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ABSTRACT: This work reports the performances of the magnetic
chitosan@graphene oxide composite (MCh@GO) for the sorption
of Nd(III) from aqueous medium. The prepared composite was
synthesized by a coprecipitation method and then examined by FT-
IR, XRD, SEM, and TGA. XRD analysis proved physical
interactions between magnetic chitosan and graphene oxide
through (inter- and intramolecular H-bonding and peptide
bonding). TGA data approved the thermal stability of the prepared
MCh@GO nanocomposite over their constituents. The optimum
pH for the sorption process was 4.5. The Langmuir model and PSO
fitted the experimental data. The adsorption process was found to
be endothermic and spontaneous with a Qmax of 56.6 mg g−1.
Indeed, the MCh@GO composite proved to be an excellent
adsorbent for the purification, remediation, and separation of Nd due to its promising properties.

1. INTRODUCTION
Neodymium (Nd), a light rare-earth element (REE), has an
abundance of 33−41 ppm in the Earth’s crust. Its unique
properties make it highly valuable in new and high-technology
materials such as in the manufacturing of powerful permanent
magnets, electronics, and renewable energy technologies.
However, the limited availability and rising demand for
neodymium have led to increased efforts to recover this
metal from both primary and secondary sources. These
recovery processes conserve the resources and protect the
environment from solid wastes and wastewater effluents
containing Nd and lessen adverse environmental consequen-
ces.1,2 In this context, different techniques have been
developed to recover Nd from aqueous media such as solvent
extraction,3−8 reverse osmosis,9 coagulation and floccula-
tion,10−13 membrane separation,14 and ion exchange.15 Several
of these techniques have drawbacks, including high costs,
significant energy consumption, and potential inefficiency in
complex matrices, particularly at trace levels. Adsorption is
considered beneficial because of its reversibility, simplicity,
environmental friendliness, economics, efficiency, availability of
a number of adsorbents, regeneration and reuse of the sorbent
used, and cleaner technique that may be applied on a large
scale in the treatment processes.16,17 However, there are
drawbacks in the filtration and regeneration of adsorbents,
which attract attention to modify the used sorbents by many
ways like the use of magnetic materials and bridging with other

sorbents that have a large surface area to overcome the above
difficulties and make the solid−liquid separation easy and
rapid, without centrifugation or filtration.

Some effective adsorbent materials were extensively
investigated such as graphene oxide (GO)-based nanomaterials
that have unique characteristics with a large specific surface
area and various oxygenated functional groups such as
carbonyl, carboxyl, hydroxyl, and epoxy groups.18 Also, the
2D plane structure of graphene enhances their ability to adsorb
metals ions,19,20 but the self-agglomeration limits their use. On
the other hand, chitosan (CS) is a natural polyaminosaccharide
and is the most abundant biopolymer in nature after cellulose,
where it has amino (NH2) and hydroxyl (OH) groups in its
molecular structure contributions, which act as the active
sites.21,22 However, chitosan also has some drawbacks such as
its swelling ability, limited applications in neutral and basic
media due to the deprotonation of the amino group, and slow
kinetic rate. Hence, modification of GO and chitosan was
investigated by many authors for the recovery of REEs and
neodymium in particular.23−28 Insertion of magnetite to the
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GO and CS molecules was done to facilitate the recovery of
the composite from aqueous media. The magnetic chitosan@
graphene oxide composite (MCh@GO) was really investigated
by many authors for the sorption of heavy metals such as Ni2+,
Zn2+, Co2+, Pb2+, Hg2+, Cu2+, and Cr(VI) in addition to the
remediation of dyes.29−33 However, to the best of our
knowledge and based on the literature, this composite was
not used for the sorption of Nd(III). Therefore, the aim of
work was directed toward preparing and characterizing the
prepared magnetic chitosan@graphene oxide composite
(MCh@GO) and investigating the adsorption performance
of the prepared composite to adsorb Nd(III). The prepared
MCh@GO nanocomposite was characterized by various
techniques such as (SEM), (FTIR), (XRD), and (TGA).
Also, different parameters affecting the adsorption processes
were studied. The obtained results were analyzed with
isothermal, kinetic, and thermodynamic models to better
investigate the mechanisms driving the excellent adsorption
performance of Nd(III) onto MCh@GO. Finally, the
regeneration and reuse of MCh@GO can be done easily.

2. METHODS AND MATERIALS
2.1. Chemicals and Materials. All chemicals were

analytical grade and were purchased from Sigma-Aldrich; no
further purification was required.
2.2. Preparation of Graphene Oxide, Magnetite, and

Magnetic Chitosan. Graphene oxide (GO) was synthesized
as reported in Hummer’s method.34 Also, magnetite was
prepared using FeCl3 and FeCl2.2H2O with a ratio of 2:1 in a

three-necked flask and purged with N2 gas for 30 min at 70 °C,
as reported by Lian et al.35 Magnetic chitosan (MCh) was
synthesized by adding 3.0 g of chitosan (Ch) in a mixture of
300 mL of double-distilled water (DDW), 9.0 mL of acetic
acid, and 20 mL of glutaraldehyde. The mixture was stirred
continuously for 2.0 h at 60 °C. The remaining residue was
washed with petroleum ether, ethanol, and then DDW (in the
same sequence) until removing acetic acid odor and reaching
pH 7.0. The residue was oven-dried at 50 °C.
2.3. Preparation of Magnetic Chitosan@Graphene

Oxide. To prepare MCh@GO, 2.0 g of MCh was added to 0.5
g of GO in 4:1 ratio of MCh@GO or 20% GO and 80% MCh
and the mixture was mixed in 200 to 250 mL of DDW and
then sonicated for 1.0 h at 60 °C and pH 7.0.36 The mixture is
filtered, and the precipitate was washed thoroughly with 2%
NaOH. The resulting precipitate was stored in the oven at 60
°C overnight.
2.4. Instrumentations. In this study, various techniques

were used to characterize the synthetic compounds GO, MCh,
and (MCh@GO) nanocomposite. FTIR of the prepared
composite before and after sorption was examined in the
region of 400−4000 cm−1 using a Shimadzu IRTracer-FTIR
(Shimadzu, Japan). XRD measurements of GO and MCh@
GO samples were performed with bands within 2θ (10−80°)
using an X-ray diffractometer (XRD 7000 maxima, Shimadzu,
Japan). The surface morphology of the prepared compounds
(MCh@GO and MCh) was obtained by SEM at different
magnifications from 100 to 5000 using a Thermo Scientific
Quattro ESEM, USA. The thermal behavior of the MCh@GO

Figure 1. Images of SEM of the magnetic chitosan [a, b, c] and magnetic chitosan/graphene oxide (MCh@GO) [d, e, f] with magnifications of
500×, 1000×, and 2000×, respectively.
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was examined using a TGA-51A Shimadzu, Japan. The
concentration of Nd(III) was measured spectrophotometri-
cally using the arsenazo(III) method.37

The removal percentage (%R) is calculated by the equation

C C

C
R 100%

( )i f

i
= ×

(1)

where Ci and Cf are the initial and equilibrium concentrations
of neodymium(III) ions, respectively (mg/L).
2.5. Adsorption of Nd(III) onto MCh@GO. Generally,

0.02 g of the composite was shaken with 10.0 mL of Nd(III)
ions in the pH range (2.0−5.0). The concentration of Nd(III)
was investigated in the range of 50.0−350 ppm, while the
influence of temperature was examined in the range of 25−60
°C within 1.0−30.0 min stirring time, unless otherwise stated.

3. RESULTS AND DISCUSSION
Generally, GO is a nontoxic, environmentally friendly, low-cost
material with a large surface area containing oxygenated groups

(hydroxyl, epoxy, and carboxyl). On the other hand, chitosan is
one of the emerging materials for various applications. The
most intensive studies have focused on its use as a biomaterial
and for biomedical, cosmetic, and packaging systems. Chitosan

Figure 2. FTIR spectra of the MCh@GO nanocomposite before and
after sorption.

Figure 3. XRD for GO, magnetic chitosan, and the MCh@GO
nanocomposite.

Figure 4. TGA of the MCh@GO nanocomposite.

Figure 5. Effect of pH on the adsorption of Nd(III) onto the MCh@
GO nanocomposite (T = 25 C°, V/m = 1000 mL/g, Nd(III) = 50
ppm).

Figure 6. Distribution of the complexes formed in the aqueous phase
at different pH values.
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and its derivatives have received much attention in the food
industry, mainly for its antimicrobial and antioxidant proper-
ties.38−41 Therefore, the synthesized composite investigated in
this work is believed to be safe.
3.1. Characterization of the Synthesized Composites.

The synthesized magnetic chitosan@graphene oxide (MCh@
GO) nanocomposites were characterized by various techniques
such as SEM, FTIR, XRD, and TGA.

The surface morphologies for the prepared nanocomposites
can be illustrated in the SEM images. SEM images of the
prepared magnetic chitosan (MCh); Figures 1a−c shows much
more irregular, rough-textured surfaces than those of the
chitosan films that are usually smooth and form a porous
supporting framework. White crystals of magnetite (Fe3O4)
deposited on the chitosan surface. The magnetic nanoparticles
on the prepared composite also (see SEM images) illustrate
that the surface of magnetic chitosan has many cavities that
improve the adsorption processes. On the other hand, Figure
1d−f represents the surface morphology of magnetic
chitosan@graphene oxide (MCh@GO) nanocomposite and
reveals the nonhomogeneous and rough surfaces. Also, high-
magnification SEM images exhibit polar surface groups,

showed by shiny and rigidly smooth morphologies with
crumbled-like surfaces without the obvious white crystals that
appear, revealing that magnetic chitosan particles have been
assembled onto graphene oxide layers.20,42,43

FTIR was utilized to observe the change in surface
functional groups and the structural characterizations of the
fabricated nanocomposites. The FTIR pattern of magnetic
chitosan and MCh@GO nanocomposite displayed in Figure 2
showed the characteristic bands for GO at 3375, 1611, and
1719 cm−1, attributed to the presence of −OH stretching, −
C�C− skeletal, and −C−O− stretching vibrations, respec-
tively.44−46 The bands at 2880, 1375, and 1032 cm−1 are
attributed to the presence of CH2, C−OH, and C−O−C
stretching, respectively, while the band at about 555 cm−1 is
observed due to the vibration of the Fe−O bond.45,47 A
reduction in the intensity of OH and C−OH bond stretching
after the interaction with Nd is easily observed.

The crystalline structures of the synthesized nanocomposites
were investigated using XRD. Figure 3 illustrates the XRD
pattern of GO and the MCh@GO nanocomposite. The
diffraction pattern of GO shows two characteristic peaks at 2θ
≈ 11.3° that refers to the (001) crystal plane of GO also at 2θ
≈ 43.9°.44,48,49 The diffraction pattern of magnetite exhibits
peaks at 2θ ≈ 30.4, 35.8, 43.4, 53.8, 57.4, and 63.0°, illustrating
the high crystalline nature of magnetite nanoparticles, and
these results approve the presence of these nanoparticles in the
pure cubic forms.49 A broad peak at 2θ ≈ 18.9° showed the
amorphous structure of the MCh@GO nanocomposite.45,50

The thermal stability of the fabricated nanocomposites was
determined by thermogravimetric analysis (TGA). Figure 4
represents TGA experimental results characterized to study the
compositions and thermal stabilities of the MCh@GO
nanocomposite that exhibits three degradation steps in this
range. The first weight loss step occurs at about 30−100 °C
due to the liberation of H2O molecules on the polymer
chain.51,52 In the second step, eliminations of oxygenated
functional groups of graphene oxide (such as −C�O, −C−

Figure 7. Proposed interaction between the MCh@GO nano-
composite and Nd(III) species.

Figure 8. Effect of the mass of adsorbents on the adsorption of
Nd(III) onto the MCh@GO nanocomposite. (pH = 4.5, T = 25 °C,
[Nd(III)] = 50.0 ppm).

Figure 9. Effect of initial concentration on adsorption of Nd(III) onto
the MCh@GO nanocomposite (pH = 4.5, T = 25 °C, V/m = 1000
mL/g).
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O−C, and −OH) and decomposition of polysaccharide
structures occur in the range of 220−320 °C. The last
decomposition step was observed at 320−600 °C due to the
loss of remaining weight of chitosan with no residual mass left,
which indicates full decomposition of the chitosan.47,53

3.2. Adsorption of Neodymium [Nd(III)]. Adsorption
performance of neodymium (Nd(III)) onto the MCh@GO
nanocomposite was investigated under different factors such as
the effect of pH, adsorbent dose, Nd(III) concentration, and
temperature.

3.2.1. Effect of pH. pH is a vital parameter affecting the
sorption process and the nature of the adsorbent and
adsorbate. The influence of pH on the removal of 50 mg/L
Nd(III) by the MCh@GO nanocomposite was examined
between 2.0 and 5.0 at ambient temperature, V/m = 1000 mL/
g, and an equilibration time of 5.0 min, Figure 5. The sorption
increases with increasing pH value up to 4.0 and then becomes
constant. The limited uptake at low pH value could be referred
to electrostatic repulsion between the metal ion and the
protonated amino groups in the chitosan; it is worth
mentioning that the point of zero charge of the MCh@GO
nanocomposite was about 7.9.54

Speciation of 50 mg/L Nd(III) ions in the pH range of 1.0−
12 at room temperature and an ionic strength of 0.01 was
performed using the MEDUSA program55 and is illustrated in
Figure 6. The proposed interaction between the MCh@GO
nanocomposite and Nd(III) species is illustrated in Figure 7.
Indeed, in this work, all experiments were carried out at pH
4.5.

3.2.2. Effect of the Adsorbent Dose. The influence of the
MCh@GO nanocomposite dose on the removal percentage of
Nd(III) was investigated in the range of 4.0−30.0 mg at pH
4.5, illustrated in Figure 8. The sorption was found to increase
sharply by increasing the MCh@GO dose at optimum
conditions up to 20 mg and then became almost constant
due to agglomeration of the active solid phase at a higher

Figure 10. (a) Langmuir, (b) Freundlich, and (c) Temkin plots for the adsorption of Nd(III) onto the MCh@GO nanocomposite (pH = 4.5, T =
25 C°, V/m = 1000 mL/g).

Table 1. Langmuir and Freundlich Constants for Nd(III)
Adsorption onto the MCh@GO Nanocomposite

model parameters value

Langmuir Qmax(mg/g) 56.60
b(L/g) 0.067
RL 0.229
R2 0.991

Freundlich 1/n 0.191
Kf (mg/g)(L/mg)1/n 19.770
R2 0.882

Temkin B(J/mol) 301.85
KT (L/g) 3.655
R2 0.915
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dose.56 Therefore, 20 mg, i.e V/m = 1000 mL/g, was chosen as
the dose in further investigations.

3.2.3. Effect of Nd(III) Concentration. The effect of the
initial concentration of Nd(III) solutions on its sorption onto
the MCh@GO nanocomposite was discussed in the range 50−
350 mg/L, Figure 9. The amount adsorbed (q) slightly
increased with the initial Nd(III) concentration. This is in
regard to the fact that at low concentrations of Nd(III), the
number of Nd(III) ions is low compared with the sufficient
active sorption sites of the adsorbent. Then, it becomes almost
saturated with increasing initial concentration as there are no
active MCh@GO nanocomposite sites sufficiently available.57

In this study, the adsorption behavior of Nd(III) onto the
MCh@GO nanocomposite from aqueous media was analyzed
by fitting the sorption isotherm data for the adsorption of
Nd(III) at various concentrations by different isotherm models
(Langmuir, Freundlich, and Temkin models), eqs 2−4

i
k
jjjjj

y
{
zzzzzq

q bC

bC1e
max e

e
=

+ (2)

q k C n
e f e

1/= (3)

where qe is the amount adsorbed (mg/g), Ce is the equilibrium
concentration of the metal ion (mg/L), b is the Langmuir
constant, and Kf and n are the Freundlich constants. The
results are illustrated in Figure 10a,b and Table 1. It is clear
that the Langmuir model is the best fit model that indicates
that the process is a type of monolayer sorption with the
regression coefficients R2 ≈ 1. One of the characteristics of the
Langmuir isotherm is the equilibrium parameter RL. The value
of RL was found to be 0.229, i.e., 0 < RL < 1, which means that
the sorption process of Nd(III) onto the MCh@GO
nanocomposite is favorable, Table 1.

The Temkin isotherm assumes that a decrease in the heat of
adsorption is linear and the adsorption is characterized by a
uniform distribution of binding energies. It is expressed by the
following eq 4

q K C RT bln( ) /e T e= × (4)

Figure 11. (a) Pseudo-first order model, (b) pseudo-second-order model, (c) intraparticle diffusion kinetic model, and (d) Elovich kinetic models
for the adsorption of Nd(III) onto the MCh@GO nanocomposite (pH = 4.5, V/m = 1000 mL/g, Nd(II) = 50 ppm).
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where b = RT/b is related to the heat of adsorption (J/mol), R
is the gas constant (8314 J. mol−1·K−1), T is the absolute
temperature (K), and KT is the Temkin equilibrium constant
(L/g) corresponding to the maximum binding energy. The
Temkin constants are tabulated in Table 1.

3.2.4. Adsorption Kinetic Models. The sorption kinetics
depends on the nature of both the sorbent material and sorbate

species that affect the sorption process.58,59 To explore the
sorption mechanism, four kinetic models were used (first-
order, second-order, intraparticle, and Elovich models). The
pseudo-first-order mechanism equation is generally expressed
as follows

q q (1 e )t
k t

e
i= (5)

By plotting log qt versus t, as represented in Figure 11a, straight
lines were obtained. From the slopes and the intercepts, we can
determine the pseudo-first-order rate constant, k1, and the
calculated adsorbed amounts at equilibrium, calc. qe, as
illustrated in Table 2.

The pseudo-second-order adsorption kinetic rate equation is
defined as

q
K q t

K q t1t
2 e

2

2 e

=
+ (6)

where the values of the pseudo-second-order rate constant, k2,
and the amount adsorbed at equilibrium, qe, can be evaluated
as shown in Figure 11b and tabulated in Table 2. It is clear that
the theoretical values of qe are also closer to the experimental
qe values for the second-order kinetic model compared with
those in the pseudo-first-order model. This suggests that the
sorption process reaction of Nd(III) ions onto the MCh@GO
nanocomposite follows the second-order kinetic model.

The intraparticle diffusion model can be evaluated from eq 7

q K t Ct i
1/2= + (7)

where ki (mg g−1 min−0.5) is the intraparticle diffusion rate
constant and C refers to the boundary layer thickness and can
be estimated from the plot of qt and t1/2. Figure 11c gives
straight lines that do not pass through the origin; this indicates
that the intraparticle diffusion is involved in the sorption
process but not in the rate-controlling step due to the
boundary layer effect. The values of ki and C are listed in Table
2. It is worth mentioning that the value of ki increased with
temperature due to increasing mobility of the Nd(III).

The Elovich kinetic model emphasizes the activated
chemisorptions and is expressed by eq 8

q t1/ ln(1 )t = + (8)

where the constant (α) is known as the original adsorption rate
(mg/g min) and (β) is a constant; they are illustrated in Table
3.

3.2.5. Effect of Temperature. The temperature has a great
influence on the sorption process. Hence, the effect of
temperature on the sorption of Nd(III) was investigated in
the range of 298−333 K.

The thermodynamic parameters ΔH°, ΔS°, and ΔG° can be
evaluated from the following equations

K S
R

H
RT

ln D = ° °
(9)

G H T S° = ° ° (10)

by drawing ln KD against 1/T, Figure 12, where the values of
the above-mentioned thermodynamic parameters are tabulated
in Table 3. The positive ΔH° value indicates the endothermic
character of the process, and the negative value of ΔG°
indicates that the process is spontaneous. The positive entropy
change (ΔS°) indicates that the adsorption of Nd(III) onto

Table 2. Calculated Parameters of the Pseudo-First-Order,
Pseudo-Second-Order, Intraparticle Diffusion, and Elovich
Kinetic Models of Nd(III) onto the MCh@GO
Nanocomposite

model parameters 298 K 313 K 323 K 333 K

First-order
kinetic

k1 (min.−1) 0.530 0.516 0.484 0.509
qe, calc.
(mg/g)

31.844 35.285 40.554 43.690

R2 0.987 0.970 0.975 0.978
Second-order
kinetic

k2 (min.−1) 0.022 0.019 0.015 0.015
qe, calc.
(mg/g)

35.148 39.086 45.071 48.469

R2 0.913 0.893 0.907 0.909
qe, exp.
(mg/g)

31.45 34.5 39.75 42.95

Intraparticle
diffusion

kid (mg
g−1 min−0.5)

7.20 6.74 5.77 5.10

C 15.0 13.6 12.5 11.2
R2 0.532 0.545 0.517 0.529

Elovich a(mg/min) 3.9 3.3 5.5 8.0
b (g/mg−1) 0.105 0.082 0.076 0.071
R2 0.891 0.889 0.882 0.903

Table 3. Thermodynamic Parameters for the Sorption of
Nd(III) onto the MCh@GO Nanocomposite

T, K° ΔH° (kJ/mol) ΔS°(J/mol) ΔG° (kJ/mol)

298 29.540 102.827 −1.308
313 −2.082
323 −3.639
333 −5.003

Figure 12. Effect of temperature on the adsorption of Nd(III) onto
the MCh@GO nanocomposite (pH 4.5, V/m = 1000 mL/g,
Nd(III)50 ppm).
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the MCh@GO nanocomposite is accompanied with an
increase in the randomness of the system as a result of
increasing the rate of diffusion of the sorbate species across the
external boundary layer.
3.3. Reusability. The regeneration and reuse of the

adsorbent are vital criteria for assessing the commercial
potential. In this respect, the loaded composite was
regenerated using dilute hydrochloric acid (pH 1−2). The
regeneration ratio was between 100 and 85% after 5.0 cycles.
This result indicates that the positive charged amine groups in
CS were protonated in acidic conditions, so the adsorbed
Nd(III) ions left active bonding sites on the composite due to
the electrostatic repulsion between the positive Nd(III) ions
and adsorbent.
3.4. Comparison of Nd(III) Adsorption Capacity by

Different Adsorbent Materials. Table 4 gives a comparison
between different adsorbents and the investigated MCh@GO
nanocomposite toward the sorption of Nd(III).49,60−68 The
results implied that the MCh@GO nanocomposite can be used
efficiently for the remediation of Nd(III) from aqueous
medium.

4. CONCLUSIONS
In summary, we have reported the synthesis and character-
ization of the magnetic chitosan/graphene oxide nano-
composite (MCh@GO) by FT-IR, XRD, SEM, and TGA
that could be employed as an effective adsorbent for the
removal of Nd(III) ions from aqueous media. Different factors
affecting the sorption process such as pH, contact time, initial
Nd(III) concentration, and temperature have been examined.
It was found that the optimum conditions for the sorption of
Nd(III) are at pH 4.5 within 5.0 min. The mechanism of the
sorption process follows the pseudo-second order and obeys
the Langmuir isotherm with a Qmax of 56.6 mg g−1, being
spontaneous and endothermic in nature. Moreover, the
synthesized composite had a high reusability of up to five
cycles of adsorption−regeneration that was achieved using
relatively dilute hydrochloric acid. This ensures that this
adsorbent is economical, eco-friendly, and promising for
wastewater treatment. In the future work, the adsorption
behavior of other lanthanides will be investigated.
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