Facile preparation and dye removal properties of Fe;O4@carbon nanocomposite
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Fe;04@carbon nanocomposite (FesO4@C) was continuously prepared by combining microreactor with pyrolysis reactor. The Fe;Oy4
nanoparticles homogeneously disperse in the carbon matrix with an average size of about 9.2 nm and narrow size distribution.
The Fe;0,@C nanocomposite has a Brunauer—Emmett-Teller specific surface area of 71.9 m*/g and total pore volume of 0.37 cm’/g.
This nanocomposite has a saturation magnetisation value of 16 emu/g and could be easily separated from water by an external magnet.
With the increase of pH value or temperature, the Rhodamine B absorbing capacity of the Fe;04@C nanocomposite first increases and
then decreases after a certain value. The absorbing capacity at pH value 9 is about 169 mg/g when the temperature is 20°C. The above
said value also exceeds 150 mg/g at pH value 3. The capacity is still higher than 120 mg/g after four regenerations. The absorbing

capacity even reaches to 184 mg/g at 60°C of the absorbing temperature.

1. Introduction:  Fe;Oy4-based  core/shell  composites as
multi-functional materials have been used in many fields due
to their unique properties, such as energy storage, pollution
absorption, photothermal therapies and microwave absorption
[1-4]. Various shell materials were used including carbon,
metals, metal oxides, SiO, and polymer. Recently,
Fe;O04@carbon nanocomposite (Fe;O4@C) has attracted great
attention and is looked as a good magnetic absorption material
because of its strong absorption ability and high separation
efficiency [2, 5, 6]. Compared with other usual carbon
nanocomposites or metal oxide nanoparticles (NPs), Fe;0,@C
nanocomposite could combine the advantages of magnetic Fe;0,
and porous carbon. Many methods have been used for Fe;0,@C
nanocomposites. One-step hydrothermal synthesis is a widely
traditional one-step method for Fe;O4@C. This method is a
time-consuming and batch-type technology, and usually suffers
severe Fe;O,4 aggregation. Multi-step methods are also widely
used for Fe;O4@C nanocomposites. The processes usually have
three main steps (preparations of Fe;O4, Fe;04@C precursor and
Fe;0,@C in turn). Those methods inevitably need a long
preparation period and undergo some intermediate steps. As a
result, severe Fe;0, aggregations will form. It is well known that
the properties of Fe;04@C nanocomposites will be impaired by
Fe;0, aggregations. Fe;O4 is also one of the key factors that
affect the properties of Fe;O4,@C nanocomposites [2]. The
classical precipitation technology was widely used for Fe;Oy
NPs. However, some problems still need to be solved for the
traditional method, such as wide size distribution and severe
aggregation. Many modified co-precipitation methods have been
exploited.

Micro-flow reaction as one new kind of chemical process intensi-
fication technologies has been used to prepare many materials, such
as polymers, inorganic materials and nanocomposites [7—10]. The
microfluidic method has many advantages for the preparation of
NPs, such as high-effective mixing with strict stoichiometry, easy
controllability and easy mass production without amplification
effect. The obtained NPs had relatively small size and narrow
size distribution. When the micro-flow reaction technology is intro-
duced to precipitation method, some problems encountered in
traditional method could be effectively resolved. Compared with
Fe;04 NPs from traditional method, the Fe;O, NPs prepared by
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microfluidic method have relatively small size and narrow size dis-
tribution [2]. Spraying pyrolysis is a commonly used method for
many carbonaceous materials, such as carbon nanotubes, porous
carbon [11-13]. In this research, we tried to couple the micro-flow
reactor and pyrolysis reactor for continuously preparing Fe;O4@C
nanocomposite. This new one-step method could avoid some pro-
blems in multi-step methods or one-step hydrothermal method.
The morphology, structure, magnetic and Rhodamine B (RhB)
absorption property of this Fe;0,4@C nanocomposite were investi-
gated. The effects of the RhB concentrations, pH values, tempera-
tures on the RhB absorption of the Fe;04@C nanocomposite
were studied.

2. Experimental section

2.1. Preparation of Fe;O4@C nanocomposite: The preparation
process of Fe;O04@C nanocomposite was carried as several
steps: (i) aqueous solution A (FeCl;: 0.05 mol/l and FeSOy:
0.025 mol/l) and aqueous solution B (NaOH: 0.2 mol/l and
soluble starch: 0.125 mol/l) were prepared; (ii) both solutions
were separated pumped at constant flow rate (20 ml/min) into
two inlets of a micro-mixer; (iii) the reacted liquid was
directly introduced through a PTFE tube ((ID: 0.5 mm,
length: 1 m) into an ultrasonic spray nozzle (G40M, Siansonic
Technology Ltd) and then into a pyrolysis reactor (500°C);
(iv) the reactants were passed through the high-temperature
region by carrier gas N, (1 I/min) to react; (v) the production was
collected in a collector. For comparison, pure Fe;O, NPs were
prepared as the above said process just without soluble starch
in solution B.

2.2. Adsorption and recovery experiments: The RhB molecule
was used as a model compound to evaluate the adsorption
property of the Fe;04@C nanocomposite. The absorption process
was carried in dark environment and the detail is as follows:
(1) RhB solution (100 ml) with special pH value (3—11) was first
prepared and the pH value was adjusted using HCl or NaOH
solution (2 M); (ii) the absorbing material was added into the
above solution and agitated at a constant temperature (20—70°C);
(iii) after some time, the absorbing material was separated from
the solution via a magnet; (iv) the solution was taken to measure
the RhB concentration through a UV-Vis spectrophotometer
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(554 nm), and the adsorption capacity ¢, was calculated
according to the following equation:

.= (Co— C)/C, M

In the above equation, Cj is the initial RhB concentration, C, is the
residual RhB concentration after absorption and C, is the
concentration of absorption material (50 mg).

The reusability of the Fe;04@C nanocomposite was performed
as follows: (i) after separated from solution for one batch absorbing
experiment, the Fe;04@C nanocomposite was simply washed with
de-ion water several times and further dried in an oven at 110°C for
12 h; (ii) the recovered Fe;0,4@C nanocomposite was used for the
next adsorption experiment.

The recovery of the Fe;0,@C nanocomposite was also evaluated
as follows: (i) Fe;04@C nanocomposite was added into de-ion
water and dispersed by agitation; (ii) Fe;04,@C nanocomposite
was separated from water by an external magnet and dried in an
oven at 110°C for 12 h; (iii) the dried sample was weighed and
the recovery 1 was calculated according to the following equation:

n= (mo - m)/mo 2

In the above equation, my is the initial mass of the nanocomposite
and m is the mass of the recovered nanocomposite.

2.2. Characterisations: The transmission electron microscopy
(TEM, FEI, Tecnai-G20) and X-ray diffraction (XRD, Rigaku,
D/Max2500) were used to observe the microstructures and crystal
structures of the samples, respectively. The surface and magnetic
property were analysed by infrared spectrum analyser (IR,
TNZ1-5700) and vibrating sample magnetometer (EG & GVSM
Model 155). The X-ray photoelectron spectra (XPS, Thermo
Fisher Scientific, Escalab250) was used to observe the surface
chemical states of the materials. The nitrogen adsorption and
desorption isotherm was measured at —196°C on volumetric
analyser (NOVA4200e). The Brunauer—Emmett-Teller method
and density functional theory (DFT) were used to calculate the
surface area and pore size distribution, respectively.

3. Results and discussions: The TEM image of the Fe;0,@C
nanocomposite and the size-distribution histogram of the
corresponding Fe;04 NPs are shown in Fig. 1. The Fe;O4 NPs
are homogeneously dispersed in the carbon matrix without
obvious big NP aggregation. The Fe;04@C nanocomposite has a
sheet-like structure. This nanocomposite is different from that
with spherical structure from other methods [3, 4]. It is possibly
due to the water environment with low carbon concentration and
short reaction time. However, the real reason still needs to be
carefully studied. The very weak image contrast of the carbon
shell shows its amorphous structure. More than 260 Fe;04 NPs in
the nanocomposite were measured to get the size distribution
histogram, as shown in Fig. lc. The Fe3;04 NPs formed in the
microreactor system have an average size of about 9.2 nm with
narrow size distribution.

Fig. 2a shows the XRD patterns of the Fe;04 NPs and Fe;O,@C
nanocomposite. The pure Fe;04 NPs display a standard diffraction
pattern of Fe;O4 material (JCPDS Card No. 03-0863). No obvious
carbon diffraction peak was found in the XRD pattern of the
Fe;0,4@C nanocomposite, which indicates the amorphous carbon
structure. This result coincides with the TEM observation. Fig. 25
is the IR spectra of the samples. The peak at about 570 cm™" is con-
tributed to the Fe—O stretching vibration [6]. The peaks at about
1600 and 1696 cm™" are assigned to C=C and C=0 vibrations
[6]. The XPS spectrum of the Fe;O4@C nanocomposite in
Fig. 2c clearly exhibits the existence of the iron, carbon and
oxygen elements. The insert amplified spectrum displays the
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Fig. 1 TEM image and size-distribution histogram
a, b TEM image of Fe;04@C nanocomposite
¢ Size-distribution histogram of Fe;04 NPs

g Fe.0,@C
i W
{t - w C=0
g | = s i C=C
N - Fe,
A ) [ w—
Nl N
Fe 00
Fe,0, M L 1 1 J
W 30 0 E] r 0 4000 3000 2000 1000
20, deg wavenumbers, cm’
a b
Fely F
AW o 6o Fe,0,
\ [ Tyttt i
"
P# “Ols 20+ Fe,0,@C
o - . . -]
% 718 TIS TI8 T35 1M 0NE Tee o
M“IV‘" : -20F
sl A
\——
-0
n Ll 1 1 A 1 alisaaliiaal
w00 300 00 00 i e 20 -15 -10 5 5 10 15 20
binding energy, eV H, *10° Oe
c d

Fig. 2 XRD, Fourier-transform infrared spectroscopy (FTIR), XPS and
magnetisation hysteresis loops of Fe;0, and Fe;04@C nanocomposite

a XRD

b FTIR

c XPS

d Magnetisation hysteresis loops\

existence of Fe** and Fe**. As it can be seen from the magnetisation
hysteresis loops in Fig. 2d, the saturation magnetisation values
of the Fe304 NPs and Fe;04@C nanocomposite have 56.1 and
16 emu/g, respectively. The Fe;04@C nanocomposite could be
easily separated from water by a magnet. Its recovery could reach
to 99.1% that exhibits good magnetic recovery ability.

The N, adsorption—desorption isotherm of the Fe;04@C nano-
composite is presented in Fig. 3a. It clearly shows only a few micro-
pores in this nanocomposite. The obvious capillary condensation
phenomenon at high relative pressure in N, adsorption—desorption
isotherm demonstrates the existence of the mesopore structure. The
specific surface and pore volume of the Fe;O4@C nanocomposite
are 71.9 m%/g and 0.37 cm®/g, respectively. Its pore distribution
curve in Fig. 3b calculated by DFT also shows the mesopore struc-
ture in the nanocomposite. The calculated average pore size is about
20.4 nm. The mesopore structure is in favour of dye absorption.

Fig. 4 shows the RhB isothermal absorption curves of the
Fe;0,4,@C nanocomposite at different initial RhB concentrations
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Fig. 3 Absorption—desorption isotherm and pore size distribution of
Fe;0,@C

a Absorption—desorption isotherm
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Fig. 4 RhB isothermal absorption curves of Fe;0,@C nanocomposite
(at 20°C)
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Fig. 5 Effect of pH and temperature on absorption capacity of Fe;0,@C
a Effect of pH
b Effect of temperature

(20°C, pH value 3). The absorption capacities approach to the sat-
uration values in 120 min. At 1000 ppm of RhB concentration, the
saturation absorption capacity is about 155 mg/g. The effects of pH
value and temperature on the dye absorption are further investigated
as shown in Fig. 5. When the temperature is kept at 20°C, the ab-
sorption capacity slightly increases with the increase of pH value
and reaches a maximum value at about 9 (about 169 mg/g). The
smallest that value in our researched pH range is also as high as
about 155 mg/g (pH value 3). Different pH values in solution
will lead to different surface ionic charges and textural properties
of the adsorbent and adsorbate that determine the adsorption behav-
iour [14-17]. At relatively low pH value, the surface state of
Fe;04@C nanocomposite is positive and the RhB are of cationic
and monomeric molecular form. The RhB cation has a relatively
weak interaction with the nanocomposite, but it could easily enter
into the pore structure of the nanocomposite. Increasing pH value
will lead to the increase of the charges on the Fe;04@C nanocom-
posite that will strengthen the interaction. However, at high pH
value, the formed RhB aggregations (dimers) will outstandingly
produce strong steric hindrance for RhB into the pore structure.
Actually, the ion concentrations (C1~, Na* and others) in the dye so-
lution will have great effect on the absorption. That is needed for
further investigation. When the pH value is kept at 3, the absorption
capacity of the Fe;0,4@C nanocomposite increases with the in-
crease of temperature and reaches a maximum value at about
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Fig. 6 Reusability of Fe;0,@C nanocomposite

60°C (about 184 mg/g). The capacity decreases to 179.8 mg/g at
70°C. The diffusion is an endothermic process and high tempera-
ture is in favour of the action of dye molecule [14—-18]. So the ab-
sorption capacity increases with raising the temperature. However,
the interaction of RhB molecule with the nanocomposite is easily
broken at a relatively high temperature, which leads to the decrease
of the absorption capacity. The reusability of the nanocomposite
was further valuated at a constant condition (20°C and pH value
3). As shown in Fig. 6, the saturation absorption capacity just
slightly decreases to 122 mg/g after four-time regeneration from
155 mg/g. In the regeneration experiment, the used Fe;O4@C nano-
composite was just simply washed several times with di-ion water.
The simple purge process cannot remove all the absorbed RhB
molecules. The residual RhB molecules inevitably affect the next
absorption. It could be deduced that a higher capacity could be
kept if a better regeneration method is adopted.

4. Conclusion: In conclusion, we successfully developed a facile
continuous-flow synthesis method for Fe;O4@C nanocomposite
by combining microfluidic synthesis with spray pyrolysis. The
Fe;04@C nanocomposite is easily withdrawn from water by a
magnet, whose recovery is about 99.1%. The RhB saturation
absorption capacity at relatively optimal condition of this
Fe;04,@C nanocomposite exceeds 184 mg/g. In our researched
conditions, the smallest absorbing capacity is also 155 mg/g at
30°C and pH value 3. The capacity after four-time regeneration is
still as high as 122 mg/g at this condition, which shows an
excellent renewability.
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