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Adsorption of Pb(II) from aqueous solution using MFe,O, nanoferrites (M = Co, Ni, and Zn) was studied. Nanoferrite samples
were prepared via the mechanochemical method and were characterized by X-ray powder diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), micro-Raman, and vibrating sample magnetometry (VSM). XRD analysis confirms the formation
of pure single phases of cubic ferrites with average crystallite sizes of 23.8, 19.4, and 19.2 nm for CoFe,O,, NiFe,O,, and ZnFe,O,,
respectively. Only NiFe,O, and ZnFe,O, samples show superparamagnetic behavior at room temperature, whereas CoFe,O, is
ferromagnetic. Kinetics and isotherm adsorption studies for adsorption of Pb(II) were carried out. A pseudo-second-order kinetic
describes the sorption behavior. The experimental data of the isotherms were well fitted to the Langmuir isotherm model. The
maximum adsorption capacity of Pb(II) on the nanoferrites was found to be 20.58, 17.76, and 9.34 mg-gf1 for M = Co, Nj, and Zn,

respectively.

1. Introduction

Spinel ferrites play an important role in technological appli-
cations. Their interesting electrical, magnetic, and dielectric
properties make them useful in many applications, such
as electronic devices, sensors, memory devices, data stor-
age, and telecommunications [1-9]. Recently, the possibility
of preparing ferrites in the form of nanoparticles (NPs)
has opened a new and exciting research field with rev-
olutionary applications, not only in electronic technology
but also in the fields of biotechnology [10] and water
treatment [11], due to their nanometer size, superparam-
agnetic properties, and a high surface-to-volume ratio [12,
13]. In recent years, NPs have been applied for removing
heavy metals and organic pollutants from aqueous solutions
[14-18].

Particularly, the environmental release of lead (Pb) can be
mainly attributed to industrial wastewater containing lead-
acid battery residues. It is known to cause problems like
nausea, convulsions, cancer, and coma, among others, upon
long-term drinking [19]. The World Health Organization has
set an upper limit of 0.05mg/L for lead in drinking water.
Fortunately, lead can be directly recovered from waste and
therefore there is a demand of innovative and economical
methods that can reduce contamination and regenerate Pb
[20].

It is well known that the properties of ferrite materials
strongly depend on the synthesis method. Different proce-
dures for ferrite synthesis are described in the literature,
including coprecipitation, low-temperature combustion syn-
thesis, sol-gel, mechanical alloying, mechanical activation,
and solid-state synthesis [1, 21-28]. The mechanochemical
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synthesis can deliver the desired phases and structures
in a single step, with high-energy milling conducted in
an enclosed activation chamber at room temperature [29,
30]. Usually, the complete formation of spinel ferrites was
obtained only after milling followed by sintering, that is,
by employing two processing steps. It has been shown that
the combined mechanochemical-thermal treatment yields
a well ordered spinel phase in ferrites at lower annealing
temperatures and shorter durations than those required in
conventional ceramic methods [31-33].

The soft mechanochemical method has a great poten-
tial for the synthesis of inorganic precursors because of
its versatility and simple operational requirements. Soft
mechanochemical reactions usually employ surface hydroxyl
groups, adsorbed, hydrated, or contained in a hydroxide.
Mechanochemical derived precursors exhibit significantly
higher reactivity and thus lower the calcination and sintering
temperature [34].

In this article, we investigated the effectiveness of
CoFe,0,, NiFe,O,, and ZnFe,O, ferrite nanoparticles,
obtained by soft mechanochemical treatment, for removing
lead from aqueous solution.

2. Materials and Methods

2.1. Materials. Ferric chloride hexahydrate, FeCl;-6H,0
(98%), nickel chloride hydrate NiCl,-H,O (99.95%),
cobalt(II) chloride hexahydrate, CoCl,-6H,O (98%), zinc(II)
chloride, ZnCl,(99.999%), potassium hydroxide, lead(II)
chloride, PbCl, (99.99%), KOH (99.99%), and acetone
CO(CHj;), (99.5%) were obtained from Sigma-Aldrich. All
chemicals were used without further purification. Ultrapure
water (18 M(Q)/cm) was obtained from a Barnsted E-Pure
deionization system.

2.2. Synthesis of Spinel Ferrite Nanoparticles. 2 x 107> moles
(0.5406 g) of FeCl,-6H,0 and 1 x 107> moles of MCI,(where
M(II) = Co (0.2379 g), Ni (0.1296 g), and Zn (0.1362 g)) were
first milled in an agate mortar for ten minutes. Thereafter,
8 x 107 moles (0.4489 g) of previously grinded KOH were
added. The mixture was milled for approximately thirty
minutes until no change was observed. The obtained powders
were washed four times with distilled water and two times
with acetone. In each case, the product was separated by
centrifugation (3000 rpm for 10 min). Finally, the samples
were air-dried and then calcined at 800°C for two hours. The
chemical reaction carried out is described as
Milling

2FeCl; + MCl, + 8KOH ———— MFe, 0, + 8KCl
800°C/2 hrs

+4H,0
where M(II) = Co, Ni, and Zn.

2.3. Adsorption Study on ZnFe,O,, NiFe,O, and CoFe,0, Fer-
rite Samples

2.3.1. Kinetics Studies. Batch mode experiments were per-
formed to determine the kinetics removal of Pb(II) by either
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ZnFe,0,, NiFe,0,, or CoFe,0,. Sorption experiments for
the kinetic study were conducted as follows: 0.01g of each
ferrite sample was added to a separate 10 mL of 100 mg/L
PbCl, solution at pH = 2.0. The three mixtures were placed
in centrifuge tubes and shaken in a rotary shaker for 5, 15,
30, 60, 120, and 180 min. After each specific contact time,
the tubes were centrifuged at 3500 rpm for 5 min to provide
the separation between solid and liquid. The concentration of
lead metal was determined using a flame atomic absorption
spectrometer (AAS, Thermo Scientific iCE 3000 Series). In
order to ensure the truthfulness of the results of the products,
all experiments were duplicated.

Adsorption efficiency capacity g, (mg/g) at specified
contact time # (min) was calculated using the following
expression:

g, (t) = W) (2)

where C, (mg/L) is the initial metal concentration in solution,
C, (mg/L) is the metal concentration in solution at time t, V
is the volume of the aqueous phase (L), and m (g) is the mass
of the adsorbent.

In this study, the experimental kinetic data were analyzed
by applying the pseudo-first-order and pseudo-second-order
kinetic models in order to describe the mechanism involved
in the sorption process. The pseudo-first-order kinetic model
assumes that the controlling step in the adsorption process is
mass transfer, which means that the variation of adsorption
rate with time is directly proportional to the difference
between the equilibrium concentration of the heavy metal
in solution and the concentration of the adsorbate on the
adsorbent surface. The first-order rate equation is generally
expressed as

d

ok (a.-a), )
where g, (mg/g) and g, (mg/g) represent the amount of
Pb(II) adsorbed on the adsorbent at time ¢ and at equilibrium
time, respectively, and k; (min~") is the rate constant for the
pseudo-first-order adsorption. After integrating and applying
boundary conditions, the pseudo-first-order equation in
linear form is expressed by

In(q, - q,) =In(q,) - k;t. (4)

Constants k, and g, are calculated from the intercept and
slope by plotting In(g, — g,) versus t. The pseudo-second-
order model assumes that the rate limiting step may be
the chemical sorption involving valence forces by means of
sharing or exchange of electrons between heavy metal ions
and adsorbent.

The pseudo-second-order kinetic equation is expressed as

dq 2
— ~k(@-a) (5)
where g, (mg/g) and g, (mg/g) represent again the amount
of Pb(II) adsorbed on the adsorbent at equilibrium time
and at time t, respectively, and k, (gmg '-min”") is the
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pseudo-second-order rate constant. By integrating equation
(5) and applying boundary conditions, the pseudo-second-
order equation in linear form is given by
t_ 1o 1 ©
@ ka4’ q.’
where parameters g, and k, are determined from the slop and
intercept of the plotting of /g, against t.

2.3.2. Isotherms Studies. For isotherms studies, 0.01g of
either ZnFe,O,, NiFe,0,, or CoFe,O, ferrite samples was
mixed with 10 mL of aqueous solution at pH = 2 for different
concentrations of Pb(II) (10, 40, 80, and 100 mg/L). Then, the
mixtures were shaken for 180 min in a rotary shaker at room
temperature. This pH value was chosen in order to avoid
metal precipitation and also because of the high yield shown
at this value. The supernatants were centrifuged at 4500 rpm
for 5min and decanted. The concentration of lead metals in
the supernatant was analyzed by AAS.

Langmuir and Freundlich isotherm models are com-
monly used by various researchers to describe the equilib-
rium of heavy metal ions between solid and solution phases
[35]. This allows determining whether the sorption is of a
monolayer or multilayer nature, which can be specifically
useful to predict the type of adsorption mechanism involved.
The Langmuir isotherm model considers that the binding
sites are homogeneously distributed on the adsorbent surface
and the adsorption takes place at specific homogeneous sites
within the adsorbent. The Langmuir equation is expressed as

— QmKLCe
1+K,C,’

where g, is the amount adsorbed at equilibrium (mg/g), C,
is the equilibrium concentration (mg/L), K| is the Langmuir
constant related to the affinity of binding site (L/mg), and
q,, is the maximum amount of solute adsorbed (mg/g). The
constants in the Langmuir isotherm can be obtained from
the slope and intercept by plotting (1/q,) versus (1/C,) and
making use of the above equation rewritten as

1_1, 1 )

9. Am quL Ce .
On the other hand, the Freundlich isotherm is commonly
used to describe the adsorption on the heterogeneous surface.
The mathematical expression for the Freundlich isotherm is
given as

e 7)

9de = KFCel/n’ (9)

where Ky (mg/g)(L/g)"" and n are the equilibrium Fre-
undlich constant indicative of the adsorption capacity and
the adsorption intensity, respectively [36]. When n > 1,
the adsorption process is considered favorable. In contrast,
for n < 1, the bond between the active sites and metal is
weaker and, therefore, the sorption nature corresponds to
physisorption or ion exchange. The linear form of Freundlich
isotherm is given by

Ing, =IngK, + H InC,. (10)
n

Constants K and n are obtained from the slope and intercept
of the plot of In(q,) versus In(C,).

2.4. Characterization Techniques. The structure and phase
identification of CoFe,0O,, NiFe,O,, and ZnFe,O, ferrite
samples were done by X-ray diffraction. For this purpose,
an APD 2000 PRO X-ray diffractometer was used. XRD
patterns of the materials were obtained using CuK,, radiation
(A = 1.5418 A) at 35kV and 25mA and a variation of 20
= 10" to 70°, with a scanning speed of 0.025deg/s and a
step time of 10s. The Fourier transformed infrared (FTIR)
technique was conducted using a Nicolet Nexus 670 FTIR
infrared spectrometer within a range from 4000 to 400 cm™"
with a resolution of 4cm™ in a KBr wafer. Micro-Raman
spectra were recorded with an Almega XR dispersive Raman
spectrometer. An Olympus microscope, 50 and 0.85NA
(numerical aperture), was used for focusing the laser on solid
samples. Raman spectra were accumulated over 25s with
a resolution of 4cm™. The excitation source was 532nm
radiation from a Nd:YVO4 laser (frequency-doubled) and the
laser power on the sample was 5mW. Magnetic properties
were examined using a Quantum Design PPMS DynaCool-9
System with a vibrating sample magnetometer (VSM) option.
Isothermal magnetization (M) versus applied magnetic field
(H) measurements, were performed at 300 and 10 K using
fields up to +80kOe. Saturation magnetization M, values
were calculated through the interception of M versus 1/H
curve with the vertical axis.

3. Results and Discussion

3.1. Characterization of ZnFe,0,, NiFe,O,, and CoFe,0,
Ferrite Samples. Figure 1 shows the X-ray diffraction spectra
of ZnFe,0,, NiFe,O,, and CoFe,0,. Analysis of each XRD
pattern using the MATCH program [37] showed the forma-
tion of ferrite phases (JCPDS card 89-7412) with the main
reflections 20 at 30.15°, 35.32°, 43.18%, 53.49°, and 57.15". The
corresponding peaks are well indexed to the crystal planes of
spinel ferrite (hkl) (220), (311), (400), and (511), respectively
[38, 39]. A slight shift in the XRD peak position of ZnFe,O,,
NiFe,O,, and CoFe,0, is observed and is attributed to the
difference in the ion radius of Zn, Ni, and Co. From Scherrer
equation, and taking into account the (311) diffraction peaks,
crystallite sizes of 23.8, 19.4, and 19.2 nm were estimated for
CoFe,0,, NiFe,O,, and ZnFe,O,, respectively.

The IR spectra of ferrite NPs show two characteristic
vibrational modes. The higher wave number v, band is
reported to occur between 550 cm™’ and 600cm™ and is
caused by the stretching vibrations of the metal-oxygen (M-
O) bond in the tetrahedral sites. The lower wave number
range is reported to appear between 365 cm ™" and 425 cm™
and is attributed to the M-O bond vibrations in the octahedral
sites. The different band positions for the tetrahedral and
octahedral complexes are due to the different values of the
Fe(M)-O bond lengths in their respective sites [22]. In our
samples, v, and v, frequencies were observed at 589 cm™" for
CoFe,0,,596 cm ™' and 404 cm™" for NiFe,0,, and 564 cm ™"
and 428 cm™' for ZnFe,O, (Figure 2). The replacement of
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FIGURE 2: IR spectra of ZnFe,O,, NiFe,O,, and CoFe,O, nanopar-
ticles.

Co** by Ni** or Zn*" has effects on Fe’"-O*" bond. In
general, a decrease in wave number and force constant
is expected in accordance with the ionic radius increase.
CoFe,0, and NiFe,0, are inverse spinels with tetrahedral
sites completely filled with Fe** and octahedral sites occupied
in equal molar amounts by the remaining Fe’* and Ni** or
Co”" cations. This inversion occurs because nickel and cobalt
have a higher preference for the octahedral sites than the one
iron has. Similarly, ZnFe,O, is a normal spinel because Zn**
tends to adopt tetrahedral sites.

Figure 3 shows the room-temperature Raman spectra
of CoFe,Q,, NiFe,0,, and ZnFe,O, NPs from 100 cm ™" up

Journal of Nanomaterials

Ay

8

Raman intensity

300 400 500 600 700 800
Wavenumber (cm ™)
—a— ZnFe,0,
—e— NiFe,0,
—4— CoFe,0y4

FIGURE 3: Raman spectra of ZnFe,O,, NiFe,O,, and CoFe,O,
nanoparticles.

to 800 cm™'. Raman spectra of cubic ferrites exhibit five
characteristic bands (Alg + Eg + 3F2g) around 267, 335, 483,

571, and 697 cm™" for CoFe,O, and NiFe,O, NPs. The Ayq
mode is due to symmetric stretching of oxygen atoms along
Fe-O (or M-O) tetrahedral bonds, E, and F,(3) are due to
symmetric and asymmetric bending of oxygen with respect to
Fe (or M), respectively, and F,,(2) is assigned to asymmetric
stretching of Fe(M)-O bond, whereas Fy(1) is attributable
to translational movement of the whole tetrahedron [34].
In the Raman spectra of ZnFe,O, NPs, however, the bands
appear less well defined, and those corresponding to F,,(2)
are not observed. In addition, a red shift of the Raman peak
is observed because of the optical phonon confinement in
these nanoparticles. This behavior has been observed in other
metallic oxides when the grain size decreases.

The magnetization (M) versus magnetic field (H) curves
are shown in Figures 4 and 5. NiFe,O, (Figure 4(a)) and
ZnFe,O, (Figure 4(b)) NPs do not exhibit hysteresis at 300 K,
indicating that both ferrites NPs are superparamagnetic at
room temperature. Magnetization levels at 300 K measured at
the highest magnetic field, 80 kOe (not shown), are 33.31 and
25.87 emu/g for NiFe,O, and ZnFe, O, respectively, whereas
the saturation magnetization M, values, calculated by the
interception of M versus 1/H curve, are 42 + 0.02 and 39 +
0.01 emu/g for NiFe,O, and ZnFe,O,, respectively. These
values are smaller than the corresponding bulk counterparts
[40, 41]. At 10K, the two samples show a ferromagnetic
behavior with coercivity of 713 + 38 and 913 + 39 Oe for
NiFe,O, and ZnFe,O,, respectively. At 10K, M, values for
Ni-ferrite and Zn-ferrite samples are 49.16 + 0.02 and 79.1 +
0.1 emu/g, respectively.

On the other hand, CoFe,O, NPs show a ferromagnetic
behavior, with coercivity enhancement at lower temperatures.
At 10K, Co-ferrite nanoparticles exhibit a coercive field
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FIGURE 5: Isothermal magnetization curves of CoFe,O, nanoparticles measured at (a) 10 K and (b) 300 K.

strength H, of 16,819 + 185 Oe (Figure 5(a)), which is much
higher than the coercivity found in Ni-ferrite and Zn-ferrite
NPs at the same temperature (Figure 4). These results are
expected because of the high anisotropy in Co-ferrite. The
incorporation of the Co cation in the Fe-O matrix increases
the magnetic anisotropy, whereas the incorporation of the
Ni or Zn cations reduces it [42]. Saturation magnetization
M, of CoFe,O, at 10K is 80.34 + 0.02 emu/g, which is very
close to that found in ZnFe,O, (79.1 £0.1 emu/g) at the same
temperature. Figure 5(b) shows the magnetization versus
field curve of CoFe,O, measured at 300 K. The saturation
magnetization is 68.3 + 0.02 emu/g. The magnetization curve

of CoFe,O, at room temperature exhibits hysteresis, with
coercivity of 556 + 5 Oe. Coercivity enhancement in CoFe,O,
has been observed by other authors [37, 43, 44]

3.2. Kinetic Study. The removal of Pb(II) for ZnFe,O,,
NiFe,O,, and CoFe,O, nanoparticles was examined at dif-
ferent time intervals and the results are shown in Figure 6(a).
As can be seen in this figure, the adsorption capacity of Pb
ions with C; = 100 mgL ™" increases rapidly with increasing
agitation time up to 30 minutes and then it increases very
slowly and becomes nearly constant after 60 minutes. The
initial rapid adsorption of Pb(II) can be attributed to the



6 Journal of Nanomaterials
TABLE 1: Parameters of the pseudo-second-order kinetic model for ZnFe,O,, NiFe,O,, and CoFe,0,.
Adsorbent type L Pseudo—s_eicond—order model L i
k; (gmg "-min ") Geca (Mg ) Geexp (MG ) R
CoFe, 0, 0.095 7.97 7.88 0.999
NiFe,0, 0.139 11.83 12.02 0.999
ZnFe,0, 0.389 15.22 15.14 0.999
16 —=
a0
/A 4
a4 A 20 4
1 °
12 — \ °
1| o o/
10 - / 15+
— 1@ T
] on
> 8 n » L] ] =
E 2 104
=/ :
1 e
4 4 =
4 S -
2
0 l 0
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Time (min) Time (min)
—u— CoFe,0y —u— CoFe, 0y
—e— NiFe, 0, —eo— NiFe, 0,
—4— ZnFe,0y —4— ZnFe,0,

(a)

(®)

FIGURE 6: (a) Effect of contact time on the Pb(II) absorption by nanoferrites. (b) Pseudo-second-order sorption kinetics of Pb(II) sorption

by MFe, O, ferrite.

presence of a large number of vacant sites and, as a result, to
an enhancement in the concentration gradient that is created
between the adsorbate in the solution and the adsorbate
in the adsorbent surface. After 60 min of contact time, this
gradient is reduced due to the accumulation of Pb(II) on the
vacant sites, causing a decrease in the adsorption gradient.
The experimental data were fitted to the pseudo-first-order
and pseudo-second-order models (Figure 6(b)). g, ;. values
of the calculated equilibrium sorption capacity in the case of
the second-order model are very close to experimental g, .,
values. In addition, based on the values of the correlation
coefficient which is above 0.99, the second-order kinetic
model was suitable to describe the adsorption process for
Pb(II) adsorption (Table 1). It can be noted that the pseudo-
second-order rate constant for ZnFe,O, is higher than the
other ferrites. This result can be attributed to the rapid
redox reaction occurred between Pb species and the external
adsorbent surface [45].

3.3. Isotherms. Figure 7 illustrates the plot of equilibrium
concentrations of Pb(II) ions in the solid (ZnFe,O,, NiFe,O,,
and CoFe,O,) and aqueous phases. The experimental data
were fitted to the linear forms of the Langmuir and Freundlich
isotherms. The values of the correlation coefficients (R?) of

the Langmuir isotherm model fit are above 0.99, indicating
a good fit with the experimental data. The values of the
isotherm constants are presented in Table 2. This confirms
that the sorption occurred in the monolayer. This model
assumes that a monolayer adsorption depends on the active
sites of the adsorbent surface and there is no interaction
between adsorbed species. Therefore, it can be concluded
that the metal adsorption on the nanoparticles is possibly a
physical adsorption process.

4. Conclusions

In summary, we investigated the effectiveness of CoFe,O,,
NiFe,O,, and ZnFe,O, ferrite nanoparticles for removing
lead from aqueous solution. MFe,O, (M = Co, Ni, and
Zn) nanoparticles were successfully synthesized using a
mechanochemical method. The formation of single-phase
nanosized powders was confirmed by XRD analysis as well as
IR and Raman spectroscopy. Magnetic measurements show
that only NiFe,O, and ZnFe,O, samples exhibit superpara-
magnetic behavior at room temperature, whereas CoFe,O,
is ferromagnetic. The nanoparticles were effectively used to
remove lead ions from aqueous solution, ZnFe,O,being the
most efficient, followed by NiFe,O, and CoFe,O,. Samples
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FIGURE 7: (a) Pb(II) adsorption isotherm on MFe, O, ferrite. (b) Langmuir adsorption isotherm plot.

TABLE 2: Parameters obtained from the Langmuir model that
describes the sorption of Pb** for ZnFe,0,, NiFe,0,, and CoFe,0,.

Langmuir Isotherm model

Adsorbent type K, (dm*mg™) 4. (mgg™) R

CoFe,0, 0.064 9.34 0.99
NiFe,O, 0.061 1776 0.99
ZnFe,0, 0.061 20.58 0.99

that present superparamagnetism at room temperature seem
to have a better Pb(II) adsorption.
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