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Abstract

Here, a facile solvothermal method coupled with an annealing strategy is developed to synthesize
Fe;0,4/carbon (Fe;0,@C) magnetic composite microstructures with different morphologies, including
flower-like, hollow spheres and egg-like. Owing to the unique multi-porous and hollow structure, the as-
prepared hierarchical Fe;0,@C hollow microspheres composite exhibit appealing performance as an
absorbent of Cr(VI) ions in aqueous solution, delivering a high capacity of ca.197.2mg/g. Furthermore,
the magnetic Fe;0,4 “core” in composite hierarchical microstructures makes them easy to separate from
aqueous systems by magnetic separation, the layer of carbon effectively prevents agglomerations of
magnetic nanoparticles and expands their range of applications. The excellent Cr(VI) ions adsorbent
activities of the Fe;0,@C magnetic composite microstructures would have a potential adsorbing material
application in environmental purification.

1. Introduction

* Due to the toxicity of heavy metals and their non-degradability in the human body, water polluted
with heavy metals has been a serious global environmental problem!’=4l. For example, Cr(Vl) is a
toxic heavy metal ion that can be easily absorbed by the human body and can enter the body
through digestion, inhalation, skin and mucous membranes!®~8l. Cr(VI) has long-lasting
environmental hazards, and has been identified as one of 17 highly most dangerous toxic
substances. The oral lethal dose of Cr(VI) compounds is about 1.5 g. A Cr(VI) concentration above
0.1 mg/L in water will lead to poisoning of the drinking people. Long-term or short-term exposure or
inhalation of Cr(Vl) compounds may lead to cancer. A 0.1 mg/L Cr(VI) in irrigation water can inhibit
the germination of rice seeds. The toxicity of Cr(VI) to the human body is similar to that of arsenic.
The toxicity of Cr(VI) varies with valence, content, temperature and affected persons®='3l. The
emergence of more and more "cancer villages" is a warning that the removal of Cr(VI) has become
urgent. Therefore, how to effectively remove Cr(VI) from water has become a key issuel4~18l,

Many sewage treatment technologies, such as membrane filtration, biological oxidation, chemical
precipitation, ion exchange, electrochemical and ion exchange methods, have been developed to remove
pollutants in waterl'26]. However, these methods have some disadvantages such as a complicated
operation process, high running cost and secondary pollution. Compared with other treatment
technologies, adsorption separation technology has been widely used in waste water treatment because
of its rich adsorbent resources, simple process and low cost. Therefore, the adsorption separation method
is the most active research and application in recent years to remove toxic pollutants in sewage treatment
methodsf?7~3. It is well known that the adsorbent material is very important in the adsorption separation
technology, but the existing adsorbent material still needs to be further improved, especially how to
realize the fast separation and improve the adsorption performance of the material. With the
development of magnetic materials and nanotechnology, the rapid separation and adsorption of
materials can be realized in theory, so it brings new vitality to waste water treatment technology!32-361, At
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present, the development, research and application of magnetic nanomaterials have been paying great
attention. Magnetic nanomaterials have many advantages, such as small particle size, large specific
surface area, abundant surface active sites, strong magnetism, and so on. When used as an adsorbent, it
can achieve high adsorption efficiency, quickly reach adsorption equilibrium, and under the effect of
external magnetic field, it can be quickly separated from the liquid phase, avoiding common
centrifugation or filtration treatment, and thus the difficulty and cost of the operation are greatly reduced.
Therefore, magnetic nanomaterials have been widely used in the field of waste water treatment and
attracted much attention['41532-42] However, nanomaterials are easy to agglomerate because of their
small size, which makes the preparation and application of nanomaterials difficult. Therefore, in recent
years, magnetic adsorbents have been used to deal with water pollution problems, from the initial use of
single magnetite as magnetic adsorbents to the synthesis of various surface modified functionalized
magnetic nano-adsorbents to efficiently deal with pollutants in wastewater. Surface modification can not
only improve the agglomeration of particles, but also modify the surface of nanomaterials according to
the demand, so that the dispersibility, surface activity and compatibility with other materials can be
improved, to make it more appropriate for the application*®=471. In addition to introducing magnetism
and surface modification, porous structure is also a widely used and effective method to improve the
absorption capacity. The magnetic adsorbent is made into a porous structure, which increases the
surface area, reduces the diffusion resistance, promotes the transfer of materials, and is beneficial to
increase the adsorption capacity and speed up the adsorption[45‘52]. Thus, at lower cost and facile
synthetic method for the preparation of porous adsorbents with high specific surface area architectures
for highly adsorption performance is still in great demand.

In this paper, we report a simple, template-free, and environmentally friendly route for the controlled
synthesis of adjustable 3D Fe;0,@C micro-structures. The effect of the carbon source in the
morphological control of Fez0,@C micro-structures were discussed. Meanwhile, their removal

performance in the adsorption of Cr(VI) ion was investigated in detail. The adsorbents can be quickly
separated from their aqueous solution via an external magnet. The influence of the morphologies of
Fe;0,@C composite micro-structures and the PH value of the solution for the adsorption performance

were investigated. The results confirmed that Fe;0,@C hollow micro-spheres exhibited remarkable
adsorption capacities for Cr(VI) ion with maximum uptake capacities of 197.2 mg/g.

2. Experimental Section
2.1 Materials.

Ferric chloride hexahydrate (FeCl;-6H,0)(A.R., Shanghai Chemical Co.), Triethylene tetramine (HETA)

(A.R., Shanghai Chemical Co.), Hexamethylene tetramine (HMTA) (A.R., Shanghai Chemical Co.),
Triethylene diamine (TEDA) (A.R., Shanghai Chemical Co.), Ethylene glycol (EG) (A.R., Hangzhou
Chemical Co.), Hydrochloric acid (HCI) (A.R., Shanghai Chemical Co.), Sodium hydroxide (NaOH) (A.R.,
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Shanghai Chemical Co.) and Potassium dichromate (K,Cr,0-) (A.R., Guangzhou Chemical Co.). All of the
reagents used in the experiment were directly used without further purification.

2.2 Synthesis of Fe30,@C.

Growth of Fe30,@C hollow spheres

In a typical experiment, first, 0.30 g (0.11 mmol) of FeCl3-6H,0 were initially dissolved in EG (30 ml) and
stirred vigorously at room temperature to give an orange solution. Next, 0.29 g (2 mmol) of Triethylene
tetramine (HETA) was added into the orange solution. The resultant mixture was dispersed by
continuously stirring the solution for about 30 min. After addition, the solution was transferred into a
Teflon-lined stainless-steel autoclave with a volume of 40 ml, and subsequently sealed and heated at
160°C for 6 h in an oven. After the heat treatment, the autoclave was cooled to room temperature
naturally. The products were collected by centrifuging and washed several times with deionized water
and absolute ethanol, and then dried at 60°C for 5h. The products were heated to 450°C at 7°C min™" for
3hin N, in a horizontal furnace, leading to black Fe;0,@C powders.

Growth of Fe 3 0 , @C flower-like and egg-shaped micro-structures: When the hexamethylene tetramine
(HETA) and triethylene diamine (TEDA) were used to replace HETA, and other experimental conditions are
consistent with the above, the morphologies of Fe;0,@C will form the flower-like and egg-shaped micro-
structures respectively.

2.3 Characterization.

The morphology and the size of the as-prepared Fe;0,@C products were characterized using a Hitachi S-
5500 Field-emission scanning electron microscope (FE-SEM, Tokyo, Japan), JEOL JEM-2010 high-
resolution transmission electron microscope (HRTEM, Kyoto, Japan). Phase identification and structure
analysis of the sample were carried out by Raman Spectroscopy (HORIBA, XploRA PLUS) and XRD using
a Philips X' Pert Pro MPD X-ray diffractometer with Cu Ka radiation (A =0.154056 nm) operated at 40 kV
and 40 mA in the 26 range from 10—90° with a step size of 0.04° and a sampling time of 0.5s. The
infrared (IR) spectrum was recorded using an AVATAR360 Fourier transform IR spectrophotometer at
room temperature. Thermogravimetric and scalable differential thermal analysis (TG-SDTA) was carried
out at a heating rate of 20°C min™ ' in N, gas at a flowing rate of 50 ml min~ " using a PYRIS 1 TGA
system. The specific surface areas of materials were performed by using surface area porosity analyzer
(BSD-PS1).

2.4 Adsorption experiments.

K,Cr,0, was used as the source of Cr (VI). The different concentrations of Cr(VI) ions were prepared and
the pH value was adjusted by HCI or NaOH. The fabricated different morphology of Fe;0,@C micro-

structures were used as adsorbents for the removal of Cr(VI) ions from aqueous solutions. The
adsorption experiments were performed on a digital water bath at 25°C. The adsorbent was then
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separated from the mixture by a permanent magnet. To determine Cr (VI) ions removal by the adsorbent,
the Cr(VI) concentration in the remaining solution was tested with a UV-vis spectrophotometer (UV-2600,
Shimadzu). Ultraviolet light of 354 nm was used to irradiate the sample.

3. Results And Discussion

3.1. Characterization of Fe 3 0 , @C hollow spheres. During the preparation of Fe;0,@C micro-structures,
when HETA is used as carbon source, Fe30,@C hollow spheres composed of thin slices can be formed.
The morphology and size of the as-prepared Fe;0,@C hollow spheres are shown in Fig. 1(a-f). Figure 1a
displays a representative overview of the Fe;0,@C hollow spheres, which shows that the prepared
samples are composed of large-scale hollow spheres with diameters of 3um. Figure 1b,c shows high-
magnification SEM images of Fe;0,@C hollow spheres from a different angle of view, which vividly
demonstrate that the Fe30,@C hollow spheres are built of 2D nanoplates. From their TEM image in

Fig. 1d-f, a clear, uniform shell of porous carbon layer was observed, indicating the successful coated of
the carbon layer in the Fe;0, and the formation of Fe;0,@C nanoplates. The nanoplates are well-ordered
and oriented to form Fe;0,@C hollow spheres. The XRD pattern of the typical sample prepared at 160°C
for 6 h is shown in Fig. 2a. The diffraction peaks of as-synthesized sample can be indexed to the cubic
Fe;0, with lattice constants of a=b = ¢ =8.397 A, which agrees with the standard XRD databases

(JCPDS, Card No. 79-0419; space group: Fd-3m(227)). The major XRD diffraction peaks appeared at 26
=29.93, 35.32,42.91, 56.90, and 62.43°, attributed to (220), (311), (400), (511), and (440) planes, can be
seen clearly. No obvious peaks resulting from impurities were observed, indicating a high purity Fe;0,4

sample. As shown in Fig. 2b, the elemental analysis performed by EDS demonstrates that our samples
are mainly contained Fe, O and C elements. Further, according to the area of the peaks the ratio of Feto O
in single hollow spheres micro-structure is about 3:5, of which O was slightly excessive, mainly from the
conductive adhesive of the substrate material. Which can demonstrate that a 3:4 Fe/O composition
within experimental error is consistent with stoichiometric (3:4) Fe;0,. At the same time, the results

showed that the synthetic product contained about 10 Wt% carbon. Combined with the high-
magnification SEM and TEM images, we believed that there was a layer of carbon on the surface of
Fe;0,4 sheet, so the hollow sphere should be Fe;0,@C hollow spheres, which we will further prove by

Raman test later.

The compositions of Fe;0,@C hollow spheres were further confirmed by Fourier transform infrared
spectroscopy are shown in Fig. 3. For comparison, unannealed sample (Fe;0,@(HMTA),,) (Fig. 3a) and
Fe;0,@C hollow spheres (Fig. 3b) were measured by FTIR. For example, the absorption peaks at
2839cm™ 'can be assigned to the C-H symmetrical stretching vibrations, the absorption band at 1080
cm™ 1 is attributed to the C-N stretching vibrations, and the two sharp peaks at 891 and 828 cm™! are
assigned to the C-H out-of-plane deformation vibrations. Peaks around 1360 cm™ " are referred to C=0
stretching band or C = C stretching vibration. The characteristic peak of Fe;0,@C at 561 cm™' (Fe-O
stretching of Fe;0,) in curve 3b was also detected in Fe;0,@(HETA),, an inside curve 3a marked by a
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rectangle frame. The relatively low intensity of the band at 551 cm™ " in Fe;0,@(HETA),, indicates the low
content of Fe30, in the Fe30,@(organics) composite micro-structures, this was further proved by the
following TG analysis. The results of the TG-DTA analysis of the Fe;0,@(HETA),, composite micro-
structures are shown in Fig. 4. The initial mass loss is observed from room temperature to 300°C mainly
due to the release of water from the Fe;0,@(HETA), composite micro-structures. The endothermic peak
at 335°C corresponds to the decomposition of Fe;0,@HETA composite micro-structures. From the TG
analysis, the mass ratio of the Fe;0, in the Fe;0,@(HETA),, composite is about 41.9 wt%. Which is close
to the expected value of 43.2% calculated from the change of Fe;0,@(HETA), 5 to Fe30,@(C),, which is

consistent with the EDS data. These results reveal that the unannealed samples are a type of
Fe;0,@(HETA),, hybrid compound, Fe;0,@(HETA) s.

3.2. Influence of carbon source on the morphology evolution of hierarchical Fe ; 0 , @C micro-structures.

In the research process, we found that carbon sources had a great influence on the morphology of
hierarchical Fe;0,@C micro-structures. To identify the role of carbon source in the formation of Fe;0,@C

micro-structures, the products obtained under the circumstance of different carbon source (HMTA, HETA,
TEDA) were characterized by SEM and TEM, as shown in Fig. 5. Figure 5a-c shows the SEM and TEM
images of the product obtained in the solvothermal system with the carbon source is HMTA. It can be
seen that the products is composed of hierarchical flower-like micro-structures with the diameters of
about 4.5um. When the carbon source is changed to HETA, the self-assembled architecture became
apparently hollow spheres with an average diameter of 3um as shown in Fig. 5d-f. As shown in Fig. 5g-i,
as the carbon source converts to TEDA, the products are uniform egg-like Fe;0,@C composite micro-

spheres composed of flakes with sizes of about 3.5um. In addition, the products with three different
morphologies were characterized by XRD and the results showed that the products with three different
morphologies were Fe;0, as shown in Fig. 6.

In order to prove the existence of carbon layer on the surface of Fe;0,, it is further confirmed by the
Raman spectroscopy analysis in the range from 500 to 2000 cm™ " as shown in Fig. 7. Which showed
that a D band at 1324-1361cm™ ' and a G band at 1573-1587cm™ ! herein originate from finite-size

crystals of graphite and amorphous C sp2 sites, respectively, and the band around 688cm™' was
observed, which correspond to the Fe-O bond for spinel Fe;0, particles. This result is in agreement with

the XRD result, confirming that the samples of three different morphologies composite are composed of
the magnetite Fe;0, phase and amorphous carbon. Therefore, the results indicate that the carbon source

played an important role in the formation and the assembly of hierarchical Fe30,@C micro-structures. Of
course, we're not looking at why carbon sources affect the morphology of Fe;0,4. Our next job is to
understand how and why the Fe30, samples grow into such multiform structures.

3.3 Study on Cr(VI) ion adsorption properties of three different morphologies Fe 3 0 , @C micro-structures.
We have carried out heavy metal ion adsorption test on the Fe;0,@C hollow spheres, the PH value of the
solution is an important parameter in the adsorption of heavy metals, which can not only change the
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existing form of heavy metal ions, but also change the charge of the functional group on the surface of
the adsorbent. Therefore, it is necessary to investigate the effect of the PH value of the solution to the
adsorption performance. To get a full understanding about the effect of PH value on the adsorption
property of materials, we performed a number of experiments with various PH values(1, 2, 3, 4, 7,12, 13)
are shown in Fig. 8. It can be seen that the reduction efficiency of Cr(VI) increases by increasing the
acidity of the solution and the maximal removal was at PH value is equal to 2. However, when the PH
value is alkaline, there is almost no adsorption of Cr(VI) ions. We think that there are two reasons for the
good adsorption performance under acidic conditions. First, under acidic conditions, Fe;0, is easy to

hydrolyze into Fe(OH),*, which has a reduced effect of Cr(VI) ions. The highly toxic hexavalent Cr(VI) ions
can be reduced to the less toxic trivalent Cr(lll) ions. Secondly, under acidic conditions, Cr(VI) ions are
mainly in the form of negatively charged Cr,052~ and HCrO,~. When Cr(VI) ions contact with the material,

the Cr(VI) ions are absorbed to the surface of the material under the joint action of surface adsorption
and electrostatic attraction.

In waste water treatment, the adsorption efficiency of adsorption materials is an important parameter.
Therefore, we investigated the adsorption performance of Fe;0,@C composite micro-structures with
different morphologies at room temperature when the PH value is equal to 2 (Fig. 9). For instance, when
50 mg of as-prepared Fe;0,@C composite micro-structures were dispersed into a 100 ml solution of
K,Cr,0- at a concentration of 100 mgL™", more than 80% of the Cr(VI) in the solution could be absorbed
within 30 min, as illustrated in Fig. 8. The magnetic separability, dispersibility and water solubility of the
obtained Fe;0,@C composite micro-structures were tested in the adsorption process by placing an
external magnetic field near the glass bottle as shown by the digital photograph in the inset of Fig. 9a-c.
The original color of the K,Cr,0- solution with a concentration of 100 mg L™ was buff (inset Fig. 9a),
with a slight agitation, the obtained Fe;0,@C composite micro-structures disperses into the K,Cr,05
aqueous solution, the color of the solution changes to black (inset Fig. 9b). These magnetic composite
micro-structures can be completely separated from the solution when the solution is subjected to an
external magnetic field within minutes, as shown inset Fig. 9c. The obvious change of color from buff to
colorless indicated that the obtained composite micro-structures possessed excellent adsorption and
magnetic properties. In addition, the good dispersion of the Fe;0,@C composite micro-structures in
K,Cr,0 solution are conducive to the adsorption of Cr(VI) ions (inset Fig. 9b). By comparative analysis of
Cr(VI) in the supernatant obtained by centrifugation and after magnetic separation, it is found that there
is basically no difference, indicating that the Fe;0,@C composite micro-structures can be used to remove
Cr(VI) from aqueous solutions and recovered by using a magnetic separation technique in practical
application. The above results show that the adsorption performance of the Fe;0,@C hollow spheres is
the best. However, the specific surface area, pore size and special material surface functional groups in
the adsorption performance of materials plays an important role, therefore, to study what factors
influence the adsorption properties of Fe;0,@C composite micro-structures, we have three different
morphology of Fe;0,@C composite micro-structures for the study of N, adsorption-desorption
measurements and infrared spectrum (Fig. 10,11).
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The porous structures of flower-like, hollow spheres and egg-like Fe30,4@C composite micro-structures are
incurred by N, adsorption-desorption measurements and the results are shown in Fig. 10. Interestingly,
the specific surface area of flower-like Fe;0,@C composite micro-structures is the largest, but its
adsorption property is the worst, we think the flower-like Fe;0,@C porous pore between main carbon
particles(the pore size is concentrated at 3.6nm), Cr(VI) don't have much chance of coming into contact
with the Fe30, and result in low adsorption performance. The specific surface area of the egg-like
Fe;0,@C is only about half of that of the other two structural materials. We believe that the "egg yolk" is
solid, leading to a sharp decrease in the specific surface area, thus resulting in poor adsorption
performance of Cr(VI) ions. The pore size of hollow spheres Fe;0,@C is mainly concentrated at 12 nm.
We believe that the pore size of hollow spheres Fe;0,@C is mainly between carbon particles and Fe;0,,
that chromium ions can fully contact with Fe30,, so that its adsorption performance is relatively good.

In order to exclude the influence of functional groups on the surface of the material on adsorption
performance, infrared tests were conducted on the samples of three different morphologies for
comparison, as shown in Fig. 11. The results show that the surfaces of the three structures are consistent
after annealing, and there is no special functional group on the surface, so the effects of surface
functional groups on adsorption properties are excluded. In conclusion, it is believed that the specific
surface area and pore size of the material are the important factors affecting the adsorption performance
of heavy metals in Fe30,@C composite micro-structures.

4. Conclusion

In summary, we demonstrate a novel and facile synthetic route for the synthesis of multi-morphology
Fe;0,@C magnetic composite micro-structures, including flower-like, hollow spheres, and egg-like. This
simple method does not need the subsequent complicated workup procedure required for the removal of
the template or seed. On the basis of synthesis reactions, carbon source acted as an important
parameter for the synthesis, reactions and the shape controller for the crystal growth of flower-like, hollow
spheres, and egg-like micro-structures. The results indicate that this method may also be further extended
to control the growth of versatile Fe30,@C crystals, which may find application in many fields.
Simultaneously, these Fe;0,@C magnetic composite hollow micro-spheres were shown to be an excellent
Cr(VI) ions adsorbent, which allows them to serve as ideal candidates for environmental remediation
materials.
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Figure 1

(@) Low magnification SEM, (b,c) high magnification SEM and (d-f) TEM of Fe304@C hollow spheres
microstructures.
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(@) XRD patterns and (b) EDS spectra of Fe304@C hollow spheres.
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Figure 3

FTIR spectra of (a) Fe304@HMTA hollow spheres (before annealing), (b) Fe304@C hollow spheres (after
annealing).
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Figure 4

TG-DTA curves of Fe304@HMTA hollow spheres (before annealing).
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Figure 5

SEM images of Fe304@C microstructures obtained at different carbon source: (a,b) HMTA, (d,e) HETA,
(g,h) TEDA. TEM images of Fe304@C microstructures obtained at different carbon source: (c) HMTA, (f)
HETA, (i) TEDA.
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XRD patterns of Fe304@C flower-like, hollow spheres, and egg-like microstructures.
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Figure 7

Raman spectra of Fe304@C flower-like, hollow spheres, and egg-like microstructures.
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Figure 8

Relationship between the adsorption rate and time for the adsorption of Cr(VI) by the as-prepared
Fe304@C hollow spheres, obtained at different PH value.
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Figure 9

Relationship between the adsorption rate and time for the adsorption of Cr(VI) by the as-prepared
Fe304@C flower-like, hollow spheres, and egg-like microstructures. CO(in mg L-1) is the initial
concentration of the Cr(VI) solution and C(in mg L-1) is the concentration of Cr(VI) in the solution at
different intervals during the adsorption process.
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Figure 10

N2 adsorption-desorption isotherm and pore size distribution of Fe304@C flower-like, hollow spheres, and

egg-like microstructures.

Page 22/23



Flower-like
Hollow spheres
— Egg-like

(2)

Transmittance(a.u.)

500 1000 1500 2000 2500 3000 3500 4000

Wavenumbencm‘l)
(b ) Flower-like
Hollow spheres

oy — Egg-like
-

-

p —

5!

~

=

=

v

e

=

wn

=

=

H

ot

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber{cm'l)

Figure 11

FTIR spectra of Fe304@C flower-like, hollow spheres, and egg-like microstructures (a) before annealing
and (b) after annealing.
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