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The core-shell structure Fe;04@C magnetic nanoparticles were synthesized with superparamagnetic Fe;O4 nanosphere as
a magnetic core, and soluble starch resin as a carbon source via a solvothermal method. Silica-iron oxide and Fe;0s@C
carriers with a core-shell structure were prepared by carbonization of organic material on the surface of Fe3O4 nanoparticles,
Fes04@C supported Pd were processed into magnetic nano-catalysts with core-shell structure, and their catalytic
properties were investigated. The resulting environmentally friendly magnetic material can be used to degrade dye
wastewater. The structure of magnetic nanoparticles was characterized using TEM, XRD and VSM. The effects of
preparation conditions in the structure of the Fe304@C magnetic nanoparticles were taken out. The results indicate that
from XRD, the magnetic nano particles Fe;04@C synthesized of carbon sources have amorphous carbon diffraction peak
except for all the characteristic peaks of FesOs. The saturation magnetization Fe3;Os, Fes04@SiO2 and FesOs@C —

59.14 emu/g, 49.12 emu/g and 27.95 emu/g, respectively.
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1. INTRODUCTION

With the rapid development of the catalyst industry,
more and more attention has been paid to catalysis. In
addition to catalytic activity, the selection of catalysts is also
receiving more and more attention in terms of economic
competitiveness and  environmental  compatibility.
Industrial and academic research on highly efficient and
selective catalysts havesignificantly reduced waste
production and treatment costs. However, high costs and
difficulty separating and recovering the catalyst are the main
problems in liquid-phase reactions [1, 2]. To solve these
problems, researchers have developed many methods, such
as ionic liquids and supercritical solvents, which have been
used to separate catalysts. However, these separation
methods have some limitations regarding cost control,
efficiency, etc. To solve this problem, magnetic
nanomaterials have received significant attention [3, 4].
This is because magnetic nanomaterials can be effectively
separated under the action of an intelligent field. Therefore,
preparing magnetic catalysts with separation efficiency and
selectivity has become the focus of catalysis research [5, 6].

With the rapid development of various manufacturing
industries, a large amount of industrial wastewater has been
generated, and the discharge of industrial wastewater
containing organic dyes has also increased sharply. About
160 million cubic meters of organic dye sewage is
discharged into the water environment every year in China
[1]. Water pollution caused by organic matter seriously
endangers the living environment and the healthy life of
human beings. In addition, dye effluent has the
characteristics of high color, high content of organic
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pollutants, complex composition, large changes in water
quality, high biological toxicity, etc., and is difficult for
biochemical degradation. Discharging into water bodies
will consume dissolved oxygen, disrupt the ecological
balance of the water, and endanger the survival of fish and
other aquatic organisms. How to deal with such pollutants
efficiently has become an increasingly relevant issue, and
we need to consider the advances and feasibility of
treatment technology. Therefore, dye sewage treatment
technology mainly focuses on the following aspects: high
efficiency, adaptability and low cost.

Iron, drills, inserts, and other metals are magnetic;
common magnetic nanomaterials consist of these metals and
metal oxides and complexes. Among these magnetic
materials, Fe3O4 is the most widely used. It has the
advantages of a simple production method, good
controllability and stability of particle size, easy dispersion
of particles, good biocompatibility, and low toxicity to
living beings; it has many special properties, especially
catalytic activity, which are different from other solid
particles and have great application potential in many fields.
Many methods exist to prepare nano-magnetic
FesOsmaterials [7, 8]. According to the state of reactants,
there are mainly wet and dry methods; according to the type
of preparation, there are physical, chemical, and
comprehensive methods. Chemical coprecipitation, sol-gel,
water/solvothermal, microemulsion, high-temperature
decomposition, and template methods are widely used
[8—-10].

In this research magnetic Fe;O4 nanoparticles were
synthesized from ferric chloride hexahydrate by chemical
precipitation and solvothermal synthesis and then coated



with a carbon layer by hydrothermal method using soluble
starch as a carbon source. Magnetic Fe;04@C nano-
catalysts were prepared by loading metal components onto
the processed supports and fixing the metal components on
the surface of the supports with sodium borohydride.

2.EXPERIMENTAL
2.1. Experimental materials

In the experiment, we used ferric chloride produced by
Sinopharm Chemical Reagent Co., Ltd.; Ferric chloride and
sodium borohydride. Soluble starch and palladium chloride
produced by Sinopharm Chemical Reagent Co., Ltd. We
purchased polybutylene glycol (AR) from Tianjin Kemi
Chemical Reagent Co., Ltd.; Ammonia; (AR) ethanol and
ethyl orthosilicate (AR). The water used in the experiment
was distilled.

2.2. Synthesis of Fe;O4

Synthesis of Fe3O4 by chemical precipitationincluded:
chlorides containing iron ions (Fe** and Fe?") were mixed in
a mass ratio of 1:2. Then, a mixed solution was formed,
which was dropped at a rate of 10 mL/min using NaOH
solution as precipitant; the pH was controlled in the range
of 5—6, and the hybrid systems were stirred at 500 r/min
speed at 30 °C temperature, and the precipitate was washed
and dried after the synthesis reaction. Finally, magnetic
Fes;04 nanoparticles were obtained, and the particle size of
the obtained Fe;O4 nanoparticles was studied.

Synthesis of Fe;O4 by solvothermal: Magnetic Fe3O4
nanoparticles were prepared by solvothermal according to
the method described in [11, 12]. With stirring, 1.3 g FeCls-
6H,0, 2.4 g sodium acetate, 0.4 g trisodium citrate and 6.0 g
polyvinylpyrrolidone-K30(PVP-K30) were dissolved in
100 mL glycol. The homogeneous yellow solution obtained
was transferred to a 100 mL Teflon-lined stainless steel
autoclave. The autoclave was sealed and heated to 200 °C.
After 10 hours of heating, the autoclave was naturally
cooled to room temperature. The obtained black magnetite
particles were separated with a permanent magnet, washed
with deionized water and ethanol, and dried in a vacuum at
60 °C for 24 hours.

2.3. Synthesis of Fe;04@SiO;

0.1 g of the prepared ferrosoferric oxide nanoparticles
was ultrasonically dispersed in a mixture of 35 mL ethanol
and 10 mL water, and 1 mL ammonia was added to the
system with mechanical stirring, 50 mL ethyl orthosilicate
was injected and mechanically stirred for 8 h at room
temperature. After the reaction, the brown solution was
magnetically separated and washed three times with
deionized water to remove the unreacted raw materials and
impurities, and the Fe;O4@silica complex was obtained.

2.4. Synthesis of Fe;04@C

4.0 g of soluble starch and 2.0 g of polyethylene glycol
were mixed with 160 ml of distilled water in a beaker under
mechanical stirring at room temperature for 3 hours until the
starch and polyethylene glycol were uniformly dispersed
Then, the Fe;O4 nanoparticles were added for 30 minutes
under ultrasound to disperse 0.2 g of the prepared synthetic

213

Fe304.The mixed liquid was poured into the stainless steel
reaction lid lined with a special gas kite and sealed. The
mixture was heated to 180 °C in a drying oven, kept at a
temperature for 9 hours, and then cooled to room
temperature. After opening the high-pressure reactor, the
reaction of the black liquid could be seen in the beaker and
washed with ethanol;all the products are separated from the
black products by using a magnetic field.

The black product was cleaned with deionized water
and ultrasonicated for 15 minutes. After magnetic
separation 3—5 times, the black product was washed with
ethanol, ultrasound, and magnetic separation. After the
surface of the product was driedin a vacuum drying box at
60 °C for 12 hours and stored as a reserve [13, 14].
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Fig. 1. Synthesis of Fe;04@C
2.5. Synthesis of Fe;O4@C/Pd

1 g of Fe;04@C was added to 100 ml of deionized
water and then sonicated for 5 minutes at room temperature
to disperse Fe3O4@C. The liquid was dispersed into a round
bottom flask, 1 mL of 0.5 mg/mL chlorinting solution was
added with vigorous stirring for 12 hours at room
temperature. 0.15 g of sodium borohydride was weighed, it
was dissolved in 45 mL of ethanol, it was dispersed under
ultrasound, and it was added to the stirred liquid. The
stirring was stoped after stirring for 2 hours. After
stratification, the liquid was rinsed alternately with
deionized water and ethanol and left to stand. After the
product's surface is dried, the beaker with the product is
placed in a vacuum drying oven and dried at 60 °C for
12 hours.

2.6. Characterization methods

The surface topography of the sample was studied by
JEOL JSM-6700F scanning electron microscope (SEM)
with a primary electron energy of 3 kV. X-ray diffraction
(XRD) data was collected using the X'Pert PRO
diffractometer. The thermogravimetric analyzer data was
collected using a TG209F3 thermogravimeter from
NETZSCH, Germany.

3. RESULTS AND DISCUSSION

The SEM images of Fe3O4 nanoparticles prepared by
chemical precipitation and solvothermal methods,
respectively, are shown in Fig. 2. However, the preparation
process is tedious, and the dispersion of the Fe;O4
nanoparticles was not as good as that of the Fes3O4



nanoparticles prepared by the solvothermal method in
Fig. 2 b. The crystallization and crystal growth of Fe3O4 in
solvothermal synthesis is an extremely complex process.

Therefore, Fe3Os nanoparticles prepared by the
solvothermal method were chosen as the core of magnetic
composites in the following research.

The pH of the reaction system, temperature, heating
rate, and reaction time greatly influence the nanoparticles'
size, morphology, and magnetic properties. The advantage
of solvothermal synthesis of iron(III) oxide nanoclusters is
that they can be formed directly, avoiding the calcination
process required by conventional liquid phase synthesis
methods and thus largely avoiding the formation of
agglomerations [11, 12]. Fig. 1 cshows Fe3O0s@C/Pd
prepared chemically,and Fig.1d shows Fe;04@C/Pd
prepared by solvothermal method. Compared with
pureFe304, the surfaceof Fig. 1 ¢ and d were significantly
rougher, but the Fe3;04@C/Pd prepared by the two methods
were not significantly different from the surface
morphology.

FesO4 nanoparticles prepared by the solvothermal
method and Fe;O4@C/Pd prepared by the solvothermal
method wereselected forthe elemental concentration.The
EDS analysis in Fig. 3 a shows that oxygen mass fraction of
25.15 wt.% and iron mass fraction of 74.85 wt.%. Fig. 3 b
shows the carbon mass fraction of 19.57 wt.%, Pd mass
fraction of 0.28 wt.%, oxygen mass fraction of 29.56 wt.%,
and iron mass fraction of 50.59 wt.%.

Fig. 2. SEM images: a—Fe304by chemical precipitation;b — Fe3O4
by solvothermal methods; ¢—Fe3O4@C/Pd by chemical
precipitation; d — Fe304@C/Pd by solvothermal methods

The XRD patterns of Fe;O4, Fes04@C, and
Fe;04@C/Pd are shown in Fig. 4. Many characteristic peaks
can be seenin the XRD patterns. The diffraction patterns of
these nanoparticles are independent of each other.
Moreover, there are still clear diffraction peaks after coating
with a carbon layer, which shows that these magnetic
nanoparticles have perfect crystal shapes. As shown in
Fig. 4, the angles of diffractionare 30.1. 35.3. 43.1. 56.8.
62.4. There are clear diffraction peaks (220), (311), (422),
(511), and (440), indicating that the three types of
nanoparticles have a cubic structure.Compared with the
characteristic diffraction patterns of the Fe3Os, Fe;0s@C
shell-core structure, the intensity of the characteristic peaks
of the XRD patterns of the Fes04@C shell-core structure is
weaker, which is due to the influence of the C-layer of the
Fe304 coating.
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Fig. 3. EDS images of Fe3Os-aand Fe304@C/Pd-b

It has been demonstrated that the fabricated samples
contain both Fe;Os4 and C.The magnetization curves of
superparamagnetic Fe;Os4 nanospheres by chemical
precipitation and solvothermal methods, Fe3;04@SiO, and
Fe;04@C magnetic nanoparticles are shown in Fig. 5.
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Fig. 4. XRD images: a—Fe304; b—Fe304@C; c— Fes04@C/Pd

All  curves show nonlinear and reversible
characteristics without hysteresis, suggesting
superparamagnetic behavior. The value of saturation
magnetization (Ms) of Fe3Oy4 is 59.14 emu/g. Although the
magnetism is weak after coating Fe3O4@SiO, and the
carbon shell, the saturation magnetization values of
Fes04@Si0, and Fes;O4@C are 49.12 emu/g and
27.95 emu/g,respectively, which fully satisfies the magnetic
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separation requirements and protects Fe3;Os@SiO, and
Fe;04@C from agglomeration while providing better
dispersibility.

Magnetism is an important physical parameter of all
magnetic ferrite materials. For Fe;O4 particles, the main
concern was the strength of the magnetic response
(saturation = magnetization, Ms). The  saturation
magnetization means that the magnetic moment of the
magnetic domain tends in the same direction as the external
magnetic field under the action of the external magnetic
field, forming a magnetization vector. Magnetization
increases as the external magnetic field gradually increases
until it reaches the maximum value. As can be seen from
Fig. 5, the material exhibits paramagnetism.
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Fig. 5. VSM of: a—Fe304; b—Fe304@Si02; ¢ — Fe30.@C

The saturation magnetization strength decreases
because the increase in shell thickness makes magnetic field
separation difficult [13, 14].

To better observe the magnetic response of the
Fe304@C/Pd composites, the samples were dispersed in
ethanol, and the photos were taken before and after applying
the magnetic field (Fig. 6). In Fig. 6 a, the composites are
uniformly dispersed in the ethanol solution before the
application of the magnetic field. In Fig. 6 b, it can be seen
that the sample aggregates on the side near the magnet after
applying the magnetic field, which intuitively shows that the
synthesized Fe3O4@C/Pd composites have some magnetic
response.

a

Fig. 6. Photographs of the Fe3;04s@C/Pd composites ethanol
dispersion before and after applying a magnetic field:

a—without an applied magnetic field; b—with an applied
magnetic field

Sodium borohydride reduced methylene blue (MB)
was used as a reference system to study the catalytic activity
of Fe;04@C/Pd. Fig. 7 shows the UV—Vis pattern of this
process, the initial methylene blue dye solutionFig. 7 a; the
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methylene blue dye solution after reaction for 8 h without
Fe;04@C/Pd compositesFig. 7 b; the methylene blue dye
solution after reaction for 10 min in the presence of
Fe;04@C/Pd compositesFig. 7 c.The initial methylene blue
solution is dark blue and the maximum absorption
wavelength of the solution appears at 665 nm (Fig. 7 a).
After adding a certain amount of sodium borohydride, after
8 h of the reaction, the absorption intensity at the maximum
absorption wavelength decreased but did not completely
disappear, and the color of the solution changed from dark
blue to light blue (Fig. 7 b). This shows that in the absence
of a catalyst, methylene blue solution is difficult to reduce.
When 2.0 mg Fe;04@C/Pd was added to the system, the
absorption intensity completely disappeared (Fig. 7 ¢) and
the color of the solution changed to colorless within 10 min.
Based on the above UV —Vis analysis, it can be concluded
that the FesO4@C/Pd complex has excellent catalytic
properties.
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Fig.7.a—Vis spectra: the initial methylene blue dye

solution;b —the methylene blue dye solution after reaction
for 8 h without Fe304@C/Pd composites;c —the methylene
blue dye solution after reaction for 10 min in the presence
of Fe304@C/Pd composites

The performance of the Fes;O4@C/Pd catalyst for
recycling is shown in Fig. 8. The selectivity of the 20
reactions is constant and remains at 100 %. However, as the
number of reactions increases, the mass of the catalyst
decreases, possibly due to the loss of the catalyst during the
separation and washing process or the loss of the supported
Pd during the recycling process, which also decreases the
yield of the reaction. Overall, Fe;04@C/Pd shows good
recycling performance and can be reused.
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Fig. 8. The conversion of the catalyst after 20 catalytic reaction
cycles



4. CONCLUSIONS

Magnetic FesOs nanoparticles were prepared by
solvothermal synthesis from ferric chloride hexahydrate and
coated with silica and carbon, respectively. The
Fes04@C/Pd magnetic nano-catalyst was prepared by
loading noble metal components onto the processed
Fe304@C support and fixing the noble metal components
on the surface of the support by sodium borohydride
reduction. The XRD results shows that the crystal structure
of Fe304@C was not changed after coating. The noble metal
component Pd is present in the Fes04@C/Pd catalyst. The
VSM diagram shows that a magnetic field can separate the
magnetic Fe;04@C/Pd nano-catalyst, and both the magnetic
and coercive forces are zero.TheFe;04@C/Pd composites
are used as catalysts to degrade dyes in wastewater, which
is not only efficient, fast, environmentally friendly, and easy
to recycle.
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