35, 45,
and 55°C). Fig. 8 shows the removal percentage of Pb
(I and Ni(II) ions are found to enhance from 92.2 to
99.7 and 82.9 to 95.1, respectively, with rising tempera-
ture from 25 to 55°C. The results show that a better
adsorption performance could be obtained at a higher
temperature and higher temperature facilitates to
adsorption of metal ions. Therefore, the adsorption of
these metals onto CeO,/CuFe,O; nanofibers is
endothermic. This may result in increasing mobility
of metal ions and number of active sites on
CeO,/CuFe;O4 nanofibers for the adsorption with
increased temperature. Similar results for the metal
ions adsorption at various temperatures on graphene
oxide [5] and Chitosan-modified poly(methacrylate)
nanoparticles [35] have also been reported. Fig. 8
shows that the removal percentage of V(V) ions by
CeO,/CuFe,O4 nanofibers has been decreased with
increasing temperature. By increasing temperature
from 25 to 55°C, the removal percentage of V(V)
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the removal percentage of metal ions by CeO,/CuFe,O,4
nanofibers.

decrease from 98.3 to 78.5. These result indicate that
the adsorption of V(V) ions by CeO,/CuFe,O,4
nanofibers is an exothermic process.

3.6. Desorption and reusability

The stability and reusability of an adsorbent dur-
ing adsorption/desorption cycles are important factors
in designing large-scale applications from the environ-
mental and economic points of view. The metals
adsorbed on the surface of adsorbents can be recov-
ered by desorption with adequate eluents. In order to
obtain the optimum desorption performance,
desorption experiments were performed under batch
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Fig. 8. Effect of temperature on the removal percentage of
metal ions by CeO,/CuFe,O, nanofibers.
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Fig. 9. Effect of type of eluting agent on recovery (%) for
metal ions adsorbed onto CeO,/CuFe,O, nanofibers.

experimental conditions. In this study, desorption of
PbdI), Ni(Il), and V(V) from the adsorbent has been
done with various effluents such as 0.1 mol L'
NaOH, 0.1molL™" HNO; 0.1molL™" HCl, and
0.1 mol L™ HNOj3 + acetonitrite (1:1, V/V). Desorption
process was performed on loaded nanocomposite by
mixing loaded CeO,/CuFe,O4 nanofibers with 5mL
of different eluents in a beaker. The mixture was sha-
ken for 10, 15, 30, 40, and 50 min to reach desorption
equilibrium and nanocomposite were collected
magnetically from the solution. Then the concentration
of metals in the desorbed solution was measured by
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Results of adsorption of metal ions in various water samples under the optimum conditions (1 = 3)

Sample Metals Added (ug L™ Found (ug L™ Recovery (%)
Tap water Pb(II) 30 29.8 99.3
60 59.9 99.8
NidI) 30 28.9 96.3
60 60.1 100.1
V(V) 30 29.5 98.3
60 59.1 98.5
River water PbI) 30 30.2 100.6
60 59.6 99.3
Ni(II) 30 29.2 97.3
60 58.1 96.8
V(V) 30 30.1 100.3
60 58.9 98.1
Petrochemical wastewater PbI) 30 29.2 97.3
60 58.8 98.5
Ni(II) 30 28.5 95.5
60 53 88.3
V(V) 30 27.5 91.6
60 56.5 94.1

ICP-OES. The results for the metal ions desorption are
given in Fig. 9. As the results show, the desorption
efficiencies for mixture of acetonitrile with 0.1 mol L™*
HNO; were higher than other solutions at desorption
time of 30 min. Also, the results shown that after five
cycles, the recovery efficiencies of metal ions still
maintain above 94%, which indicate that the adsorbent
had excellent stability and reusability.

3.7. Adsorption of Pb(1l), Ni(Il), and V(V) ions in real
samples

The applicability of the prepared CeO,/CuFe,O4
nanofibers was tested by adsorption of Pb(II), Ni(Il),
and V(V) ions in tap water, river water, and petro-
chemical wastewater. The results presented in Table 4
indicated that CeO,/CuFe,O4 nanofibers its efficiency
for the adsorption of Pb(Il), Ni(Il), and V(V) ions in
various samples with satisfactory results. Besides, the
recovery studies of the spiked metal ions in samples
showed average recovery of 99.1 for Pb(Il), 95.5 for Ni
(I), and 96.8 for V(V), respectively (Table 4), suggest-
ing the applicability of successful of the proposed
method for the wastewater treatment.

4. Conclusion

In summary, the CeO,/CuFe,O; nanocomposite
has been fabricated via a new facile route. We showed
that CeO,/CuFe,O4 nanocomposite could be used as a
suitable adsorbent for removal of metal ions from

water samples. The maximum removal efficiency by
Ce0O,/CuFe,O, nanofibers is at pH 7.0 for Pb(Il), Ni
(I), and pH 6.0 for V(V). The kinetic studies reveal
that the rate of adsorption onto CeO,/CuFe,O, nanofi-
bers is rapid i.e. the paths of adsorption changes with
time and obtained data follow FL-PSO model. Also,
the results of equilibrium studies show that the equi-
librium data follow the Langmuir-Freundlich isotherm
which indicates that adsorbent has a heterogeneous
surface. Furthermore, simple and fast magnetic recy-
cling of the nanocomposite through the application of
an external magnetic field was taken into account as
an advantage.
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