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ABSTRACT

Magnetic y-Fe,O3;/C nanocomposite was successfully synthesized by a facile approach in
which Fe;O,/Starch was firstly obtained by one-pot precipitation method, and then starch
was carbonized through calcination accompanied by the oxidation of Fe;O,4 to y-Fe;Os. The
as-prepared y-Fe;O3;/C was introduced to the application of wastewater treatment, and
methylene blue (MB) was used to simulate the oxidative degradation process of organic
pollutants. Carbon coexisted in the y-Fe;O3;/C nanocomposite could well serve as a precon-
centrator of MB dyes and consequently the catalytic performance was strongly enhanced.
Moreover, the y-Fe;,O3/C catalyst could be easily recycled by magnetic separation for effec-
tive reuse. This work not only prepared y-Fe;O5;/C nanocomposite by a quite facile method,
but also successfully employed it as a catalyst for degradation of organic pollutants under

mild condition.
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1. Introduction

During past decades, industrial wastewater treat-
ment has attracted widespread attention due to seri-
ous environmental issues. Various methods employing
biological, physical, and chemical techniques, such as
biotreatment, adsorption, and degradation, have been
widely reported [1-9]. The degradation technique is
more ideal for its convenient operational process, non-
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secondary pollution, and preventing vast excess
sludge [10-12]. The effective degradation of pollutants
by oxidation processes is usually based on the genera-
tion of oxidizing reactive oxygen species such as
hydroxyl radicals (OH), superoxide ions (-O;), or sin-
glet oxygen (*O,) [13-15]. *OH radicals, generally pro-
duced from hydrogen peroxide (H,O,) in the presence
of some catalysts, are especially highly active and
nonselective in the oxidative degradation reaction with
most of the organic pollutants. More importantly, the
relevant procedures are totally eco-friendly; therefore,
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catalytic degradation reaction used for wastewater
treatment has received intense research [16].

Nanoparticles of inorganic materials, such as metal
oxides and semiconductors, have generated consider-
able attention due to their novel properties compared
to their bulk materials. And several reports have
shown that the material’s photochemical and catalytic
properties strongly depend on their particle size
[17,18]. In recent years, Fe-based nanomaterials have
been revealed to be outstanding candidates of
heterogeneous catalysts owing to their large surface-to-
volume area, high stability, and easy magnetic separa-
tion [10,19,20]. In order to further improve the catalytic
capability, modifications have been made to embellish
iron oxides materials for exceptional properties
[5,10,11,20]. However, although high reaction rates are
generally obtained with these catalytic systems, acidic
environment, necessary activation process, and
unknown recycle ability limit their use [21-25]. There-
fore, it is attractive and desirable to exploit appropriate
modification on Fe-based oxides to obtain some kind
of materials that can overcome the above drawbacks.

In this work, we prepared y-Fe,O5;/C nanocompos-
ite with strong magnetic response by using one-pot
starch-modifying method and subsequent heat treat-
ment. Catalytic performances of the prepared
v-Fe;O3/C nanocomposite in the oxidative degrada-
tion of methylene blue (MB) were studied. The influ-
ences of synthetic conditions and H,O, content on the
degradation efficiency of MB as well as recycle ability
of the prepared samples were also investigated.

2. Experiment
2.1. Materials

Ferrous chloride (FeCl,-4H,0), hydrogen peroxide
(H,O, 30 wt%), dipropylamine (C¢H;s N), starch, and
MB were purchased from Sinopharm Chemical
Reagent Co., Ltd. All reagents and solvents were ana-
lytical grade and used as received without further
purification unless otherwise indicated. Deionized
water was used in the experiments throughout.

2.2. Preparation of Fe3Oy/starch nanoparticles

The Fe;O,/starch nanoparticles were prepared by
one-pot interface co-precipitation method, according
to previous report with some modifications [26].
Firstly, 1.0 g starch was dissolved in 20 mL H,O with
vigorous mechanical stirring at 80°C in a water bath.
Then, 0.8944 g FeCl,-4H,O was added in to get a light
blue solution. Finally, 0.75 mL H,O, (1 mol LY was
poured followed by 3 mL dipropyl amine and black
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precipitate formed immediately. After constant stirring
at 80°C for 2 h, the reaction was thoroughly finished.
The precipitate was separated from the solution by an
external magnet, and washed with ethanol and water
till neutral. Then, the products were dried at 40°C in
vacuum oven for 12 h.

2.3. Preparation of y-Fe;Os/C nanocomposite

The as-obtained Fe;O,4/starch nanoparticles were
calcined at 250°C for 2 h at a heating rate of 2°C min ™"
from room temperature (RT). In this process, the
starch was carbonized to carbon; meanwhile, the
FesO, was oxidized to v-Fe,Os. Thus, y-Fe,Os/C
nanocomposite was obtained.

Pure y-Fe,O3; was got by calcining Fe;O, obtained
at 80°C without addition of starch at 250°C for 2 h.

2.4. Characterization

The morphology of the products was investigated
by a transmission electron microscope (TEM, JEM-
2100) operated at 200 kV. X-ray diffraction (XRD) pat-
terns were obtained with a Rigaku Ultima IV (D/tex)
diffractometer using Cu Ka radiation (A =1.541 A).
The transmission Mdssbauer spectroscopy experiments
were carried out in a constant acceleration with a 25
mCi”’Co (Pb) source at RT using 25 um a-Fe foil as
reference. The Mdssbauer parameters were fitted by a
standard least-squares fitting program. Fourier-trans-
form infrared (FT-IR) spectra were measured in
wavenumber ranging from 400 to 4,000 cm ' using a
Nicolet Nexus 670 FT-IR spectrophotometer. The dried
samples were grinded with KBr together, and then
compressed into thin pellets for measurement. The
Raman spectrum was taken on an inVia Reflex spec-
trometer (Renishaw) with an argon ion laser at an
excitation wavelength of 514 nm. Mettler Toledo
thermogravimetric and differential thermal combined
analyzer (TGA/SDTAS851e) was used to check out the
thermal performance of the products with the tem-
perature range from 25 to 700°C at a heating rate of
20°C min~' in air atmosphere. Nitrogen adsorption—
desorption isotherms were examined wusing a
Micromeritics ASAP 2010 M analyzer on the dried
sample which had been degassed at 150°C under vac-
uum for 6h. The Brunauer-Emmett-Teller (BET)
specific surface area was calculated from the linear
part of the BET plot. Pore size distribution was calcu-
lated using Barrett-Joyner-Halenda method. Magnetic
hysteresis loops were obtained at RT using a
Lakeshore 7400 model vibrating sample magnetometer
under a magnetic field up to 12 kOe.
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2.5. Catalysis test

Heterogeneous catalytic degradation reactions
were carried out in an open batch reactor by shaking
conical flasks at 20°C and at the natural pH of the
solution (pH 5.5). In a typical procedure, a certain
amount of the product was homogeneously dispersed
into MB solution and the solution was shaken for
about 30 min to achieve adsorption equilibrium
between the dye and the catalyst. Then, the degrada-
tion reaction was initiated by adding H,O, into the
solution. The final volume for all solutions was 30 mL
(concentration of MB was 20 mg L™, and content of
H,0, was 29.1 mmol). At given intervals of degrada-
tion, an aliquot of MB solution was taken out and
immediately separated with an external magnet. The
absorbance intensity of the supernatant was measured
at the maximum absorbance wavelength (665 nm) of
the MB dye using a Unico UV-2802S ultraviolet and
visible (UV-Vis) spectrophotometer. The concentration
of MB was calculated by the standard curve in Fig. 1.
The concentration of MB was calculated by this curve
according to its absorbance value. And for solution of
high concentration (abs > 1.0), dilution is needed to
ensure the measurement accurate.

In order to validate the regenerative capacity and
stability of y-Fe203/C nanocomposite, the samples
that collected from the reaction solution by a magnet
were directly reused for the next cycle without any
dispose, and the process was repeated for four times.
The initial amount of y-Fe,O3/C was 25 mg, and the
reacting solution was 30mL containing 20 mg
L™ MBand 29.1 mmol H,O,, each cycle of reaction
lasted 3 h.

The removal rate of MB for degradation ability
judgment was calculated by C/C, [27].

The decomposition rate of H,O, in the existence of
catalyst was measured by titration with KMnO,. In
brief, an aliquot of H,O, solution was taken out and
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Fig. 1. The standard absorption curve of MB solution.
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immediately separated with a magnet at given inter-
vals. Supernatant of 0.5 mL was injured into 20 mL
H,O followed by adding 10mL 3M H,SO, in a
conical flask. Then, added KMnO, to the solution
dropwise till the color turned to pink.

3. Results and discussion
3.1. Characterization of the samples

Fig. 2(a) shows a TEM image of the prepared
y-Fe;O3/C nanocomposite. In the image, the granular
parts with dark color come from y-Fe;,O3 nanoparticles
and the sheet-like parts with lighter contrast mean car-
bon. Thus, y-Fe;O5; nanoparticles in the nanocomposite

(b)
s
z
e
£ Fe,0,/Starch

30 40 5 60 70 80
2 Theta/°®

Fig. 2. (a) TEM micrograph of y-Fe,O3/C; (b) XRD patterns
of Fe30,/starch and y-Fe,O5/C.
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are embedded in carbon. The size of y-Fe,O3 particles
was about 13nm, and some particles aggregated
might be due to their high surface activity under cal-
cination process. Particle size of the obtained y-Fe,Oj
nanoparticles is about 12.4 nm according to Scherrer
equation from XRD pattern in Fig. 2(b), which is con-
sistent with the result of TEM. The XRD patterns in
Fig. 2(b) match well with the inverse spinel structure
of both y-Fe,O; (JCPDs:39-1346) [23,28] and Fe3O,
(JCPDs: 88-0315) [29]. No diffraction peaks due to
carbon are observed in XRD pattern of y-Fe,O5;/C,
indicating the amorphous nature and much lower con-
tent of carbon in the nanocomposite [30].

It is well known that it is difficult to identify
v-Fe;O5 and Fe;O4 by XRD spectra due to their similar
structures, so we used Mdssbauer spectroscopic analy-
sis to determine the phase composition of the pre-
pared samples. The Mossbauer spectra of the
prepared samples at RT are given in Fig. 3, and the
Mossbauer parameters of the samples are presented in
Table 1. The spectrum for Fe;O,/Starch clearly con-
firms the phase of Fe;O4 with isomer shift (I.S.) value
of 0.40 mm s~ for Fe®* ions located in the tetrahedral
sites (A-site) and 0.50 mm s ' for Fe**/ Fe®* ions
located in the octahedral sites (B-site). The appearance
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Fig. 3. RT Mbossbauer
y—FezO3/ C.

spectra of Fe;O4/starch and

Table 1
Mossbauer parameters of Fe;O,4/starch and y-Fe,O5/C
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of doublet reveals some particles in the Fe;O,4/starch
composite are superparamagnetism [31]. Both hyper-
fine fields (456 kOe for iron ions in A-site and 403
kOe for iron ions in B-site) are lower than those of
pure Fe;O4, which may be caused by the fine particle
size [32,33]. After the calcination of the Fe;O,/Starch
composite at 250°C, only LS. values of 0.38 mm s~
corresponding well with Fe®* ions are observed in
Mossbauer spectrum of the obtained sample. This
indicates that all Fe* ions in Fe;O, have been oxi-
dized into Fe®* ions to form y-Fe,Os. The appearance
of asymmetric broadening toward the central peak of
Mossbauer spectrum for y-Fe,O3;/C nanocomposite
could be attributed to the surface effect [34,35] and the
interaction between C and the surface of y-Fe,O;. Dou-
blet in Mossbauer spectrum of Fe;O,/starch disap-
pears after calcination at 250°C as shown in
Mossbauer spectrum of sample y-Fe;O3/C, indicating
sample y-Fe,O3/C has no superparamagnetic behavior
at RT. This may originate from the increased size of
particles under calcination, which overpasses the
smaller critical size 5 nm of y-Fe,O3 [32].

The FT-IR spectra of the samples were measured to
confirm the existence of carbon in the nanocomposite
(Fig. 4(a)). The spectrum of Fe;O,/Starch shows an
absorption peak at 572 cm™!, which corresponds to the
symmetric vibration of Fe-O in Fe;O, [35,36]. And
y-Fe,03/C shows strong peaks at 634 and 565 cm™’,
which are assigned to the vibration of the Fe-O
functional group in y-Fe,O3 [3,23,37]. This is well con-
sistent with the Mdssbauer spectra analysis. For
Fe;0,/starch, the absorption at about 1,028 cm” ! corre-
sponds to asymmetric stretching vibration and flexural
vibrations of C-O, while the peaks at about 3,413 and
1,401 cm™" can be attributed to O-H bending vibration
and stretching vibration, implying the presence of
starch in the sample [25,31]. In comparison with
Fe;04/starch, new peaks at 872 and 1,461 cm ! related
to C=0 [36,38] are formed in y-Fe,O3;/C and peak at
2,925 cm™" belonged to C-H [37] becomes very weak,
indicating the transformation from starch to carbon.
Raman investigation of y-Fe,O3/C was used to further
confirm the existence of carbon (Fig. 4(b)). The typical

Sample Subspectra Isomer shift (mm s Quadrupole splitting (mm s Hyperfine field (kOe) Area rate

Fe;O4/starch D 0.39 +£0.01 0.77 £0.01 - 0.236 +0.011
S1 0.40 +0.04 0.04 +0.03 456.55 +1.21 0.316 +0.024
S2 0.50 +0.09 0.02 +0.05 403.71 +3.03 0.448 +0.026

v-Fe;053/C S1 0.38 £0.02 0.00+0.01 479.16 + 0.55 0.708 = 0.026
S2 0.38 +0.08 0.06 +0.05 427.33 +3.02 0.292 +0.023
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Fig. 4. (a) FT-IR spectra of Fe;O,/starch and y-Fe,O3/C;
(b) Raman spectrum of y-Fe,O3/C.

spectrum of vy-Fe,O3/C exhibits two characteristic
peaks centered at 1,390 and 1,589 cm ! that are well in
consistence with D-band and G-band of carbon. The
intensity ratio of the two bands is Ip/Ig = 2.13, indicat-
ing the carbon is disordered [39,40]. All these results
support the concept of carbonization of starch during
heat treatment, and carbon is amorphous in the
resulting nanocomposite.

TGA and SDTA carried out at a heating rate of
20°C min~' were used to further determine the chemi-
cal composition of the sample y-Fe,O3/C with y-Fe,O3
as reference (Fig. 5). Nearly 0.9 and 3.0% weight loss
was observed bellow 250°C for y-Fe,O3 and y-Fe,O3/C,
respectively, due to evaporation of water that was
physically adsorbed on the samples [41]. Weight loss
of 3.0% means that ¢y-Fe,O3/C contained more
adsorbed water for its better adsorption ability. The
weight loss of y-Fe;O3/C at 250-600°C could be attrib-
uted mainly to the removal of C [30,38], thus the C
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Fig. 5. TGA (a) and SDTA (b) curves of y-Fe,Oz; and
y-FeZO3/ C.

content of y-Fe,O3/C is determined to be about 2.4%
by weight. SDTA was employed to further characterize
the process of heat treatment (Fig. 5(b)). The SDTA
curves of v-Fe,Os; and y-Fe,O3;/C show a wide
endothermic peak at about 200°C, corresponding to the
evaporation process of water. The exothermic peaks at
450 and 575°C that exhibit no counterparts on TGA
reveals the phase transition from y-Fe;O; to o-Fe,Os
[23,42] and the existence of C in y-Fe,O3/C increases
the transition temperature.

Fig. 6 shows the N, adsorption-desorption iso-
therm and the pore size distribution curves of y-Fe,O3
and y-Fe,Os;/C. The BET surface area of y-Fe,Os; is
39.07 m* g~' and the pore size distribution reveals a
wide range centered at 22.3 nm. However, the
v-Fe;O3;/C has a much larger surface area of
116.54 m® g™" and a relative narrow pore size distribu-
tion centered at 10.4 nm. A sharp inflection in the rela-
tive pressure (p/po) between 0.9 and 1.0 demonstrates
the wide pore size distribution (see Fig. 6(a)) [43].
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Fig. 6. N, adsorption—desorption isotherms and pore size
distribution of (a) y-Fe;O3 and (b) y-Fe,O3/C.

However, for y-Fe,O3/C, the position of adsorption—
desorption curve is slightly shifted to lower values of
p/po, indicating decrease in the pore size (Fig. 6(b))
[18]. The N, adsorption results reveal that the modi-
fication of C resulted in an increase in the porosity of
the sample compared with that of pure y-Fe,O5;. With-
out the protection of C, the y-Fe,Ojz particles would
aggregate severely under thermal treatment, leading
to a relative small surface area and wide size pore dis-
tribution. However, starch in Fe;O,/Starch would be
carbonated into porous carbon, which not only well
protected particles from aggregation, but also had
great contributions to the larger BET surface area of
v-Fe,O5/C.

The hysteresis loops of y-Fe,O3/C were measured
in an applied magnetic field between —12 and 12 kOe
at RT (Fig. 7). The saturated magnetization reaches
449 emu g !, implying a relative strong magnetic
response to the external magnetic field [23]. Thus, the
v-Fe;O3/C could be easily separated from the reaction
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system simply by magnetic separation after reaction.
The inset of Fig. 7 shows that the coercivity force of
v-Fe;O3/C is 27.4 Oe and the remanence is 2.3 emu
¢”!, which indicates the nanocomposite is ferrimag-
netic in consideration of Mossbauer spectra data. This
result illustrates that the magnetic y-Fe,O; nanoparti-
cles enwrapped by carbon keeps their intrinsic

magnetic properties and crystal structure.

3.2. Catalytic degradation tests

The catalytic activity of y-Fe,O3;/C nanocomposite
was evaluated by the oxidation of MB with H,O, in
aqueous solution without pH adjustment. The MB dye
was chosen for its high solubility, easy detection
properties as well as having been widely studied as
an important class of contaminant.

The absorption spectra curves of MB along with
the reaction time of y-Fe,O3/C&H,0, system are
shown in Fig. 8(a). No new peaks are observed, which
means a full oxidative decomposition of MB took
place and no intermediates containing phenothiazine
species were formed [44]. The inset of Fig. 8(a) shows
excellent magnetic response of y-Fe,O3/C and the blue
color almost disappeared after 180 min. Several
contrast experiments were carried out for Dbetter
understanding of the superior catalytic properties of
the y-Fe,O3/C nanocomposite. The time profiles of MB
decolorization under various reaction systems are dis-
played in Fig. 8(b) and the data were originated from
the absorption at 665 nm. Neither as-prepared
v-Fe;O3/C nor H,O, alone showed apparent activity
for MB degradation in 180 min. In contrast, remark-
able MB decolorization occurred in y-Fe;,O3&H,0,,
Fe;04&H,0,, and y-Fe;,O3/C&H,0, suspension, and
the y-Fe;O3/C even had better catalytic efficiency than
the classic Fenton regent Fe;O4. The decomposition of
H,0; in this system and the influence of H,O, content
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29.1 mmol H,O,, 20 mg L™ MB); (b) Degradation of MB
when using different catalysts (b: 25 mg solid material,
29.1 mmol H,O,, 20 mg L MB).

in the catalytic process on the decolorization effect are
shown in Fig. 9. The reaction rate of H,O, decomposi-
tion in the y-Fe,O53/C&H,0, system gradually became
slower over time (Fig. 9(a)) and 29.1 mmol was
revealed to be an appropriate H,O, dosage, over
which the degree of MB decolorization would not
increase (Fig. 9(b)) due to the self-scavenging effect of
H,0, [18,19]. From Fig. 10, we can see that the higher
is dosage of the y-Fe,O3;/C nanocomposite, the better
is the decolorization result, because more active sites
are available at higher catalyst dosage. About 90% of
MB was decolorized within 60 min when the content
of y-Fe;O3/C reached 25 mg, indicating high decol-
orization activity of y-Fe;,O3/C&H,0; system.

Because calcination temperature and initial starch
content influenced the composition and structure of the
products in the thermal transformation process of solid
phase, these two factors were optimized in this study.
XRD patterns of samples obtained at different calcina-
tion temperatures and initial starch content are shown
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in Fig. 11. It shows that all of them are inverse spinel
structure. As clearly presented in Fig. 12(a), the sample
obtained at 250°C has the best catalytic performance.
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Fig. 11. XRD patterns of the samples calcinated at different
temperatures (a) and the samples with different starch
contents heated at 250°C (b).

The reason for this result might be that Fe;O,/Starch
was transformed into y-Fe;O3;/C successfully at this
temperature as evidenced by Mossbauer spectra, FT-IR
spectra, and Raman spectra data. And carbonization of
starch as well as content of carbon was in good control
[30]. With the increase in initial starch content, much
more amorphous C was generated to improve the
adsorption capacity of the nanocomposite and to
increase the concentration of dyes near the surface of
the catalyst for MB degradation [5,43], thus better cat-
alytic performance was observed (Fig. 12(b)). However,
when the starch content increased over 5 wt%, the cat-
alytic active sites decreased because obtained C in the
composite was too much and would cap the y-Fe;O; (C
content > 2.4 wt%), resulting in the decrease of catalytic
efficiency. This is a clear indication that the degradation
process not only relates with the catalyst’s surface area,
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Fig. 12. Effects of synthetic conditions on degradation of
MB (25 mg solid material, 29.1 mmol H,O,, 20 mg L' MB)
(a) calcined temperature and (b) initial starch content.

but also the content of y-Fe,O3 active sites that is an
important factor of catalytic degradation reaction [45].

Based on the results discussed above, we think the
degradation of MB mainly contains two processes.
Firstly, the MB molecules are adsorbed on the
nanocomposite. And then the degradation reactions
happen immediately to remove the MB after the injec-
tion of H,O, into the system [43,46]. The reactions
may proceed by Fenton-like process which is well
known as production method of free hydroxyl radicals
via the reaction of Fe together with H,O,, shown as
the equations below (Egs. (1) and (2)).

= Fe(Ill) + H,O, — = Fe(ll) + H" + HOy’ (1
= Fe(Il) + H,O, — = Fe(Ill) + OH™ + -OH ()
‘OH + MB dye — oxidation products 3

In all the above equations, = Fe(Il) and = Fe(Ill) are
iron species in the solid phase or at the solid-liquid
interface. The produced free hydroxyl radicals (OH)
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(25 mg y-Fe,03/C, 29.1 mmol H,0,, 20 mg L' MB, col-
umns with red color mean the reaction last 3 h, while blue
stands for 5 h).

degrade the organic pollutant MB dyes by breaking
the benzene ring and relevant molecules in the struc-
tures to simple substances (Eq. (3)). That is how those
MB molecules adsorbed on sorption sites are further
degraded [43,47,48]. Several experiments revealed the
MB discoloration reactions immediately stopped upon
the removal of the catalyst from the medium by a
simple magnetic separation. These results also clearly
support a heterogeneous reaction initiated on the
catalyst surface.

From the stand points of economic efficiency and
environmental sustainability, it is essential to use
renewable material to minimize the wastewater treat-
ment cost. In view of this point, the regeneration and
reusability of y-Fe;O;/C nanocomposite was tested to
evaluate their application potential in the decontamina-
tion of MB-bearing wastewater. As shown in Fig. 13, it
can be observed that in the first catalytic step, the
removal rate of MB reached 97% in 3 h. With the
increase in cycling times, the removal ability of MB
decreased slightly, and can still reach 85% in 3 h at the
fourth time. For comparison, we prolonged the reaction
time of the last cycle to 5 h, and found the removal rate
reached 95%, almost equal with the first time. The
results clearly suggested good regeneration ability and
sustainability of the y-Fe;O3/C nanocomposite.

4. Conclusions

By simply using one-pot starch-modifying synthesis
and subsequent heat treatment method, we prepared y-
Fe;O;/C nanocomposite. Serving as Fenton-like
reagent, the y-Fe;O3;/C was employed in the efficient
and eco-friendly degradation of MB under mild condi-
tion. The tested MB solution (20 mg L™") was 90% decol-
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orized in 60 min, and the degradation ratio reached
97% after 180 min. Moreover, the catalysts could be
easily recycled by magnetic separation and reused with-
out obvious activity decrease. Therefore, y-Fe,O3;/C
nanocomposite was obtained by a convenient method
and was used as catalyst for decomposing H,O, suc-
cessfully. Moreover, C coexisted in the nanocomposite
apparently enhanced the degradation performance of
MB dyes. Consequently, y-Fe;O3;/C nanocomposite
showed good performance in the catalytic degradation
of organic pollutants in wastewater treatment without
tough conditions or secondary pollution.
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