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Abstract

Original Article

In this study, NiFe204 nanoparticles (NiFe204 NPs) were prepared through co-precipitation method and subsequently
used for the removal of Co(ll) ions from aqueous solutions. The NiFe204 NPs were characterized by transmission
electron microscopy (TEM), X-ray diffraction spectrometry (XRD), and Brunauer-Emmett-Teller (BET) surface area
analysis. In batch tests, the effects of variables such as pH (2-10), adsorbent dose (0.006-0.08 g), contact time (0-90
minutes), and temperature (25-55 °C) on Co(ll) ions removal were examined and optimized values were found to be 7,
0.02 g, 70 minutes, and 25 °C, respectively. In addition, the experimental data were fitted well to the Langmuir
isotherm model and the maximum adsorption capacity was found to be 322.5 mg/g. Kinetic experiments were also
conducted to determine the rate at which Co(ll) ions are adsorbed onto the NiFe204 NPs.
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Introduction
Cobalt contamination in natural waters is the
cause of worldwide environmental concern
since cobalt-polluted water can pose a great
risk to human health due to its high toxicity.12
The main anthropogenic pathway through
which Co(Il) enters water is via wastewaters
from various industrial processes such as
nuclear power plants, and metallurgical,
mining, and electronic industries and pigments
and paints.3# Everyone is exposed to low levels
of Co(Il) present in air, water, and food. The
permissible limits of Co in irrigation water and
live-stock watering are 0.05 and 1.0 mg/],
respectively.2 Small amounts of Co(Il) is
essential for human health, because it is known
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to be an essential element at trace levels in
human beings, animals, and plants for
metabolic processes.* Although Co(Il) is
essential for humans, large amounts of it can
cause paralysis, diarrhea, asthma, pneumonia,
lung irritations, weight loss, vomiting, nausea,
and damage to the thyroid and liver.> Various
treatment technologies for the removal of
Co(Il), such as precipitation, coagulation, ion
exchange, biological treatment, and chemical
reduction, have limited applications because of
their relatively high cost and the production of
secondary pollution.6® Adsorption is an
effective and economic method for the removal
of heavy metals from wastewaters.10-12
Activated carbon, zeolites, natural clays,
chitosan, and by-products have been used as
adsorbents for removal of metals from
wastewaters.13-15
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Recently, magnetic nanomaterials have
attracted much interest, because they not only
have a large removal capacity, fast kinetics, and
reactivity for contaminant removal, but also have
high separation efficiency and reusability. In
recent years, magnetic nanoparticles (NPs) with
the general formula of MFe;Os (M = Fe, Co, Cu,
Mn, Ni, and etc.) have been among the most
popular materials in analytical biochemistry,
medicine, removal of heavy metals, and
biotechnology.’® Moreover, they have been
increasingly applied to immobilize proteins,
enzymes, and other bioactive agents due to their
unique advantages.1¢

NiFe;Os nanoparticles (NiFe:O; NPs) are
recognized as an adsorbent because of their
good  biocompatibility, strong  super
paramagnetic property, low toxicity, easy
preparation, and high adsorption capacity.l”
NiFe;O4 NPs with an inverse spinel structure
show ferrimagnetism that originates from the
magnetic moment of antiparallel spins between
Fe3* ions at tetrahedral sites and Ni?* ions at
octahedral sites. NiFe;Os NPs exhibit high
surface area and low mass transfer resistance.
Moreover, the magnetic behavior of these
nanoparticles depends mostly on their size.8

In this study, the removal of Co(Il) ions from
aqueous solutions using NiFe;Os NPs has been
described. Effects of various parameters such as
PH of the solutions, amount of adsorbent, contact
time, and temperature were investigated. In
addition, isotherm and kinetic studies of Co(II)
ions removal in batch system were carried out.

Materials and Methods

All chemicals and reagents used in this work
were of analytical grade and purchased from
Merck Company (Merck, Darmstadt, Germany).
A stock solution of Co(ll) (1000 mg/1) was
prepared by dissolving Co(NOs), 6HO in
double-distilled water.

The concentration of Co(Il) ions in the
solution was measured using an inductively
coupled plasma optical emission spectrometer
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(ICP-OES) (JY138 Ultrace, France). All pH
measurements were conducted with a 780 pH
meter (780, Metrohm, Switzerland) combined
with a glace-calomel electrode.

The crystal structure of synthesized
materials was determined through X-ray
powder diffraction (XRD) (38066 Riva, d/G.Via
M. Misone, 11/D (TN), Italy) at ambient
temperature. The structure of the NiFe-Os NPs
was characterized wusing a transmission
electronic microscope (TEM) (CM10, 100 KV,
Philips, Eindhoven, Netherlands). Specific
surface area and porosity were defined
through N> adsorption-desorption porosimetry
(77 K) using a porosimeter (Bel Japan, Inc.).
The elemental analysis was conducted using a
scanning  electron = microscope  energy
dispersive X-ray spectroscope (SEM-EDX, XL
30, Philips, Netherland).

The NiFe;O, samples were prepared through
co-precipitation method. In a typical synthesis,
02 M (20 ml) solution of iron nitrate
[(Fe(NO3)3.9H20)] and 0.1 M (20 ml) solution of
nickel nitrate [(Ni(NOs)2.6H>O)] were prepared
and vigorously mixed through stirring for 1
hour at 80 °C. Then, 0.2 g of polyethylene oxide
(PEO) was added to the solution as a capping
agent. Subsequently, 5 ml of hydrazine hydrate
(NH2.NH2.H>O) was added drop by drop to the
solutions and brown-colored precipitates were
formed. Finally, the precipitates were separated
through centrifugation and dried in a hot air
oven for 4 hours at 100 °C. The acquired
substance was annealed for 10 hours at 300 °C.%?

The point of zero charge pH (pHpz) for the
adsorbents was determined by introducing
0.02 g of NiFexOs NPs into 8 Erlenmeyer flasks
(100 ml) containing 0.1 M NaNOs solution. The
pH values of the solutions were adjusted to 2,
3, 4,5 6,7, 8 and 9 using solutions of 0.01
mol/1 HNOs and NaOH. The solution mixtures
were allowed to equilibrate in an isothermal
shaker (25 °C) for 24 hours. The final pH was
measured after 24 hours. The pHy.. is the point
at which the pHinitia is equal to pHeinar. 19
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To perform an adsorption isotherm analysis,
adsorption experiments were carried out by
adding 0.02 g of NiFe>O4 NPs to a 25 ml conical
flask containing 20 ml of Co(II) solution at
room temperature. The initial Co(II)
concentrations varied from 60 mg/l to 540
mg/1. The pH of the solution was adjusted to
2-10 using 0.1 mol/1 HCl and/or 0.1 mol/1
NaOH solutions. After adding NiFe,Os NPs,
the flasks were transferred to a temperature
controlled shaking water bath and shaken at
180 rpm for 24 hours. Then, the NiFe;O, NPs
was separated using an external magnet and
the concentration of the remaining Co(II) ions
in the solution was determined through ICP-
OES. The concentration of the remaining Co(II)
ions in the adsorbent phase (q., mg/g) was
calculated using equation (1):

qe = el (1)

where Cp and C. (mg/l) are initial and
equilibrium concentrations, respectively, V (1)
is the volume of solution, and W (g) is the mass
of the adsorbent.?0

Finally, Co(Il) ions removal efficiency was
calculated using equation (2):

C°C‘0Ce x100 ).

R (%) =
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Results and Discussion

Characterization of NiFe;O,

The XRD pattern (Figure 1) shows that the
peaks at the 2 values of 30.1, 35.3, 43.0, 53.7,
56.5, and 62.4 can be assigned as (220), (311),
(400), (422), (511), and (440) crystal planes of
spinel NiFe)O,, respectively. The average
crystallite size of the NiFexOs NPs was
estimated at 15 nm from the XRD data
according to the Scherer equation. The TEM
micrograph and calculated histogram of the
NiFe;Oy, as shown in figure 2, revealed that the
diameter of the synthesized NiFe;O, NPs was
around 12 nm.
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Figure 1. The X-ray diffraction pattern of NiFe ,0,
nanoparticles .
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Figure 2. (a) Transmission electron micrograph and
nanoparticles
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The particle size measured directly on the
TEM micrograph is in accordance with that
determined by the XRD results. Figure 3 shows
a typical SEM-EDX elemental analysis of
NiFe;Os NPs. The results demonstrate that
only Ni, Fe, and O appear in NiFe;Os; NPs
samples. Moreover, the results have a good
agreement with previous studies.Specific
surface areas are commonly reported as
Brunauer-Emmett-Teller (BET) surface areas
obtained through applying the BET theory to
nitrogen  adsorption/desorption  isotherms
measured at 77 K. This is a standard procedure
for the determination of the specific surface area
of a sample. The specific surface area of the
sample is determined by physical adsorption of
a gas on the surface of the solid and by
measuring the amount of adsorbed gas
corresponding to a monomolecular layer on the
surface. The data are treated according to the
BET theory.2! The results of the BET method
showed that the average specific surface area of
NiFe;O4 NPs was 63.7 m2/g. It can be concluded
from these values that the synthesized
nanoparticles have relatively large specific
surface areas and may be better for adsorption.

0 2 4 6 8 10
Energy (keV)

Figure 3. Scanning electron microscope energy

dispersive X-ray spectrum of NiFe ,0, nanoparticles

Effect of solution pH

The solution pH has an important impact on
the active sites of adsorbent as well as the
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metal speciation during the adsorption process.
To evaluate the effect of pH on the adsorption
percentage of the Co(II) ions, experiments were
performed at initial concentration of 60 mg/1
and pH range 2-10 (Figure 4b).
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Figure 4. (a) The determination of the point of
zero charge of the NiFe ,0, nanoparticles (b)
Effect of solution pH on the removal efficiency of
Co(ll) by NiFe,O4 nanoparticles (C ¢ = 60 mgll,
contact time = 70 minutes, dose of adsorbent =
0.02 g, and temperature = 25 °C)

The Co(Ill) ions removal was found to
increase significantly with increase in solution
pH from pH of 2 to 7. The highest Co(Il) ions
removal (98.4%) was achieved at pH 7. This
could be attributed to the surface properties of
the adsorbent and ionization/ dissociation of the
adsorbate molecules. As observed in figure 4a,
the pHp. for NiFexOs NPs is 7.0. The
concentration of H* ion increased gradually in
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the system with the decrease of pH value and
the NiFe;Os NPs surface became more
positively charged because of the protonation of
molecules on the NiFe;Os NPs surface. The
increase in Co(Il) ions removal with the
increases in pH (> pHyp.) can be explained on
the basis of a decrease in competition between
protons and Co(ll) cations for the same
functional groups and by the decrease in
positive surface charge, which results in a lower
electrostatic repulsion between the surface of
NiFe>O4 NPs and Co(II) ions before adsorption.
Generally, various Co species in aqueous
solution are present in the form of Co%,
Co(OH)*, Co(OH),, and Co(OH)s™ at a function
of pH values. At a pH of less than 9, the
predominant cobalt species is Co?* and the
removal of Co(Il) is accomplished through the
adsorption process. A similar phenomenon has
also been shown in the adsorption of Co(Il) ion
from water by carboxylated sugarcane bagasse.!

Effect of adsorbent dose

Dose of adsorbent is an important parameter in
the determination of adsorption capacity and
adsorption efficiency. The effect of adsorbent
amount on removal of Co(ll) ions was
investigated by adding various amounts of
adsorbent in the range of 0.006-0.08 g and pH
of 7 with initial metal concentration of 60 mg/1.
The results are illustrated in figure 5. As can be
seen, removal of Co(Il) increases from 68% to
99.3% for 0.006-0.02 g. This could be attributed
to the fact that by increasing the NiFe,Os NPs
amount for the same concentration of Co(II)
solution, the number of sites available for
adsorption continue increasing. However, in
the next stage, removal attained its maximum
limit and further increase had no effect.
Similar ~ results = were  observed by
Deravanesiyan et al. who investigated the
effect of adsorbent dose on removal of Co(II)
ions from aqueous solution by alumina
nanoparticles immobilized zeolite and
indicated that adsorption increases with
increase in adsorbent dose.?2

Sobhanardakani and Zandipak
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Figure 5. Effect of adsorbent dose on the removal

efficiency of Co(ll) by NiFe ,0, nanopatrticles

(Co = 60 mgl/l, solution pH = 7, contact time = 70

minutes, and temperature = 25 °C)

Effect of temperature

In order to study the effect of temperature,
experiments were carried out at 25, 35, 45, and
55 °C and the results are presented in figure 6.
The increase in the temperature of Co(II) solution
from 25 to 55 °C resulted in a decrease in the
adsorption efficiency of the NiFe:Os NPs. This
indicates that the adsorption of Co(Il) ions on
NiFe;O; NPs is exothermic in nature. The
decrease in adsorption with the increase in
temperature may be attributed to the weakening
of adsorptive forces between the active sites of
the NiFe;O; NPs and Co(Il) ions. Similar results
have been found by Zandipak et al. 1
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Figure 6. Effect of temperature on the removal
efficiency of Co(II) by NiFe;O4 nanoparticles
(Co = 60 mg/l, solution pH = 7, dose of
adsorbent = 0.02 g, contact time = 70 minutes,
and temperature =25 °C)
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Adsorption isotherms

Isotherms are the equilibrium relations between
the adsorbate concentration in the solid phase
and the liquid phase. The equilibrium isotherms
for adsorption of Co(Il) by NiFe:Os NPs were
investigated with varying initial concentrations
of Co(Ill) (from 60 to 540 mg/l) at 7.0 pH and
25 °C. The results indicate that adsorption is
high at lower metal concentrations and
decreases gradually with increase in metal
concentration. In this study, the Langmuir
[Equation (3)] and Freundlich [Equation (4)]
isotherms were used to fit the adsorption data
of Co(Il) ions onto NiFe:O; NPs. The linear
equations are as follows: 224

Ce_Ce, 1
i - dm + dmbi (3)
Inq, = %lnCe + Ink¢ 4)

where c. (mg/l) is the equilibrium
concentration of Co(ll) ions in solution, qe
(mg/ g) is the equilibrium adsorption capacity of
NiFe;Os NPs, gqm (mg/g) is the maximum
adsorption capacity of NiFeOs NPs for
monolayer coverage, b (I/mg) is a constant
related to the adsorption free energy, K
(mgl/(1/n)L1/n/g) is a constant related to
adsorption capacity, and n is an empirical
parameter related to adsorption. The
parameters of the isotherm equations for Co(II)
ions on the NiFe;O, NPs are presented in table 1.
As seen in table 1, the R2 values obtained from
the Langmuir model are much closer to one
than those from the Freundlich model,
suggesting that the Langmuir model is better
than the other isotherms (Figure 7). Thus, the
adsorption can be described by the Langmuir
isotherm and the Co(Il) ions adsorption occurs

Table 1. Isotherm parameters of adsorption of Co(ll) ions on
Langmuir

Efficiency of NiFe,O, nanoparticlesin Co(ll) ions remove
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on a homogeneous surface through monolayer
adsorption without interaction between the
adsorbed ions. Through the comparison of gmax
values of Co(ll) adsorption capacity of other
adsorbents to NiFe204 NPs (Table 2), it is
evident that NiFe O4 NPs presented the highest
adsorption capacity of the reported adsorbents.
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Figure 7. (@) Langmuir and (b) Freundlich
isotherms for Co(ll) ions adsorption onto NiFe  ,04
nanopatrticles

to NiFe ,0O4 nanoparticles at 25 °C
Freundlich

0.265 3225 0.997

132.55 5.54 0.967

gm: Maximum adsorption capacity; R* Pearson correlation coefficient; Ki Freundlich constant related to
adsorption capacity; n: Empirical parameter related to adsorption
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Table 2. Comparison of maximum adsorption capacity (qm) of different adsorbents for Co(II)

Adsorbent

Maximum adsorption capaci

Amination graphene oxide

Alumina nanoparticles immobilized zeolite
Nano-magnesso ferrite

Chrysanthemum indicum

Granular activated carbon

Chelating resin

NiFe,O, nanoparticles

116.30 2
5.05 22
62.68 5
14.84 25
1.19 26
71.29 6
322.50 Thiswork

Adsorption kinetics

The adsorption of Co(Il) ions by NiFe;O4 NPs as
a function of time at three different initial Co(II)
concentrations (60, 80, and 120 mg/l) is
displayed in figure 8. As can be observed, the
adsorption efficiency of Co(Il) ions increased
with increasing contact time, and finally,
reached equilibrium after approximately 70
minutes. A rapid adsorption was observed
within 50 minutes which showed the
availability of a large number of vacant sites.
Subsequently, the diminishing availability of the
remaining active sites and the decrease in the
driving force led to the slowing of the
adsorptive process.

i 80 Mg/l 120 mg/I

g 60 Mg/|
100 -

88388

Co (Il) Removal (%)

0 20 40 60 80 100
t(min)
Figure 8. Effect of contact time on the removal
efficiency of Co(ll) by NiFe ,0, nanopatrticles
(Co =60, 80 and 120 mg/l, solution pH = 7, dose of
adsorbent = 0.02 g, and temperature = 25 °C)

To evaluate the kinetics of the adsorption
process, the experimental data were compared
to those predicted by two kinetic models, the
pseudo-first order and pseudo-second order.
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The pseudo-first order and pseudo-second
order kinetic models can, respectively, be
expressed by equation (5) and (6):%
Ky
In(qe — q) = In(qe) — 52— (5)

t 1 t

+ ©

ac k202 Qe

where g. and g are the amount of Co(Il) ions
adsorbed (mg/g) at equilibrium and time t
(minute), ki is the rate constant of pseudo-first
order (minute?), k, is the rate constant of
pseudo-second order (g/mg/ minute) for
adsorption. The pseudo-first order and pseudo-
second order kinetics plots are presented in
figure 9. The kinetic constants and correlation
coefficients of these two models are calculated
and given in table 3. The results show that the
correlation coefficients (R?) (0.998, 0.998, and
0.997) for the pseudo-second order models are
higher than the pseudo-first order models
(0.923, 0.851, and 0.838). This indicates that the
adsorption of Co(Il) ions on NiFe:O; NPs
follows a pseudo-second order kinetic model.
The results indicate that chemical adsorption
might be the rate-limiting step.

Conclusion

In this work, NiFe;Os NPs were successfully
synthesized and used as a novel adsorbent for
the rapid individual adsorption of Co(Il) ions.
The size of the nanostructures, according to
TEM, was around 12 nm. The NiFe,Os NPs can
be easily separated from the aqueous solution
by the external magnetic field before and after
the adsorption process. The results indicate

http://jaehr.muk.ac.ir
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Figure 9. (a) Pseudo-first order and (b) pseudo-sec
adsorption onto NiFe ,0,4 nanoparticles

Table 3. Pseudo-first order and pseudo-second order kinetic
ions onto NiFe ,O, nanopatrticles at 25 °C
Pseudo-first order kinetic model

Co (mg/l)

Je €Xp (Mg/g) Oe1(MY/9)

60 56.0 21.40 0.09
80 734 67.25 0.08
120 107.8 84.65 0.03

kq (minute™?)

+60mg/l
14 -

12 -

= 80 my/l

120 mg/l

1
0.8 -
0.6 -
04 -
0.2 -

0 T T T
50 75

t(min)
ond order kinetics plots of Co(ll) ions

100

model parameters for the adsorption of Co(ll)

Pseudo-second order kinetic model
Qe2(Mg/g)  k, (g/mg/minute)

0.923 54.21 0.020 0.998
0.851 72.95 0.010 0.998
~ 0.838 105.7 0.005 ~ 0.997

ge: Amount of Co(ll) ions adsorbed at equilibrium; ki: Rate constant of pseudo-first order; R% Pearson correlation coefficient;

k2: Rate constant of pseudo-second order for adsorption

that the adsorption was dependent on the pH
of solution and temperature. The adsorption
kinetics and adsorption isotherms showed that
the adsorption kinetic could be modeled by the
pseudo-second order rate equation, and the
isotherm equilibrium data were well fitted
with the Langmuir model. The adsorption
capacity of Co(II) onto NiFe;Os NPs was
determined as 322.5 mg/g. Thus, NiFe;O4 NPs
can potentially be wused to treat Co(Il)-
contaminated wastewater.
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