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Fabrication and characterization of magnetic cobalt ferrite nanoparticles
for efficient removal of humic acid from aqueous solutions
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ABSTRACT

In the present study, magnetic cobalt ferrite nanoparticles were synthesized and its efficiency in
removing humic acid from aqueous solutions was investigated. Structural characteristics of magnetic
cobalt ferrite nanoparticles by scanning electron microscopy, transmission electron microscopy,
Fourier transform infrared spectroscopy, X-ray diffraction and vibrating-sample magnetometerwere
described. In addition, the effects of various parameters such as pH (3-11), adsorption dose (0.2-0.8 g/L),
contact time (5-90 min), humic acid concentration (5-40 mg/L) and temperature (283-313 K) on the
adsorption of humic acid by magnetic cobalt ferrite nanoparticles were studied. The adsorption
parameters were determined with Langmuir, Freundlich, Temkin, BET and Dubinin—Radushkevich
isotherms as well as pseudo-first and pseudo-second-order kinetics. Finally, the thermodynamic
parameters (AH, AS and AG) were investigated. The results of this study showed that in optimum
conditions, the maximum adsorption capacity of magnetic cobalt ferrite nanoparticles was 146 mg/g
(optimal conditions: pH = 3, adsorbent dose = 0.2 g/L, initial concentration of humic acid = 40 mg/L,
contact time = 20 min, temperature = 283 K). The adsorption isotherm data well match with Langmuir
and Freundlich models. The kinetics of the process was described well with the pseudo-second-order
model. The results of the thermodynamic analysis showed that the values of AS and AH are positive
and AG is negative.
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1. Introduction

Natural organic matter (NOM) is one of the materials
in surface water, land and water [1]. This material in
the environment is divided into two main categories of
compounds, such as proteins, polysaccharides, nucleic
acids, etc., and humic substances [2]. Humic acid (HA) is
an important ingredient in organic matter that is released

* Corresponding author.

from the degradation of plant and animal to the aquatic
environments [3,4]. The concentration of humic substances
varies regarding to region. Usually in natural water, the
concentration of HA is between 0.1 and 10 mg/L [3]. The
chemical structure of HA is shown in Fig. 1.

The presence of HA in aquatic environments may cause
serious environmental and health problems. For example,
HA may cause undesirable color and taste in water, cor-
rosion of metals, reduction in membrane efficiency and
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Fig. 1. Humic acid structure [5].

rejuvenation of microorganisms. In addition, HA may
react with chlorine disinfectants and produce carcinogenic
by-products (trihalomethanes and haloacetic acids) [6,7].
In addition, epidemiologists have recently focused on
the reproductive sequelae of trihalomethanes, such as
spontaneous abortion, stillbirths, and intra-uterine growth
retardation [8]. The most important potential factor for the
formation of trihalomethanes is the presence of precursors
in water, among which the most important are HAs. Humics
are highly complex and heterogeneous compounds of high
molecular weight organic matter with various active groups
(carboxyl and phenol) and aromatic nuclei, which are caused
by the chemical and biological degradation of tissues of
plants and animals (such as lignin) [9].

Therefore, the minimization of trihalomethane precursors
or the effective elimination of organic matter, including HA,
is a crucial issue in the production of high-quality drinking
water [10]. Until now, different processes have been used
for the removal of organic matter. Conventional processes
such as coagulation, sedimentation, filtration, ion exchange,
photocatalytic degradation and adsorption have been used
to reduce the organic matter of water [11,12]. Often, these
methods are faced with problems such as low efficiency, high
costs, and the production of by-products [13]. Among the
above-mentioned methods, surface adsorption is one of the
best and most widely used methods for water and wastewater
treatment due to its ease of use and high efficiency. Surface
adsorption is a process which has advantages such as low
initial cost, flexibility and design simplicity, ease of operation,
non-susceptibility to toxic contaminants and reduction of
secondary harmful substances production in comparison
with other methods [14]. Accordingly, many adsorbents
for the removal of HA have been investigated, including
chitosan [15], magnetic multi-walled carbon nanotubes [16],
magnetic polyaniline [17], polypyrrole-coated granules [18]
and activated carbon [19].

One of the important problems in the use of adsorbents
is their separation and recovery. In recent years, to solve the
problem of separation and recovery of powdered adsorbents,
magnetic separation technology has attracted alot of attention
as an alternative method [17]. These magnetite nanoparticles
can adsorb contaminants from aqueous solutions and then
separate them with a simple magnetic process [20]. One of the
types of magnetic nanoparticles is bimetallic nanoparticles

and due to its synergistic effects between two metals have
certain chemical and physical properties, which make them
highly desirable for industrial applications, especially as
catalyst. Magnetic nanoparticles of cobalt ferrite (CoFe,O,)
are one of the most important oxide-based spinel ferrite
species. These ferromagnetic nanoparticles can be classified
as highly recyclable and reusable catalysts, which can easily
be separated by an external magnetic field [21]. Also, cobalt
ferrite is a cubic spinel ferrite that has advantages such as
good magnetism, good chemical and thermal stability, and
high mechanical stability [22,23].

The present study was carried out for the synthesis of
magnetic cobalt ferrite nanoparticles and surveys the removal
of HA from aqueous solutions. In the adsorption process,
various parameters such as pH, adsorbent dose, contact time,
HA concentration, temperature and thermodynamics of the
process were studied. Finally, the isotherm and kinetics of
adsorption were studied.

2. Materials and methods
2.1. Synthesis of magnetic cobalt ferrite nanoparticles (CoFe,O,)

0.001 mol of cobalt nitrate (Co(NO,),6H,O) and
0.012 mol of iron nitrate (Fe(NO,),-9H,0) dissolved in 100 mL
of deionized water, and then 20 mL of 1 mol of NaOH is
added slowly. The solution is then placed at 80°C for 2 h.
Subsequently, the formed nanoparticles were separated with
the external magnet and placed in the oven after washing with
distilled water [24]. Then, the characteristics of nanoparticles
produced by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD) and
vibrating-sample magnetometer (VSM) were investigated.

2.2. Adsorption experiments

This is an experimental study which was carried out on a
laboratory scale. HA with a purity of 54% was obtained from
Acros Corporation, USA. Also, other materials including
Fe(NO,),.9H,0, Co(NO,),.6H,0, HCl, NaOH were purchased
from Merck Company , Germany. In adsorption experiments,
500 mg/L of stock solution of HA was prepared by dissolv-
ing the HA powder in distilled water. Then, the various
parameters such as pH (3-11), adsorbent dose (0.2-0.8 g/L),
concentration of HA (5-40 mg/L), contact time (5-90 min)
and temperature (283-313 K) were investigated.

It should be noted that pH adjustment was performed
using pH meter (HQ411d, Hach, USA) and HCl and NaOH
(1 and 0.1 N). Shaker (Multi shaker, Model NB-101MT, Korea)
was used for mixing and proper contact of HA and adsorbent
at 250 rpm. Separation of the adsorbent from the solution
was performed using a magnet. Then, to ensure complete
removal of the nanoparticles from the solution, the upper
portion of the solution was centrifuged and passed through
a membrane filter of 0.45 microns. Finally, the residual HA
concentration was measured using a spectrophotometer
(UV/VIS spectrophotometer T80, PG Instrument Ltd.) at
254 nm wavelength.

The amount of HA adsorbed on the adsorbent (adsorption
capacity) was performed using Eq. (1).
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where g, is the adsorption capacity (mg/g), C, is the initial
concentration (mg/L), C, is the residual concentration (mg/L),
m is the adsorbent dose (g) and V is the sample volume (L) [25].

2.3. Effect of temperature and thermodynamics process

In order to evaluate the effect of temperature on the
process of adsorption of HA on cobalt ferrite nanoparticles,
the removal efficiency of HA under optimum conditions
(pH, adsorbent dose, HA concentration and contact time)
at a temperature range of 313-283 K was investigated. For
this purpose, an incubator shaker device (Incubator shaker,
Model SI-100R, Korea) was used. Eqs. (2)-(4) were used to
study the thermodynamics of HA adsorption by magnetic
cobalt ferrite nanoparticles.
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where k, is the thermodynamic equilibrium constant, T (K) is
absolute temperature and R (8.314 J/molK) is the universal
constant of the gases [26].

2.4. Study of adsorption isotherm

In this stage, Langmuir, Freundlich, Tamkin, BET
and Dubinin—-Radushkevich isotherms were studied. The
Langmuir isotherm model is expressed using Eq. (5).

quLCL’
. 1+K,C, ®)
where g, is the amount of HA adsorbed per unit of weight of
the adsorbent (mg/g), C, is the concentration of residual HA
at equilibrium time (mg/L), g, is the maximum of adsorbed
HA in unit weight of the adsorbent (mg/g) and K, is the
constant of Langmuir equation (L/mg).
One of the parameters of the Langmuir equation is R,
(coefficient of separation), which is calculated from Eq. (6).

With this parameter, the type of adsorption process can
be identified.

1
R, = m (6)

The condition 0 < R, <1 indicates favorable adsorption;
1 < R, is unfavorable adsorption; R, = 1 indicates linear
adsorption and R, = 0 indicates irreversible adsorption [27].

The Freundlich adsorption isotherm equation is as
follows:

q,=K.C" )

where C is the concentration of equilibrium (mg/L), n is the
adsorption capacity at the time of equilibrium (mg/g), and K;
is constants of the Freundlich equation (mg/g) [28].

The Temkin isotherm is calculated by the equation as
follows:

_RT

9= % In(AC.) ®)

T

where b, is the constant of the Temkin isotherm (J/mol), A,
is the constant of the Temkin isotherm (L/g), R is the global
gas constant and T is the absolute temperature (K). Also, the
value of B is calculated with Eq. (9).

B=—"+ 9)
The BET isotherm equation is as follows:

7K Co (10)
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where g __ is the amount of adsorbed material present in
the solution to form a saturation layer on the adsorbent
(mg/g), K, is reciprocal constant energy descriptor between
adsorbent and adsorbate, and C_ is adsorption concentration
of the adsorbing material in solution (mg/L).

The Dubinin-Radushkevich isotherm equation is as
follows:

oerr 14 )

(11)

where R is the global gas constant (8.314 J/mol.K) and T is
the temperature (K) [29].

2.5. Study of adsorption kinetics

Adsorption kinetics is used to determine the control
mechanism of surface adsorption processes. In order to
investigate the kinetics of HA adsorption on magnetic
cobalt ferrite nanoparticles, the data were matched with
pseudo-first-order and pseudo-second-order models. The
pseudo-first and pseudo-second-order kinetic models are
as follows:

d
% =K,(q.-4,) (12)
d
%:Kz (qL 7qr)2 (13)
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where K, (1/min) is the pseudo-first-order equation and
K, (g/mg min) is the constant of pseudo-second-order
equation [30].

3. Results and discussion
3.1. Adsorbent characteristics
3.1.1. SEM analysis

The morphology of magnetic cobalt ferrite nanoparticles
was investigated using SEM analysis (Fig. 2). By examining
these images, it can be said that the average diameter of these
nanoparticles is 50-83 nm.

3.1.2. TEM analysis

Fig. 3 shows TEM images of magnetic cobalt ferrite
nanoparticles. As shown in the figure, the nanoparticle size
is less than 100 nm.

3.1.3. FTIR analysis

The FTIR spectrum of magnetic cobalt ferrite
nanoparticles was carried out in the range of 400-4,000 cm™.
Fig. 4 shows the FTIR spectrum of cobalt ferrite magnetic
nanoparticles. Specific peak points in this spectrum are as
follows: 3,406 cm™ (OH) and 600 and 410 cm™ (presence of
ferrite nanoparticles) [31].

Fig. 3. TEM images of magnetic cobalt ferrite nanoparticles.

3.1.4. XRD analysis

The XRD analysis of the magnetic cobalt ferrite
nanoparticles is shown in Fig. 5. The relative positions and
relative severity of all peaks are indicative of the formation of
cobalt ferrite nanoparticles with a crystalline structure and in
the manner of cubic spinel, which is very close to the values
of the literature with the card number (JCPDS No. 01-1121)
[24]. In addition, the average particle size of the nanoparticles
by the Scherrer formula was calculated. The calculated size of
the nanoparticles was 11 nm.

3.1.5. VSM analysis

One of the important curves reflecting the magnetic
properties of the material is the hysteresis loop. Fig. 6
shows the ferromagnetic hysteresis loop of magnetic cobalt
ferrite nanoparticles. As shown in this figure, the saturation
magnetization (Ms) for cobalt ferrite nanoparticles is
42 emu/g.

3.2. Determination of pH,

To determine pH _, distilled water solutions with pH
between 2 and 12 were prepared. Then, 25 mg of magnetic
cobalt ferrite nanoparticles were added to 50 mL of solution.
After 24 h, the pH of the solution was read. As shown in
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Fig. 4. FTIR spectrum of magnetic cobalt ferrite nanoparticles.
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Fig. 5. XRD spectrum of magnetic cobalt ferrite nanoparticles.

Fig. 7, pHZPC for cobalt ferrite magnetic nanoparticles is
approximately 7.3.

3.3. Effect of pH

To investigate the effect of pH, HA solution with an initial
concentration of 10 mg/L was prepared at different pHs of
3,5 7,9, and 11. Then, 0.2 g/L of magnetic cobalt ferrite
nanoparticles was added to each solution and after 60 min, the

55.00 60.00 65.00 70.00 75.00 &0.00 §5.00 a0.00

concentration of HA was determined by spectrophotometric
method. As shown in Fig. 8, the amount of HA removal
was higher in acidic pH. Therefore, pH = 3 was chosen as
the optimal pH for the adsorption of HA. Adsorption capac-
ity of magnetic cobalt ferrite nanoparticles at this pH was
32.9 mg/g.

One of the most important factors affecting the adsorption
process is the pH of the solution and pH, . As the results
show (Fig. 8), increasing the pH of the solution from 3 to 11
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Fig. 8. Effect of pH on the removal of humic acid by magnetic
cobalt ferrite nanoparticles.

decreases the rate of adsorption of HA. The reason for this
is related to the structure of the anionic HA and pH__ of
magnetic cobalt ferrite nanoparticles. Based on the findings
of this study, pH__for cobalt ferrite magnetic nanoparticles is
about 7.3. Other studies show that at higher pHs and lower
than pH_, the adsorbents level load are often negative and
positive, respectively. At pH higher than 7.3, the negative

1] 10000 20000

Field(G)

adsorption level can be attributed to the accumulation of
hydroxyl anions in the adsorbent surface [32]. Therefore,
in these pHs, due to the nature of the anionic HA, an
electrostatic repulsive force between the adsorbent and the
pollutant occurs and the rate of adsorption of HA is reduced.
However, in low pHs, due to the presence of the adsorbent
level and the nature of anionic HA, the rate of adsorption
of HA increases. Similar results have been reported in this
regard by Dong et al. [33]. These researchers reported that
by increasing the pH from 4 to 10, the adsorption of HA by
magnetic chitosan nanoparticle decreased [33].

3.4. Effect of adsorbent dosage

Based on the results of this study, the adsorption capacity
of the magnetic cobalt ferrite nanoparticles was reduced by
increasing the adsorbent dosage from 0.2 to 0.8 g/L at a HA
concentration of 10 mg/L and at pH = 3 (Fig. 9). This amount
decreased from 37.2 to 13.2 mg/g.

Increasing the adsorbent dose leads to more surface
availability for adsorption, resulting in increased contact
between the pollutant and the adsorbent [34]. On the other
hand, the amount of adsorption of HA per gram of adsorbent
is reduced. The reason for this is the complete lack of satura-
tion of the adsorbent at higher dosages. This means that by
increasing the adsorbent dosage, not all active sites present
on the adsorbent surface are used, which leads to a decrease
in the capacity for the adsorption of HAs by magnesium
nanoparticles of cobalt ferrite [35]. Naghizadeh et al. [5]
reported similar results for the removal of HA from walnut
shell modified with TiO, and ZnO.

3.5. Effect of initial concentration and contact time

The results of the effect of initial concentration of HA
on concentrations of 5, 10, 20, 30, and 40 mg/L of HA with
pH = 3, adsorbent dosage of 0.2 g/L and in various contact
times (5-90 min) is shown in Fig. 10. As shown in this figure,
with the increasing in the initial concentration of HA, the
adsorption capacity was increased. Also, increasing contact
time has led to increased adsorption capacity. Most of the
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Fig. 10. Effect of initial concentration and contact time on the
removal of humic acid by magnetic cobalt ferrite nanoparticles.

removal of HA by magnetic cobalt ferrite nanoparticles
occurred in the early moments. According to Fig. 10, the
adsorption of HA has reached a balance of about 20 min.
According to the results of this stage, it is evident that at
the contact time of 20 min, with an initial concentration of
5-40 mg/L, the adsorption capacity of HA was increased
from 18.6 to 136.6 mg/g.

The results of this stage showed that adsorption process
in this study included two stages. In the first stage, the rapid
adsorption of the pollutant has occurred. But in the second
stage, the rate of adsorption has been less pronounced and
almost balanced afterwards. At the initial stage (during the
first 20 min of adsorption), adsorption sites were more rap-
idly adsorbed due to the availability of adsorption sites for
adsorption of HA. But in the second phase, due to the rapid
rate of adsorption (quick exhaustion of adsorption sites), the
adsorption rate has reached a balance. In addition, as time
goes on, because of the increased repulsive force between
adsorbed pollutant molecules in the surface of adsorbent,
adsorption of pollutants occurs at lower vacancy levels at
adsorbent surface at a lower rate. This leads to a prolonged
time of adsorption or reduction in the amount of adsorption
per unit time [36,37].

Also, by increasing the concentration of HA, the
adsorption capacity has increased. To explain this, it can be

said that by increasing the concentration of HA, massive
driving force has increased, which has led to the transfer
of more molecules of HA to the surface of magnetic cobalt
ferrite nanoparticles [33]. In this field, a study conducted by
Ngah et al. [36] confirmed the present study. In this study,
it was observed that, up to 10 min, the adsorption capacity
increased rapidly and then reached a balance. Also, by
increasing the concentration of HA from 20 to 40 mg/L, the
adsorption capacity increased [36].

3.6. Effect of temperature and thermodynamic of process

The study of the effect of temperature and thermo-
dynamics on the process of adsorption of HA by magnetic
nanoparticles of cobalt ferrite at four temperatures (283, 293,
303, and 313 K) was investigated. The results of this stage
are presented in Fig. 11 and Table 1. According to Fig. 11,
the temperature increase causes increase in the adsorption of
HA in magnetic cobalt ferrite nanoparticles. The adsorption
capacity of the magnetic cobalt ferrite nanoparticles at 283,
and 313 K is 133.5, and 146.8 mg/g, respectively. To explain
the reason for these results, it can be said that with increas-
ing temperature, the mobility of HA molecules and the rate
of emission of HA molecules in the surface of the adsorbent
will increase, which will increase the adsorption capacity at
higher temperatures. In the study conducted by Zulfikar et al.
[20] on removal of HA with Fe,O,~chitosan hybrid nanopar-
ticles, similar results have been obtained. Also, as shown in
Table 1, the values of the parameters AH and AS are positive

150 -
145 -
o 140 -
£
[}
S 135
125
283 293 303 313

T (K)

Fig. 11. Effect of temperature on the removal of humic acid by
magnetic cobalt ferrite nanoparticles.

Table 1
Thermodynamic parameters of adsorption of humic acid by
magnetic cobalt ferrite nanoparticles

T(K) g, (mg/g) Thermodynamics parameters
AG (kJ/mol) AH (kJ/mol) AS (J/mol K)
283 133.35 -6.16 10.94 60.34
293 137.97 -6.70
303 143.5 -7.37
313 146.7 -7.90
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Table 2
Isotherm constants calculations for adsorption of humic acid
onto magnetic cobalt ferrite nanoparticles

Isotherms Constants Values
Langmuir q,.. (mg/g) 491.49
K, (L/mg) 0.06
R, 0.25
R? 0.99
Freundlich k. (mg/g) 27.38
1/n 0.83
n 1.21
R? 0.99
BET 1/AX 0.02
(A-1)/(AX ) 0.08
A 1.00
X, 12.59
R? 0.41
Temkin A, (L/mg) 1.82
b, 51.56
B 48.06
R? 0.96
Dubinin-Radushkevich B (mol?/kJ?) 0.00
E (kJ/mol) 1.14
q, (mg/g) 105.41
R? 0.93

and the values of AG are negative. The positive values of AH
and AS indicate that the adsorption of HA with magnetic
cobalt ferrite nanoparticles process is an endothermic process
and therefore this process is entropy driven. Also, the nega-
tive values of AG indicate that the adsorption of HA on cobalt
ferrite is spontaneous. In this regard, the results of Doulia et
al. [38] are similar to this study.

3.7. Adsorption isotherm

Adsorption isotherm is one of the most important
parameters in the design of adsorption systems to understand
the adsorption mechanism [27]. In this study, the analysis of
adsorption data and their correlation coefficients showed that
adsorption of HA on magnetic cobalt ferrite nanoparticles

Table 3
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Fig. 13. Pseudo-second-order kinetic model for adsorption of the
humic acid by magnetic cobalt ferrite nanoparticles.

follows both Langmuir and Freundlich models (R? = 0.99).
Table 2 shows the information on adsorption isotherms. The
Langmuir isotherm assumes that adsorption process occurs
at the homogeneous surface, and no interaction occurs
between the adsorbed molecules. The empirical Freundlich
isotherm model is applicable to adsorption on heterogeneous
surfaces as well as multilayer adsorption [33]. According to
the results of Langmuir isotherm, R, = 0.25. Since this value
is between 0 and 1, the adsorption process is desirable. Also,
in the Freundlich model, the value of 1/n represents the
adsorption intensity. Since this number is between 1 and 10,
it shows the suitability of the adsorption process [35].

Kinetic constants calculations for adsorption of humic acid onto magnetic cobalt ferrite nanoparticles

C, (mg/L) Pseudo-first-order Pseudo-second-order g.exp (mg/g)
K (min") q P,cal (mg/g) R? K, (g/mg min) qacal (mg/g) R?
4.40 0.00 1.67 0.00 0.12 18.92 1.00 20.45
8.30 0.01 1.68 0.14 0.52 33.77 1.00 36.47
17.00 0.00 2.07 0.03 0.08 69.51 1.00 70.96
24.40 0.01 4.19 0.11 0.03 102.08 1.00 104.04
34.60 0.01 3.46 0.27 0.08 136.52 1.00 138.89
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3.8. Adsorption kinetics

In this study, pseudo-first and pseudo-second-order
kinetics were investigated. According to Figs. 12 and 13,
and Table 3, pseudo-second-order kinetics has the highest
correlation with the results of this study. In the second-order
kinetic model, it is assumed that the adsorption process is
controllable by chemical adsorption, which involves electron
transfer or electron transfer between adsorbent and absorbate
[16]. In this regard, the results of Li et al. [16] on the removal
of HA by magnetic multi-walled carbon nanotubes decorated
with calcium showed that the removal of HA follows a
pseudo-second-order kinetics.

4. Conclusion

The analysis of SEM and TEM showed that the magnetic
cobalt ferrite nanoparticles were below 100 nm. Also, the
characteristics of magnetic cobalt ferrite nanoparticles were
confirmed by FTIR and XRD analyses. Determination of
the magnetic property confirmed the formation of strong
magnetic nanoparticles with magnetic saturation (Ms) of
42 em/g. The results of adsorption experiments showed that
the adsorption of humic acid onto magnetic cobalt ferrite
nanoparticles in optimum conditions had a maximum
adsorption capacity of 146.8 mg/g (optimal conditions: pH:3,
adsorption dosage: 0.2 g/L, concentration of HA: 40 mg/L,
contact time: 20 min, temperature: 283 K). The experimental
results showed that the adsorption of HA onto magnesium
magnetic cobalt ferrite nanoparticles increased at higher
temperatures. Also, the results of the thermodynamics of the
process showed that the values of AS and AH are positive
and the value of AG is negative. The analysis of isotherm and
adsorption kinetics models showed that the adsorption pro-
cess fitted both the Langmuir and Freundlich models, as well
as the pseudo-second-order kinetics.
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