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Abstract

of its adsorbent application potential.

Core-shell Fe,0,@C nanoparticles consist of a magnetic core and carbon coating, and exhibit high adsorptive
capacity, easy magnetic separation and reusability. Due to these properties, core-shell Fe,O,@C nanoparticles
have great potential application in adsorption, separation and wastewater treatment. Magnetic separation based
on the super paramagnetic Fe,O, has received considerable attention and is widely used for the removal of
dye, oil pharmaceuticals and metals from water due to its high efficiency and economic viability. Therefore, the
main characteristics of the core-shell Fe,0,@C nanoparticles, the different types of synthesis, as well as the
main applications for the removal of water pollutants were reviewed. In this brief review, an overview of the basic
properties of the Fe,0,@C core-shell nanoparticles are given, and the most important and more frequently used
methods for the synthesis of Fe,O,@C core-shell nanoparticles have been summarized along with the description
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Highlights

e Magnetic core-shell Fe,0,@C nanoparticles combine excellent
adsorptive capacity and easy magnetic separation.

e Core-shell nanoparticles show high regeneration capability.

o The use of magnetic core-shell Fe,O,@C nanoparticles provides
over 90% removal of pollutants in aqueous media.

e Magnetic core-shell Fe,O,@C nanoparticles regeneration has
been manifesting great potential in water treatment.

Introduction

Several industries such as fertilizer, paper, pharmaceutical, plastic
and textile consume in their processes large amounts of water, and
consequently dispose considerable volumes of pollutants daily, such as
dyes, heavy metals, pharmaceuticals, among others.

Industrial processes use dyes and substantial volumes of water to
dye products such as tissue, leather, paper and plastics. Such procedures
generate a large amount of dye that is released into natural waterways
[1], risking to reduce sunlight penetration and deplete the dissolved
oxygen, not to mention the production of some toxic, mutagenic and
carcinogenic intermediates by different reaction such as hydrolysis and
oxidation of dye [2].

The pollution produced by pharmaceutical products in surface
and ground waters has been acknowledged by many countries as an
environmental issue, leading the pharmaceutical industry to use the
designation Active Pharmaceutical Ingredients to describe products that
are pharmacologically active, resistant to degradation, highly persistent
in aqueous medium, and potentially able to produce adverse events
in water organisms and have a negative impact on human health [3].
Among pharmaceuticals, antibiotics have received particular attention
since the late 90s [4] due to correlations between the development and
rapid expansion of antibiotic resistance and their total consumption
and occurrence in the environment [4,5].

Furthermore, another serious environmental problem is pollution
by heavy metals [6], which are persistent, non-biodegradable, toxic and

bio accumulative in the aquatic ecosystem [7]. This pollutant generally
enters the aquatic environment through atmospheric deposition,
erosion of geological matrix or deriving from anthropogenic activities
caused by industrial discharges, domestic sewage and mining wastes
[8]. After their introduction into the aquatic ecosystem, most metals
are attached to fine-grained particulates and, as a result of settling,
accumulate in bottom sediments, where they may cause adverse
biological effects even when water quality criteria are not exceeded [7].

With this in mind, several technologies have been developed
to remove water pollutants, such as biological treatment processes,
chemical oxidation processes, membrane separation and ion exchange
processes and adsorptions processes [9-11]. Among these processes the
adsorption technology is regarded as one of the most competitive due
to its wide application scope, excellent efficiency of water treatment and
its high capacity to recover valuable products and raw materials.

Thus, continuous efforts are being made to synthesize adsorbents
with excellent performance, which require a good adsorption capability
and convenient recovery from aqueous media [12,13].

In general, these adsorbents have a functional surface or hierarchical
porous structure with high specific surface area, and exhibit excellent dye
adsorption performance [1]. Traditional adsorbents, such as activated
carbon, silica, zeolites, peat and chitin are limited as they cannot meet
the growing industrial demand on account of their limited adsorption
capacity and slow recovery process [13]. In addition, traditional
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separation methods of adsorbents in water, including centrifugation
and filtration, are time consuming and lead to relatively high costs.

In recent years, a great deal of active research has been performed
on novel adsorbents, exploring various configurations of adsorbents
to maximize their adsorptive capacity, particularly by incorporating
nanoparticles. The unique advantages of nanoparticles are their small
size, large surface area and the quantum size effect, which theoretically
increases the adsorption capacity for nanoparticle adsorbents [14].

Therefore, Fe,O 4-based magnetic nano adsorbents have drawn
considerable attention due to their simple and fast separation properties
under an external magnetic field [1]. Furthermore, magnetic adsorbents
have distinct advantages such as selective absorptivity, easy recovery,
strong magnetic responsiveness and favorable water dispersibility.
Characteristics such as a good regeneration capability substantiate the
great potential of Fe,O,@C in water treatment [15-17].

In this brief review, an overview on the basic properties of the
methods of the most important and frequently used synthesis of
Fe,0,@C core-shell nanoparticles has been summarized along with the
description of its properties and application as an adsorbent.

Fe,O,@C core-shell nanoparticles characteristics

Fe,0,@C core-shell nanoparticles consist of a magnetic core and
carbon coating (Figures 1-3), owing its importance to characteristics
such as high adsorption, easy magnetic separation and regeneration
capacity [12,15-24].

These structures are being used in many fields such as magnetic
resonance imaging, medicine, biology, immunoassay, drug delivery
and separation methods [25,26]. This widespread application is due to
their useful properties including small size, high specific surface area,
biocompatibility, high saturation magnetization level, low toxicity and
injectablility in industrial systems [27].

Studies show that, depending on the synthesis condition, it is
possible to obtain ferromagnetic Fe,O,@C core-shell nanoparticles
[28,29] or super paramagnetic [15,30,31]. These characteristics depend
on the phases of iron oxide used, which can be magnetite (Fe,0,)
[29,32-34], hematite (a-Fe,O,) [35-37], maghemite (y-Fe,O,) [38-40]
and wustite (FeO) [41].

Among the advantages found in theses nanoparticles, one that stands
out is its easy separation, which is related to its magnetic behavior, with
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Figure 1: Fe,O,@C core-shell nanoparticles consist of a magnetic core and
carbon coating.

Figure 2: Fe,O,@C core-shell nanoparticles consist of a magnetic core and

carbon coating.

Figure 3: Fe,0,@C core-shell nanoparticles consist of a magnetic core and

carbon coating.
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Figure 4: Potential applications in a high-gradient magnetic separation system.
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potential applications in a high-gradient magnetic separation system,
as illustrated in Figure 4. This system starts with the addition of nano
adsorbents to the contaminated water tank, with resulting pollutant
adsorption by the nanoparticles. After a certain time, the separation
stage, in which the water passes through a column containing a
magnetized grid begins, and magnetic nano adsorbents are attracted
by the magnetic field and retained in the grid. The water, now free of
pollutant, passes to the second tank, concluding the adsorption process.
The nanoparticles can then be recovered by desorption. The industrial
usage of magnetic water treatment can be traced back to more than
100 years. Faunae and Cabell invented an electromagnetic device to
treat boiler feed water [42], and Hay [43] received the first United States
patent for a water treatment device that employed a magnetic field.

Magnetic separation based on the Fe,O, has received considerable
attention and is widely used in wastewater treatment mainly due to
its low cost and high efficiency [13]. In such separation processes, the
interaction of magnetic forces and other forces is important to control
and direct the particle movement. Depending on the magnitude of the
acting magnetic force, the whole separation process can be influenced
by specific movements or magnetically induced agglomeration of the
magnetic particles [44].

Several works in the literature show the magnetic separation
capacity of Fe,O,@C core-shell nanoparticles and their application in
various effluent treatments [12,17-24]. Wu et al. [17] stated in their
study that easy separation is the major priority of magnetic adsorbents.
The authors demonstrate the easy magnetic separation of Fe,O,@C
after the adsorption of methylene blue (MB). Hao et al. [19] studied the
magnetic separation of Fe,O,@C nanoparticles after dye removal. They
observed that the dye-loaded in iron oxide/carbon nanoparticles could
be easily separated by placing a conventional laboratory magnet beside
the glass bottle.

On the other hand, the magnetism of Fe,O,@C nanoparticles can
be decreased by a carbon coating. Shouhu et al. [45] prepared carbon-
encapsulated magnetic nanoparticles and observed that the products
exhibited typical ferromagnetic magnetic curves, with a saturation
magnetization much lower than that of the corresponding bulk Fe,O,.
This can occur due to the amorphous carbon shell in the disordered
structure at interfaces providing less magnetic moment per mass unit
than that of ferromagnetic core regions. However, several researchers
such as Kakavandi et al. [32] affirmed that this magnetic composite
could be applied as a catalyst for environmental purposes, being
subsequently easily and rapidly removed from the solution without
leaving residues.

Another advantage Fe,0,@C core-shell nanoparticles is its easy
regeneration. Lin et al. [12] affirmed that the stability and regeneration
ability of the adsorbents are crucial for its practical applications. The
removal of contaminants from wastewater by adsorption implicates a
reduction of operation costs. The cost of their disposal or regeneration
determines the feasibility of applying the adsorbent systems in large-
scale operations. Lin et al. [12] observed in their studies that Fe,O,@C
nanoparticles with mesoporous carbon, after five adsorption-desorption
cycles, still demonstrated good stability capacity. On the other hand,
Wu et al. [6] observed that the recycling of Fe,O,@C led to a decrease
of adsorption capacity. After the first recycle, the relative capacity was
96.3%, decreasing to 59% at the fourth cycle. The results indicated that
Fe,0,@C nanoparticles could be regenerated during the applications,
but in such cases its adsorptive capacity decreases. Kakavandi et al.
[32], who observed that Fe,O,@C retained its stability and adsorptive

activity even after several cycles, which could significantly reduce the
operation costs in practical applications.

Synthesis of Fe,O,@C core-shell nanoparticles

Core-shell has attracted considerable attention due to its well-
ordered assembly structures that are synthesized through chemical
bonding or other forms of interaction between carbon and iron [46].
Depending on the synthesis techniques, a variety of scales and shapes
can be synthesized, such as sphere, cube, prism, platelets, wire, rod,
tube, etc. In order to synthesize Fe,O,@C core-shell nanostructures at
different scales and shapes, several methodologies have been developed
[34,37,47-55].

According Cunningham and Burgi [56], nano materials synthesize
methods can be divided in two categories (Figure 5).

Top-down: a process that starts from a bigger particle to obtain a
smaller one through the application of externally controlled tools to
cut, grind and shape materials in the desired form and scale [57]. The
most common techniques are lithographic [58], laser processing [59]
and mechanic ones [60].

Bottom-up: approach involves the fabrication of structures from
smaller units, using the properties that they possess to induce their
self-assembly in the desired manner [56]. The particle is constructed
atom by atom until reaching the desired size [57]. The most common
techniques are vapour chemical decomposition [61], laser induced
assembly [62], self-assembly [63], colloidal aggregation, film deposition
and growth [64] and chemical synthesis.

Both top-down and bottom-up have advantages and disadvantages,
but compared to top-down methods the bottom-up self-assembly
approach is cheap and enables the manufacturing of two-dimensional
or three-dimensional samples with a large area, making it attractive
for several applications [56]. Furthermore, bottom-up stands out due
to its capacity to produce significantly smaller particles with greater
precision, greater process control and minimal energy loss. This process
is the ideal for the synthesis of core-shell nanoparticles due to the bigger
process control during the synthesis, thus achieving a uniform coating
of the core during particle formation, along with the aforementioned
advantages [57].

According to Laurent et al. [65], the coating of iron oxides, e.g.,
magnetite, can not only protect the core, but also promotes the increase
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Figure 5: Nano materials synthesize methods.
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in nanoparticle stability. Therefore, there are several studies addressing
the use of different coating materials for magnetic nanoparticles, such
as silicon [66], polyanile [67], chitosan [68], carbon [35,52,53,55],
among others. A comparison between silicone and carbon as a coating
material for metallic particles shows that carbon presents a much
greater stability in various types of environments and conditions, both
for acid and basic media, and high temperatures and pressure [34].

Several different methodologies are found in the literature
for the synthesis of core-shell Fe,O,@C nanoparticles, such as
solvothermal [49], chemical vapour decomposition [48], hydrothermal
coprecipitation [34], pyrolysis [55,53], combustion waves [69] and
synthesis by microwave [55], as well as the combination of two or more
methods.

Hydrothermal coprecipitation

The most common and most efficient method for the synthesis
of core-shell Fe,O,@C nanoparticles is hydrothermal coprecipitation,
which consists of a precipitation stage of the oxide in alkali medium
followed by a carbon coating [34] (Figure 6).

A hydrothermal process is one which involves reactions in aqueous
solvents at high temperatures and vapour pressures, utilizing sealed
containers such as autoclaves and pressure tubes [70]. In contrast,
coprecipitation processes occur when there is a reaction between two
or more hydro soluble salts and the formation of at least one insoluble
salt that precipitates [57,71]. Thus, in the hydrothermal coprecipitation
process there is the combination of these two methods for the formation
of both the core, by the precipitation of Fe,O and the carbon shell, by
the hydrothermal process.

e

The coprecipitation process occurs in two stages: first, a fast
nucleation period, which happens when the concentration of the
reagent reaches critic super saturation; afterwards, there is the stage for
the slow growth of the cores by the diffusion of solutes on the crystal’s
surface [57,65,71]. The formation of the shell in the core occurs through
a heterogeneous nucleation process. The particles in the shell material
are directly deposited on the core’s surface and continue the process of
the core formation and growth on its surface, instead of forming new
cores at the bulk phase [57].

Xuan et al. [34] performed the synthesis of Fe,O,@C in a single step
by hydrothermal coprecipitation. The authors affirmed that the use of
this synthesis route allowed the attainment of uniform and stable core-
shell nanoparticles in a fast and uniform way. The authors stated that the
formation of Fe,0,@C occurred in this manner: Fe,O, nanoparticles
were formed by the reduction of Fe** by glucose in alkaline conditions
from the decomposition of urea. The magnetic particles formed in
the solution possess a reactive surface which, after the carbonation of
glucose, bond with carbon, forming the shell of the Fe O, particle. The
authors concluded that, compared to other methods for the formation
of magnetic metal @C structures, the one-step carbonization reaction
here is conducted at a relatively low temperature (180°C). Bhattacharya
et al. [41] applied the same technique of synthesis of Fe,O0,@C core-
shell nanoparticles used by Xuan et al. [34], adding, however, poly-
ethylene glycol (PEG) as a chemical stabilizer to prevent nanoparticles
agglomeration. Thus, the authors produced spherical nanoparticles
with a uniform size distribution.

During the synthesis of nanoparticles, factors such as pH,
temperature, the nature of salts (perchlorides, chlorides, sulphates
and nitrates) and the ratio of Fe**/Fe’* concentration can be adjusted
to control format, size, magnetic characteristics and surface properties

[57,65,71,72]. Furthermore, the use of surfactant agents can help
control the dispersion of the magnetic nanoparticles, reducing the
formation of agglomerates through the stabilization of attractive and
repulsive forces [41,65].

In addition to the synthesis strategies described above, researches
have recently emerged in the literature focusing on obtaining
nanoparticles with spheres, chains and rings controlled by reaction
parameters [72]. For instance, Li et al. [72], reported for the first time
the selected-control, large scale synthesis of mono dispersed Fe,0,@C
core-shell spheres, chains, and rings with tunable magnetic properties
based on structural evolution from eccentric Fe,O,@poly acrylic acid
(PAA) core-shell nanoparticles. The method basically consists of
producing Fe,O, nanoparticles via hydrothermal reaction at a high
temperature, followed by the mixing of nanoparticles with PAA to
form Fe,O,-PAA. Finally, to obtain Fe,O,@C core-shell spheres, Fe,O,-
polymer is heated under an inert atmosphere. Then mono dispersed
Fe,0,@C core-shell spheres and rings were fabricated in a controlled
way by structural evolution from eccentric Fe,O,@PAA core-shell NPs
as starting materials by heat treatment at 400°C for 3 h, 600°C for 5
h, and 600°C for 7 h, respectively, in argon atmosphere. When the
eccentric Fe,0,@PAA core-shell NPs were treated at 600°C for 5 h,
Fe,0,@C core-shell particle chains were obtained. When the treatment
time was prolonged to 7 h, the products were ring-like Fe,0,@C
core-shell structures. Figure 7 shows a representative TEM image of
the 1D particle chains. The authors believe that the formation of the
anisotropic structure is due to magnetic dipolar interaction between
the magnetic NPs, which favors a head-to-tail orientation [72].
However, the morphology of the nanoparticles remains spherical even
with the temperature and time variation in the Fe,O,@PAA treatment,
although the increase in temperature favored the formation of particles
with larger size, about 1 um [72]. Similar methodology was applied by
Wang et al. [53], with a major difference in the initial stage, since in
this work the authors produced nanoparticles of Fe,O, instead of Fe,O,.
Nonetheless, the subsequent steps were substantially similar. Besides
its excellent mono dispersity, uniform diameter, and high magnetic
saturation, the product had a good hydro philicity due to the existence
of remnant oxygen-containing groups [53].

Wang et al. [73] synthesized carbon encapsulated magnetic
nanoparticles by heating an aqueous glucose solution containing Fe@
Au (Au coated Fe nanoparticles) or Ni nanoparticles at 160°C for 2 h.
They concluded that, by using this method, it was possible to obtain
nanoparticles with uniform Fe/Au soaked carbon spheres with an
average particle size of 200 nm. Recently, Fe,O,@C core-shell has been
developed at room temperature by applying a hydrothermal process
consisting of three steps: at first, hematite (a-Fe,O,) nano rods were
obtained; a-Fe,O,@C core-shell nano rods were subsequently fabricated
using glucose as a carbon source by a hydrothermal method; finally,
Fe,0,@C core-shell were synthesized after an annealing treatment of
the product from the previous stage under a flow of a Ar/H, mixture

Iron precursor wo
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+
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e

P
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Figure 6: A precipitation stage of the oxide in alkali medium followed by a
carbon coating.
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Figure 7: TEM image of the 1D particle chains.
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Figure 8: The a-Fe,O, nanotubes were heated at 450°C for 30 min in a tubular
furnace under a N,:C,H, flow.

Figure 9: Adsorption of chemical species.

[37]. linterestingly, Fe,O, core has shown many pores whose mean
diameter is about 12 nm and its shell exhibits an enhanced degree of
graphitization [37].

Solvothermal method

Solvothermal synthesis is a method for preparing a variety of
materials such as metals, semiconductors, ceramics, and polymers.
The process involves the use of a solvent under moderate to high
pressure (typically between 1 atm and 10,000 atm) and temperature
(typically between 100°C and 1000°C), which facilitate the interaction

of the precursors during synthesis. The method can be used to prepare
thermodynamically stable and metastable states, including novel
materials that cannot be easily formed by other synthetic routes [74].

Zheng et al. [49] described a simple one-step solvothermal synthesis
of Fe,0,@C using glucose, FeCl,-6H,0, CO(NH,), and ethylene glycol
(EG) as raw materials. The nanoparticles produced are constituted by
aggregates composed mainly of nano crystals with sizes between 10-
12 nm and possessing hollow interior, high magnetization, excellent
absorption properties and abundant surface hydroxyl groups. The role
of glucose in this synthesis, apart from being a carbon source, is also
to control the size of the resulting nanoparticles, i.e., the higher the
glucose concentration the smaller the size of the resulting nanoparticles.
The authors believe that the adsorption of carbon on the surface of the
nano metric magnetite prevents the subsequent aggregation of particles,
consequently resulting in a smaller size. On the other hand, it can decrease
the surface tension between the crystallization phase and the surrounding
solution, resulting in an increase of the nucleation rate [49].

Furthermore, Fe,O,@C was successfully synthesized by combining
solvothermal, polymerization and high temperature carbonization.
The magnetic Fe,O, nanoparticles with a diameter of ~250 nm have
been synthesized by the solvothermal method [75]. The authors also
studied the effect of resorcinol-formaldehyde (RF) concentration on
the size and thickness of RF shell. By adjusting the concentration of
the RF precursor in the reaction solution, the thickness of RF shell can
be adjusted in the range of 50~150 nm [75]. However, the effect on the
thickness of the RF shell on Fe,0,@C particle size after carbonization
was not investigated, but would have been interesting to do so, since the
aim of the work was to produce Fe,0,@C core-shell.

Recently, Fe,0,@C MNCPs were prepared by the reduction of
ferrocene via a solvothermal reaction. The Fe,0,@C MNCPs in a nano-
scale diameter were used as building blocks in the self-assembly of
the photonic crystal with a three-dimensional structure [76]. Effects
of three important parameters, including temperature, dispersion
concentration and solvent type on evaporation-induced self-assembly
have been investigated. These factors have been proven to have a
significant impact on structural regularity and lustrousness of the
resulting photonic crystals. Meanwhile, photonic crystals with different
diffraction colors were obtained by controlling particle size of MNCPs
through adjusting solvothermal reaction temperature [76].

Chemical Vapor Deposition (CVD)

CVD is a quite interesting synthetic route core-shell from an
environmental point of view; it does not use any solvent. Another
advantage of this method is the possibility of also producing core-
multishell, making this technique quite versatile [77]. Basically, the
surface of the core-particles is used for the heterogeneous nucleation
of the solid shell phase. Similarly to the gas phase synthesis, whether a
precursor will react and form particles in the surrounding liquid phase
by homogeneous nucleation or directly react on the core particle surfaces
by chemical deposition depends on the processing conditions [78].

For instance, Wang et al. [79] synthesized Fe,O,@C core-shell via
CVD route, but the initial oxidation was carried out by hydrothermal
synthesis. The process basically consisted of heating the material
to a temperature of 550°C in a horizontal tube furnace under an Ar
atmosphere and subsequently introducing the carbon source (acetylene)
into the reactor, obtaining the final product after 15 minutes. The XRD
results show that the Fe O, spheres with a diameter of K400 nm were
completely converted to Fe,O, after the CVD process. SEM, EDS and
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TEM results show that a thin carbon layer with a thickness of ~10 nm
was formed on the surface of the Fe,O, particles [79].

Fe,0,@C with a core-shell tubular structure was synthesized by
CVD route by Zhu et al. [80]. The a-Fe,O, nanotubes were heated at
450°C for 30 min in a tubular furnace under a N:C,H, flow (Figure
8). The volume ratio of N, to C,H, was 9:1 and the total gas flow rate
was 100 mL-min~" After the CVD reactions, C-Fe,O,-C nanotubes with
a core-shell structure were obtained [81]. Similarly Wang et al. [82]
synthesized Fe,O,@C core-shell using the same methodology as Zhu
et al. [81], having obtained core-shell nanoparticles with a carbon layer
between 3-5 nm. Additionally, the same authors observed the formation
of carbides with an extended time of the deposition reaction.

It is important to note that CVD is not only a solvent-free method,
but also extremely practical, since it requires little time (15-30 minutes)
for the formation of the core-shell structure when compared to the
hydrothermal route. The time depends on the conditions of the CVD
process such as: initial morphology of the precursor oxides, temperature,
and acetylene flow different carbon layer sizes can be obtained. Another
factor worth highlighting is the CVD process time. For instance, for
times greater than 20 minutes carbide formation occurs [82].

Combustion waves

The method that uses combustion waves in the synthesis of
core-shell-like structures was developed in the southern belt by
researchers from the University of Correia [69]. This process consists
of initially producing the hybrid composite of Fe,O, nanoparticles
and nitrocellulose via wet impregnation, then combustion waves are
generated by a tungsten resistance promoting the reduction of the
carbon and consequent conversion of Fe,0, to Fe,O, thereby forming
the nanostructured Fe,O,@C core-shell [69].

This simple one-pot transformation by combustion waves in hybrid
composites of chemical fuels and core materials could be applied to the
transformation of other metal oxides and the synthesis of ceramics, as
well as providing a general strategy for the formation of a carbon coating
layer on nanostructured materials. This reaction is completed within
a few seconds without a costly setup, since it is performed in open-
air conditions [69]. Therefore, further development of the combustion
wave method might lead to the widespread use of low-cost, high-speed
synthesis of micro- and nanostructured materials [69].

Pyrolysis of polymers method

This method has as a carbon source a polymer or other organic
compounds which undergo pyrolysis. One of the most promising
pyrolysis in the production of core-shell structures is that of ferrocene.
Carbon-encapsulated Fe nanoparticles with sizes between 5 and 20
nm were synthesized via a picric acid-detonation-induced pyrolysis
of ferrocene, which is characterized by a self-heating and extremely
fast process [83]. The formation of the core-shell nanoparticles can
be selectively controlled by adjusting the composition of the picric
acid-ferrocene mixture, which determines the C/Fe atomic ratio of the
reaction system. This ratio of ferrocene/PA did not affect the size of the
particles obtained given that in all samples the size remained the same
[83].

Qiao et al. [54] described a practical and functional method for
synthesizing Fe,O,@C core-shell, in which, initially, SiO,@Fe,0,@C
is formed using SiO, nanoparticles produced by the Stober method.
Subsequently, SiO,@Fe,0,@C is reacted with a basic solution to remove

the SiO, to form Fe,O,@C core-shell. The last step used by Qiao et al.
[54] to produce Fe,O0,@C core-shell was also used by Lei et al. [51],
who prepared Fe,O,@C particles with a coaxial and penetrated hollow
meso channel based on the concept of “confined nano space pyrolysis”,
a synthesis which involves the production of a polydopamine coating
followed by a silica coating on a rod-shaped B-FeOOH nanoparticle
and subsequent treatment using confined nano space pyrolysis and
silica removal procedures.

Stober method

The Stober method is a particular case of sol gel process, which
allows the preparation of monodispersed silica beads with sizes
ranging from 5 to 2000 nm. This method is based on the hydrolysis and
polycondensation of alkyl silicates in alkaline solutions of alkoxides.
The main advantage of the Stober method is the ability to form mono
dispersed spherical silica particles, whileacid-catalyzed systems usually
result in gel structures [84,85].

Currently, the method has been modified and adapted for the
synthesis of magnetic nanoparticles coated with a thin layer of silica
oxide. However, there is still a limited number of works that directly
describe the application of the method in the production of Core-shell
of Fe,0,@C [50].

Zhang et al. [50] modified the Stober synthesis, which is a
route specifically developed for SiO, synthesis, and succeeded in
producing Fe,O,@C. The synthesis involves the production of a
polydopamine coating followed by a silica coating on a rod-shaped
B-FeOOH nanoparticle, and subsequent treatment using confined
nanospace pyrolysis and silica removal procedures. Typical coaxial
hollow Fe,O,@C possesses a rice-grain morphology and mesoporous
structure with a large specific surface area, as well as a continuous
and flexible carbon shell [50]. The authors also investigated some
process parameters in the yield and configuration of the spheres. It was
found that the yield of the Fe,O,@polymer is highly influenced by the
concentration of ammonium hydroxide, and the mono dispersity is
mainly affected by the concentration of ammonium hydroxide and the
citrate group sites away from the surfaces of the Fe,O, nano spheres.
Interestingly, carbonization of Fe,O,@polymer at high temperatures
makes the grain sizes of Fe,O, in Fe,O,@C samples larger than those
in the Fe,O, sample, which makes the saturation magnetization value
for the Fe,0,@C samples higher than those of commonly obtained
materials [50].

Nonetheless, there are research records that use this method as one
of the steps in the production of Fe,O,@C core-shell [86]. This method
basically consists of covering the magnetite in which in situ pyrrole
polymerization takes place with SiO, and pyrrole to form Fe,O,@SiO,@
olypyrrole. Thereafter, a heat treatment is performed to form the carbon
layer and subsequently removes the SiO, in basic medium [86].

Hybrids methods

The synthesis of core-shell sometimes involves the combination
of various methods or hybrid methods. Therefore, some examples
of "hybrid methods", which are basically the combination of several
methods commonly used for the production of core-shell nanoparticles,
are discussed below.

Another approach to synthesize the Fe,O,@C core-shell was
proposed by Wu et al. [55]. This strategy is a combination of two
reactions: solvothermic and hydro thermic. However, the crucial step
to the formation of Fe,0,@C core-shell is the hydrothermic reaction
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[55]. The synthesis of Fe,O,@C core-shell was basically carried out
via polyvinylpyrrolidone-protected glucose reduction/carbonization/
Ostwald ripening. Curiously, glucose acts as a reductant and provides
carbon sources to form Fe,O,@C nano rings. Changing the molar ratio
of glucose and precursor can conveniently modulate the carbon content
and the static magnetic and microwave absorption properties of the
products [55].

Another method generally used to synthesize materials with
higher uniformity and mono dispersity, tunable size, and high yield is
the Stober method [50,52]. Similarly to other methods for obtaining
Fe,0,@C core-shell, this method has a hydrothermal step to obtain
magnetite nanoparticles. The second step is to react magnetite with
formic aldehyde and resorcinol to form the Fe,O,@polymer. Finally,
the Fe,O,@polymer is carbonized to obtain Fe,O,@C core-shell [50].
In addition, the Fe,0,@C obtained exhibits high uniformity and
mono dispersity. Besides, Fe,O,@C has a magnetic susceptibility that
is higher (90 emu.g"') than commonly obtained samples, which may
further accelerate its magnetic separation in solution if a magnet was
used [50]. This method is strongly corroborated by Tan et al. [52], who
fabricated carbon shell derived from the carbonization of a resorcinol
formaldehyde polymer, which possesses abundant porosity with a
hierarchical structure and is highly active in the capture of aromatic
sulfur and nitrogen compounds, despite the absence of any active metal
sites such as Cu (I) and Ag (I).

From the many methods described in this section, the majority
of those are applied in the initial stage using a hydrothermal or
solvothermal reaction to generate nanoparticles Fe O, or Fe,O,. Other
steps may involve a reaction with the polymer or with SiO, to form an
intermediate and finally its carbonization or is angering with acid to
form core-shells.

Application of Fe,O,@C Core-shell Nanoparticles in
the Removal of Pollutants

Removal of dyes by Fe, O,@C core-shell nanoparticles

Fe,0,@C core-shell nanoparticles have been studied in several
researches due to its applications in the adsorption of chemical species,
as showed in Figure 9, which is of environmental interest. These
particles are much more stable than pure magnetic particles since the
shell not only protects the magnetic core of environmental degradation
but also inhibits the agglomeration by Van Der Waals forces [73]. Unlike
traditional adsorbent materials, Fe,0,@C core-shell does not require a
costly step for its removal after the adsorption process, requiring only
a magnetic field.

Wu et al. [17] produced magnetic Fe,O,@C nanoparticles by
hydrothermal coprecipitation, at 160°C for 6 hrs, and applied the
core-shell for the removal of methylene blue (MB) in water. Therefore,
maximum adsorption capacities by adsorption kinetics, influence of pH
(pH 2-12) and ionic strength in adsorption process of MB were studied.
The authors observed that the pH had a significant influence on the
adsorption performance of Fe,O,@C NPs. More MB was adsorbed at
higher pH values ranging from 2-8. Wu et al. [17] attributed this behavior
to the fact that at higher pH the oxygen-containing groups on Fe,0,@C
NPs deprotonated more and interacted more strongly with MB. In
the range of 8-10, the adsorption capacity of Fe,O,@C NPs decreased
slightly. Furthermore, the influence of ionic strength was less than that
of pH. When the ionic strength increased, the adsorption was inhibited.
In the work above, Na* might adsorb on Fe,O,@C NPs as a competitor,
leading to the decrease of adsorption capacity. The adsorption kinetics
of MB by Fe,O,@C NPs showed that adsorption capacities increased

fast in the first hour and reached the equilibrium within 3 hours, which
is a lower time than at 15 mg-L™. At the equilibrium concentration of
52 mg-L, the equilibrium adsorption capacity value was 117 mg-g™.

Zhang and Kong [18] studied novel superparamagnetic Fe,0,@C
core-shell nanoparticles for the removal of organic dyes from aqueous
solutions, and the effect of pH and adsorption time in the adsorption
ability. The results showed that both these parameters have influence
on the adsorption process, wherein the nanoparticle showed highest
adsorption capacity of 90% of MB in basic pH (7-8) and 210 min under
stirring. After the adsorption is accomplished, the nanoparticles can be
easily separated from the water by the application of a magnetic field.
Hao et al. [19] showed that the prepared the y-Fe,O,@C nano composite
(20 nm) was able to remove approximately 80% of the congo red (CR)
within 10 min, and the final removal efficiency of CR was up to 96.2%
within 120 min. Therefore, according to the Langmuir equation, the
maximum adsorption capacities of the Fe,O,@C and the y-Fe,0,@C
nano composites for CR were calculated to be 48.1 and 105.3 mg-g™!,
respectively.

Zhang et al. [87] synthesized Fe,O,@C NPs by using citrus pectin as
the carbon source. The as-prepared nanoparticles were spherical, with
the smallest uniform size of 7 nm among all reported and large specific
surface area. Surprisingly, the Fe,O,@C NPs further demonstrated
dramatic ability to remove methylene blue for a maximum adsorption
capacity of 141.3 mg.g™ and superior recyclability (up to 20 cycles).
Further experimental results revealed that the adsorption kinetic
and isotherm fitted well with the pseudo-second-order kinetic and
Freundlich isotherm model, respectively.

Lin et al. [12] showed that Fe,O,@C nanoparticles with mesoporous
carbon are efficient nano adsorbents, and that rhodamine B (RhB)
concentrations decreased with the increase in adsorption time.
Therefore, magnetic core-shell Fe,0,@nSiO,@mSiO, nanoparticles
were first synthesized with polyethylene glycol as a template in acid
conditions, which possesses high BET surface area and large pore
volume. Then Fe,O,@nSiO,@mSiO, nanoparticles were used as hard
templates to synthesize Fe,O,@mesoporous carbon (Fe,O,@C) with
large surface area (971 m?>g™) and pore volume (1.4 cm®g™). The high
surface area and mesoporous structure of Fe,O,@C favor its efficient
adsorption of RhB in aqueous solution, exhibiting an adsorption
capacity of 198.9 mg-g”' within 30 min, which is higher than the
previous reports on magnetic mesoporous graphitic carbon and
magnetic mesoporous resin. More noticeably, Fe,O,@C nanoparticles
displayed super paramagnetic property, which allows them to be easily
separated and collected in real-life applications.

Zhou and Liu [28] compared adsorption capacities of cationic and
anionic dyes Fe,O,@polydopamine (PDA) and derived Fe,O,@carbon
core-shell nanoparticles. The study demonstrates that Fe,0,@PDA and
Fe,0,@C, both with average size of 300 nm, show different adsorption
behavior towards two kinds of organic dyes. The surface charge of
adsorbents plays a critical effect on the adsorption performance.
The electrostatic interaction is believed to determine the selective
adsorption behavior of Fe,O,@PDA and Fe,O,@C NPs for cationic and
anionic dyes. The results indicate that the negatively charged Fe,O,@
PDA NPs have higher adsorption capacity for positive charged MB,
while positively charged Fe,O0,@C NPs exhibit better performance
for negative charged MO, which strongly suggests that the interaction
between adsorbent and adsorbate is electrostatic. In summary, the
different adsorption behavior together with the magnetic separation
provide a simple and versatile strategy toward designing hybrid NPs for
a variety of requirements in water pollution treatment.
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Removal of pharmaceuticals by Fe, O,@C core-shell
nanoparticles

Although pharmaceuticals have been present in water for decades,
their levels in the environment have only recently begun to be quantified
and acknowledged as potentially hazardous to ecosystems [3]. Some
pollutants groups have received special attention since the late 90s [4],
due to correlations between the development and rapid expansion of
antibiotic resistance and their total consumption and occurrence in
the environment [4,5]. According to Bartlett et al. [88], the resistance
within all microbial classes continues to grow by a natural evolution
driven by the massive use of agents that apply selective antimicrobial
pressure, and pharmaceutical development that had previously kept
men ahead of resistance is now stalled due to economic and regulatory
barriers.

Antibiotics have been investigated as sources of water contaminants,
possibly affecting surface water and groundwater [16,89]. To solve this
problem, adsorption methods are used, since they are considered as an
effective way to remove antibiotics from water [90]. To this end, studies
have shown that core-shell nanoparticles and magnetic nanostructures
can be effective in the adsorption of different antibiotics, such as
sulfonamide [15], nafcillin [91] and tetracycline [92].

The drug (antibiotics) adsorption by core-shell nanoparticles is
sensitive to different factors, such as pH, ionic strength, concentration
and chemical structure of drugs [92]. Bao et al. [15], for instance,
showed that nano composite Fe,O,@C (Fe,O, coated with carbon)
exhibited a high adsorption affinity for sulfonamides (a type of
antibiotic) and that the adsorption is pH-dependent [15]. The maximum
adsorption, obtained at pH 4.8, was 96%, decreasing at pH from 6 to
9 or at pH 2.3 [15]. On the other hand, Wang et al. [93] showed that
the adsorption ability of chlortetracycline (tetracycline antibiotic)
from water by magnetic carbon nanoparticles with core-shell structure
increased with solution pH at pH 3.5-7.5, but decreased with further
increase of pH (pH 7.5-8.5). Furthermore, Bao et al. [15] also showed
that there is a difference in the adsorption capacity of the antibiotics due
to their chemical structure. Among sulfathiazole, sulfamethoxazole,
sulfamethizole, sulfadimethoxine and sulfamethazine, sulfathiazole
was the one with the highest affinity to be adsorbed by the core-shell
structure, probably because of the minimum steric hindrance of the
thiazole ring of this antibiotic [15].

In addition to the factors already discussed, the contact time between
the antibiotic or drug with the core-shell nanoparticle can also affect the
adsorptive capacity. Some antibiotics, when contacted with core-shell
structures, such as sulfonamide, exhibit rapid adsorption kinetics from
90-200 s to reach adsorption equilibrium and high adsorption capacity
(Qmax=344.8 pg g"') [94]. Differently, the adsorption of tetracycline in
aqueous solutions by magnetic composites of Fe,O,@C takes about 44
min to adsorb 79% [32]. In another study it was observed that the core-
shell titanium dicarboxylate with indium (III) sulfide (In,S,@MIL-
125(Ti) hybrids shows good adsorption, and the adsorption amount of
tetracycline was 119.2 mg-g™" after 300 min [92].

All these factors and characteristics influence the percentage of
adsorbed drugs from water resources and also affect the mechanism
with core-shell nanoparticles. Some studies indicate that hydrogen
bonding, electrostatic interactions and electron-donor-acceptor
interactions were the major forces for core-shell adsorption [15,92].
However, each reaction will have its peculiarities and an in-depth study
for each specific case will be indispensable for the proper identification
of the mechanism involved in the process.

Removal of heavy metals by Fe,O,@C core-shell nanoparticles

With the rapid development of industries, such as metal plating
facilities, mining operations, fertilizer industries, tanneries, batteries,
paper industries and pesticides, etc., heavy metal containing wastewater
are increasingly directly or indirectly discharged into the environment
[95]. Thus, due to the adverse effects on environmental and human
health caused by toxic metal ions, some technologies are applied for the
decontamination of heavy metals such as reverse osmosis, precipitation
and adsorption. The advantage of the latter is its low cost and its high
treatment speed [6]. To remove heavy metals, carbon nano materials
have also been associated with other magnetic nanoparticles, presenting
promising results [6,34,82,96].

Zhao et al. [6] prepared, applied and recycled Fe,O,@C NPs for
the removal of Cu*". The mixture of FeCl,-4H,0 and FeCl,-6H,0 was
submitted to a hydrothermal treatment at a temperature of 160°C for 6
hrs. In this adsorption isotherm study, the copper was selected because
its toxicity is known. Then, 8,0 mL of Cu?*, ph 5, 6.4-35.2 mg-L™!, with
solubility lower than 91.8 g-L™" were added to 5 mg of Fe,0,@C NPs in
a thermostatic shaker at 35°C for 24 h to reach saturation. In that study
the adsorption capacity increased notably in values of equilibrium
concentration lower than 0.04 mg-L’, while above this value the
adsorption capacity increased moderately. In the value of equilibrium
concentration of 1.0 mgL™, the value of equilibrium adsorption
capacity reached 54.7 mg-L™". This value of equilibrium concentration
was adopted as reference, since the Environmental Protection Agency
of the United States use the same amount as the recommended value of
Cu for drinking water. The study showed a Fe,O,@C NPs adsorption
capacity 10 times higher than that of active carbon. The next step
consisted of magnetic separation, which decreased less than 2.5% after
its fourth cycle.

Zare et al. [97] synthesized nanoparticles of Fe,O, as an adsorbent
for rapid removal of ammonium ion from the solvent phase. The Fe,O,
NPs were obtained by the chemical coprecipitation method from the
mixtures of FeCl-4H,0O and FeCl,-6H,0 with the addiction of HCL
This solution was stirred at 30°C at a constant pH of 9 for 1 h and the
precipitate was mixed at 50°C for 30 min. With this process a particle
size of 6 nm was obtained. The study investigated the effect of contact
time (10 to 80 min), pH (1 to 10), temperature (25 to 75°C) and initial
concentration of ammonium ions (80 to 140 mg-L™) in the adsorption
capacity of ammonium ion by Fe,O, nanoparticles. The values of the
optimized parameters were found to be 40 min, pH 10, 25°C and 140
mg-L™ of ammonium ions, respectively. Among these parameters, the
pH was presented as the most influential factor in increasing adsorption,
since the percentage of ammonium removal by Fe,O, NPs increased
from to 21.25% to 93.12% in accordance to the increase of pH until 10.
This result corroborates the study by Sadegh et al. [98], which claims
the pH is one of the most important factors in adsorption capacity.

In their adsorption study Zare et al. [97] used a flask with 10
mL of ammonium ion solution with an initial concentration of 140
mg-Land 0.05 g of adsorbent. To optimize the adsorption process the
authors established the most appropriate correlation coefficient for the
equilibrium curves using the following isotherms equations: Langmuir,
Freundlich, Temkin, and Harkins-Jura. Langmuir model successfully
described the adsorption of ammonium ions onto Fe,O,.

Zare etal. [97] investigated three models to describe the mechanism
of solute adsorption by a sorbent: pseudo-first order equation of
Lagergren, pseudo-second order and intra particle diffusion model.
The model that better describes acorrelation was the pseudo-second.
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Zhang et al. [99] synthesized mesoporous magnetic Fe,O,@C
nano spheres by hydrothermal coprecipitation, at 200°C for 24 h, and
studied the influence of core-shell nano spheres comparing them with
magnetic Fe,O, nano spheres for the removal of Cr (IV) from water. Cr
(IV) removal experiments were carried out by adsorbing Cr (IV) from
aqueous solutions at 28°C and pH 7.6. Firstly, the nano spheres were
dispersed in the Cr (IV) solution; then, after 150 min, the magnetic
materials were attracted and separated by an external magnet. The
authors concluded that Fe,O,@C nano spheres with an average pore
size of 6.2 nm removed more Cr (IV) when compared with magnetic
Fe,O, nano spheres, reaching 92.4%.

Conclusions

Fe,0,@C core-shell nanoparticles are used in environmental
remediation for water pollution issues as well as for protecting
human health from exposure to harmful materials, such as dyes,
pharmaceuticals, oils, heavy metals, etc. These nanoparticles have a
high adsorption capacity and facilitated separation due to magnetic
characteristics. These properties make Fe,O,@C core-shell nanoparticles
a potential material for use in the treatment of wastewater.
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