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ABSTRACT:

In order to recycle rare earth cations (La**and Ce®*") from aqueous solutions, CoFe,O, magnetic
nanoparticles are applied for the adsorption of trivalent lanthanum and cerium. Their adsorption
isotherms, Kinetics, and thermodynamics are comprehensively investigated. The adsorption followed
pseudo second order Kinetics and experimental data fitted using the Langmuir isotherm model. The
optimal adsorption efficiency could be observed over 99% at neutral pH, indicating that nano spinel
cobalt ferrite has a superior adsorption behavior at neutral and weak alkaline conditions. At room
temperature, the maximum adsorption capacity is observed by the nanocrystalline CoFe;O. is in the
order of La (48.22 mg/g), and Ce (46.56 mg/qg), respectively.

INTRODUCTION

Magnetic nanoparticles are very popular
advanced materials[1,2] The possibility to
guide these particles magnetically to recover
them from solution by a magnet and to
functionalize their surface with a large variety
of functional groups has led to their application
in  biomedicine, homogeneous catalysis,
wastewater processing and many other
technological fields[3,4] . Here magnetic cobalt
ferrite  nanoparticles  (CoFe:0.)  were
synthesized using co-precipitation method was
applied for the adsorption of trivalent rare earth
elements.

Rare earth elements (REE) consist of 15
lanthanides, scandium and yttrium [5]. They
have important features in a wide diversity of
special applications such as magnets [6],
batteries [7], and telecommunications [8].
Based on their peculiar optical, chemical and
metallurgical properties, the global demand for
REE has increased more than 15% from
126,500 metric tons in 2010 to 196,000 metric
tons in 2023. Although it is difficult to extract
REEs due to their chemical similarities, there
are several methods for this purpose comprising
solvent extraction, fractional crystallization,
chemical precipitation, adsorption and ion
exchange[9].
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The main reason for selecting La®* and Ce3* as
the target cations is the fact that lanthanum and
cerium constitute approximately 80% of REE
global consumption [10] and, consequently,
they are more abundant in the industrial
wastewater. The major purpose of this work is
to achieve a high-performance adsorbent for
REE easy recycling from aqueous solutions.
Adsorption is considered as a fast, efficient,
and inexpensive method for
recovering/removing metals from aqueous
solutions. Many authors have focused on the
toxic elements removal [11,12]. However, prior
investigations of REEs recovery from agueous
solutions using adsorption technology are
limited.

MATERIALS AND METHODS
Materials:

a. Magnetic nano cobalt ferrite powder
b. Sulphuric acid (H2SO4)

c. Hydrochloric acid (HCI)

d. Sodium hydroxide (NaOH)

e. Lanthanum nitrate (La(NOs3)s.6H,0)
f. Cerium nitrate (Ce (NOs)s-6H,0)

All the reagents were of analytical grade and
were purchased from Sigma-Aldrich and the
solutions were prepared using deionized (DlI)
water (18.2 MQ.cm).
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Adsorption experiments

Adsorption experiments were generally carried
out by shaking (250 rpm) the tubes containing
0.30 g/L well-dispersed MNP (sonicated for 5
min) and 100.0 mL solution of REE at different
reaction times. The pH was adjusted using 0.1
M H,SO, or NaOH aqueous solutions and
maintained at reasonably constant value by
repeated pH measurements and adjustments.
The effects of pH (3.0-9.0), adsorption
isotherms (REE initial concentration 50-500
mg/L), kinetics  (5-120 min) and
thermodynamics (298, 313 and 333 K) were
studied. Agilent 7500 inductively coupled
plasma atomic emission spectrometry (ICPAES)
is used for the measurement of initial and final
concentration of rare earth elements. Each
reaction was conducted in triplication and the
averaged results were reported. The element
uptake rate of g. (mg/g) was determined by the
following equation.

_ (Co—Ce)V

e m

where Co and Ce are the REES concentration in
liquid phase at the initial and at time t (mg/L),
respectively; m is the adsorbent amount (g); V
is the volume used in the adsorption process (L).
The potential use of these nanoparticles as
adsorbent [13] for the removal of lanthanum
and cerium from wastewater was investigated
particularly[14]. For this purpose, the influence
of pH, contact time and initial dose on the
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sorption capacity of CoFe;O4 has been studied.
The investigations for the pseudo second order
kinetic model for the surface adsorption
explained the adsorption Kkinetics most
effectively. This involves chemisorption, where
the removal from a solution is due to
physicochemical interactions between the two
phases [15].

RESULTS AND DISCUSSION

Effect of pH

As an important factor, pH can significantly
influence the interactions of adsorbent and
adsorbate during adsorption process.The trends
of REEs adsorption on CoFe;O, at various pH
are illustrated in Fig. 2(a). The results showed
that REEs have very similar adsorption strategy
at the ranges of pH investigated. When the pH
ranges from 7 to 8, the REEs residue in solution
reached a value close to O (lower than the
detection limits) in 10 min, suggesting a rapid
and complete recovery of REEs at these pH
values[16]. To avoid the REES(OH)s
precipitation, the concentrations of REEs are
generally controlled at <10 mg/L, even in the
level of 0.1 mg/L. At pH > 8, the rare earth
cations are gradually precipitated as oxide and
hydroxide [17], thus the adsorption is
significantly decreased. Therefore, pH = 7 was
selected as optimum value in the following
experiment.

—®— La
—®— Ce

10 12

Figure 1: Effect of pH on trivalent lanthanum and cerium with cobalt ferrite
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Figure 2: Effect of contact time on trivalent lanthanum and cerium with cobalt ferrite

Adsorption kinetics and effect of contact time
The effect of contact time is shown in Fig. 2.
The REE adsorption process was rapid at first
(020 min) for all the three initial
concentrations (100, 250 and 500 mg/g). As
time progressed, the adsorption slowed down
and finally reached equilibrium, which
indicates that the adsorbents have fast
kinetics[18].

Adsorption isotherms

Langmuir and Freundlich models are
employed to study the adsorption isotherms.
The Langmuir isotherm assumes that
monolayer adsorption occurs on homogeneous
surface and it has been commonly used to
explain nano adsorbents behavior [19,20]. The
Langmuir equation is defined as the following
equation.

o 100 200
Ce(mg/L)

Figure 3: Equilibrium isotherms of REE; initial
concentration of REE: 50-500 mg/L, adsorbent
dosage: 0.3 g/L, volume of solution: 100 mL,
time: 60 min, T: 298 K.
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q — Qmaxbce
e 1+bC,

where Ce is the REE concentration at
equilibrium (mg/L), g. is the equilibrium
adsorption capacity (mg/g), Qmax is the
maximum capacity of the adsorbent (mg/g) and
Ky is the Langmuir adsorption constant (L/ mg).
K. and gm can be calculated from the linear fit
of Ce/qe versus Ce[21].

The Freundlich isotherm is an empirical
equation that assumes surface sites, on which
adsorption occurs, are heterogeneous [22,23].
The Freundlich equation is represented as the
following equation.

qe _ KF Cel/n
where Kr and n is the Freundlich constants and

can be obtained from the linear fit of Inge
versus InCe [24].

—— Ce

300 400

The adsorption isotherm data are shown in Fig.
3 and the results of the Langmuir, the
Freundlich models are summarized in Table 1.
The ge becomes greater with increasing REE
concentrations until reaching equilibrium. In
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addition, it can be seen that the experimental
data of both La®" and Ce®* are more fitted with
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the Langmuir model (R? > 0.997) and thus, the
REE adsorption is monolayer

Table 1: Parameters of Langmuir and Freundlich adsorption isotherms

PAH Parameters of  Langmuir | Parameters of Freundlich

isotherm model isotherm model

Qmax b I Kk 1/n r2

mggt | Lug* Mg g* 9 Mgt mr
La 78.44 0.021 0.968 0.238 0.235 | 0.868
Ce 96.02 0.022 0.954 0.328 0.207 | 0.908

The maximum capacity (Qmax) of CoFe>O4 (La
= 1001 and Ce = 982 mg/g) is significantly
higher . On the other hand, Qmax for La®*" and
Ce* is approximately equal, which can be
attributed to their ionic radius closeness (La* =

1.061 A and Ce®* = 1.034 A) [25]. Moreover, E
values are between 8 and 16 kJ/mol, which
demonstrate a chemical adsorption based on
ion-exchange mechanism.

Table 2: Adsorption kinetics and parameters (Initial concentration is 100mg/L)

Trivalen | Parameters of pseudo first order | Parameters of pseudo second order
t REE Kinetics Kinetics
Oe ge(cal) | ki (min ge(exp) | ge(cal) | ko r
(exp) |mgg* | ) mgg* |mgg* | gmgtm
mg g-l 1
La 28.12 |35 0.074 0.795 | 335 334 1.54 0.954
Ce 68.36 | 83 0.088 0.898 | 283 284 1.08 0.966

Adsorption Kkinetics

This was investigated by pseudo-first order and
pseudo-second order models [26,27], which are
described in the respectively in the following
equations.

q: = qp.e M1t
_ tqiky
qe 1+ tq.k,

where gt (mg/g) represents the adsorption at
time t (min), ge (mg/g) is the adsorption
capacity of adsorbent at equilibrium, and k;
(2/min) and k2 (g/mg/min) are the pseudo-first
order and the pseudo-second order kinetic rate
constants, respectively. As listed in Table 3, the
correlation coefficients (R? ) for the pseudo-
second order model are higher than for the
pseudo-first order model. Therefore, the
experimental data are well described by
pseudo-second order kinetics model (R? >
0.999), and the adsorption rate is controlled by
chemical sorption [28,29].
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Adsorption thermodynamics and effect of
temperature

The thermodynamic studies are necessary for
the practical applications. In order to
investigate the effect of temperature on the
changes in K_ value and thermodynamic
parameters, the Gibbs free energy and the Van’t
Hoff equation were used [30,31].

AG®° = AH°-TAS®

Here AG® is the changes in Gibbs free energy,
R is the ideal gas constant (8.314 J/mol/K), T is
the absolute temperature (K), K. is the
Langmuir constant (L/mol), AH° and AS° are
the changes in enthalpy and entropy,
respectively. As listed in Table 3, the negative
values of AG® imply that all the adsorption
processes are spontaneous[32,33]. Furthermore,
at higher temperature, AG® is more negative,
which indicates that the temperature rising
causes more efficient adsorption is confirmed
in Fig.3. On the other hand, the adsorption
processes are endothermic due to the positive
values of AH®, and the low positive values of
AS°® demonstrate that the randomness is
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moderately increased during the adsorption
procedure [34,35].

The adsorption capacities of REE ions onto
specific adsorbent is summarized. The
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comparison obviously shows that CoFe;O4
MNP has high adsorption capacity and can be
used as a high-performance adsorbent for REE
ions[36,37]
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Figure 3: Effect of temperature on adsorption of trivalent La and cerium on cobalt ferrite magnetic nano
particles.
Table 3: Thermodynamic parameters of trivalent rare earth elements

Trivalent rare AG° AS° AH°
earth element 298K | 313K | 333K

Lanthanum -8.64 -8.45 -9.85 0.036 2.96
Cerium -8.54 -9.08 -9.78 0.046 2.05

From Table 3, clearly a close agreement among the experimental values and corresponding pseudo-

second order kinetic model is observed [38,39].
CONCLUSION

Result of this study explains , low cost spin
shaped cobalt ferrite nano particles using the
co-precipitation method were applied as
sorbent for removal of rare earth elements.
These spinel ferrites were found to be efficient
for the removal of REE namely lanthanum and
cerium in their trivalent state. Optimum
dosages of spinel ferrite for the removal of
these REEs was found to be around 30 mg with
generally neutral pH values resulting in higher
removal efficiencies. The batch adsorption
studies followed pseudo second order kinetics
and thermodynamic studies are conducted.
Therefore, spinel ferrite can be considered as a
potential candidate in adsorption chemistry for
removal of REEs from aqueous media.
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