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Magnetic Fe%Fe;04/graphene has been successfully synthesized by a one-step reduction method
and investigated in rapid degradation of dyes in this work. The material was characterized by N,
sorption-desorption, scanning electron microscopy (SEM), Fourier transform infrared spectros-
copy (FT-IR), vibrating-sample magnetometer (VSM) measurements and X-ray photoelectron
spectroscopy (XPS). The results indicated that Fe”/Fe;0,/graphene had a layered structure with Fe
crystals highly dispersed in the interlayers of graphene, which could enhance the mass transfer

Keywords: process between Fe%/Fe;0,/graphene and pollutants. Fe%/Fe;0,/graphene exhibited ferromagne-
Fe%/Fes0,/graphene tism and could be easily separated and re-dispersed for reuse in water. Typical dyes, such as
Magnetic Methyl Orange, Methylene Blue and Crystal Violet, could be decolorized by Fe%Fe;04/graphene

Dyes rapidly. After 20 min, the decolorization efficiencies of methyl orange, methylene blue and

Removal crystal violet were 94.78%, 91.60% and 89.07%, respectively. The reaction mechanism of
Reduction Fe®/Fe;0,/graphene with dyes mainly included adsorption and enhanced reduction by the
composite. Thus, Fe%Fe;0,/graphene prepared by the one-step reduction method has

excellent performance in removal of dyes in water.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.
Introduction powerful and economical approaches to degrade phenothia-

zine, azo and triphenylmethane dyes in water.

Dyes are widely used in the textile, leather, paper, pharma-
ceutical and food industries, and dye wastewater poses a
potential threat to the environment and human health due to
their toxicity, lack of biodegradability and carcinogenic effects
(Zhao et al., 2012a, 2014; Li et al,, 2014). In particular, three
major types of dyes classified according to their structures,
namely phenothiazine, azo and triphenylmethane dyes, are
common in dye wastewater. Therefore, removal of these dyes
from wastewater has been actively studied (Chen et al., 2010;
Kusic et al., 2011; Nguyen et al., 2011; Noroozi and Sorial,
2013). Due to the stability of the structures of these dyes, the
current treatment technologies have limited effects on removal
of dyes from water and the costs are high (Padamavathy et al.,
2003; Netpradit et al., 2004). Thus, it is important to develop
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Ferrous materials with graphene as carrier have attracted
extensive attention due to the high activity of iron and
two-dimensional structure of graphene (Wang et al., 2014a).
In particular, graphene-supported zero-valent iron (Jabeen et
al,, 2013; Liu et al., 2014) and graphene-supported iron oxide
(Guo et al, 2013; Zhang et al., 2013; Zubir et al., 2014)
composites have been widely studied in removal of pollutants
in water. Since graphene possesses superior electrical con-
ductivity, favoring electron transfer (Ishigami, 2007), the
graphene-supported zero-valent iron composite has shown
enhanced ability for reducing heavy metals in water, such as
As(V) (Wang et al., 2014b), Pb(II) (Jabeen et al., 2013), and Cr(VI)
(Li et al., 2015a). Since graphene possesses high specific surface
area, favoring adsorption, the graphene-supported iron oxide
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composite has enhanced ability for adsorbing organic and
inorganic pollutants such as methyl orange (Li et al., 2014),
fulvic acid (Li et al., 2012), and Cr(VI) (Liu et al., 2013). In order to
combine the enhanced reduction and adsorption ability of
the above two kinds of composites, graphene-supported
compounds of zero-valent iron and iron oxide have been
studied and used in removal of heavy metals in water. In
particular, graphene-supported Fe®/Fe;0, showed excellent
performance in removal of Cr(VI) from water, and the
removal efficiency could reach 83% due to the synergistic
effects of reduction and adsorption in the composite
containing iron, iron oxide and graphene (Lv et al., 2014).
Therefore, the Fe%Fe;04/graphene composite is worthy of
further research in water treatment.

The synthesis of Fe%/FesO4/graphene has been carried out
by the methods of stepwise reduction (Lv et al., 2014) and
synchronous pyrolysis (Bhunia et al.,, 2012). In particular, the
stepwise reduction method has been common, but the process
was tedious and required a toxic chemical, hydrazine hydrate. In
order to overcome the defects of these methods and maintain
the good performance of Fe%Fe;04/graphene, a one-step reduc-
tion method was proposed to simultaneously reduce Fe** and
Fe;0,/graphene oxide to Fe® and Fe;O4/graphene, respectively.
The one-step reduction method, which has been used in
synthesis of Fe%graphene composite (Guo et al., 2012; Sun et
al,, 2014), has the advantages of simple operation, controllable
Fe® loading and safety, without the need for toxic organic
reagents. So far the applications of Fe%Fes;0,/graphene
have all been in removal of heavy metals in water, such as
Cr(V1), Pb(II), Cd(II), Hg(ll) (Bhunia et al., 2012; Lv et al., 2014),
and no studies have been performed in removal of organic
pollutants. Based on the above analysis, the removal of
organic pollutants from water using Fe®/Fe;0,4/graphene is
worthy of study. Therefore, we used a one-step reduction
method to synthesize Fe®/Fe;0,/graphene, anticipating sta-
ble physical and chemical properties for the composite and
excellent performance in phenothiazine, azo and triphenyl-
methane dye removal in water treatment.

In this work, magnetic Peo/Pe3O4/graphene has been suc-
cessfully synthesized by using a one-step reduction method
and investigated in removal of dyes in water. Scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), vibrating-
sample magnetometer (VSM) measurements and N, sorp-
tion-desorption were used to investigate the morphologic
and physical/chemical properties of Fe®/Fe;04/graphene. The
removal of Methyl Orange, Methylene Blue and Crystal Violetin
water was assessed to evaluate the reactivity of Fe’/FesO./
graphene. The mechanism was deduced to reveal the reaction
process in Fe%/Fe;04/graphene. The aim of this study was to use
a simple method to synthesize Fe%Fe;0./ graphene and use it to
remove refractory dyes in water.

1. Experimental
1.1. Reagents and materials

All chemicals used in this study were of analytical grade and
used without further purification. Expandable graphite was

obtained from Qingdao Tianhe Graphite Co., Ltd., China. Crystal
violet, Methylene Blue and Methyl Orange were obtained from
Sinopharm Chemical Reagent Co., Ltd., China. Ferric chlo-
ride hexahydrate (FeCls-6H,0), ferrous sulfate heptahydrate
(FeSO4-7H,0), potassium permanganate (KMnO,), sodium
nitrate (NaNOs3), sodium borohydride (NaBH,), and sodium
hydroxide (NaOH) were purchased from Xilong Chemical
Co., Ltd. Hydrogen peroxide (H,0,, 30%, V/V), ammonia
solution (NHs5-H,0, 28%, V/V), hydrochloric acid (HCI), and
sulfuric acid (H,SO4, 98%) were obtained from Beijing
Chemical Works, China. Nitrogen (N,) gas was supplied by
Beijing Aolin Gas Company, China. Solutions were prepared
with deionized water purified by a Millipore Milli Q UV Plus
system.

1.2. Synthesis of Fe®/Fe;0.4/graphene

1.2.1. Synthesis of graphene oxide

The preparation of graphene oxide was carried out by a
hydrothermal method (Bao et al., 2012). Expandable graphite,
NaNOs, KMnOy, H,SO4 (98%) and a Teflon reactor were cooled
in a refrigerator at 0-4°C before use. The Teflon reactor was
placed in a stainless steel autoclave. The cooled expandable
graphite (1 g), NaNOs (1 g), and KMnO, (4 g) were put into the
100 ml reactor, then H,SO, (50 mL) was added. As soon as the
H,S0, was added, the reactor and stainless steel autoclave
were sealed. The autoclave was kept at 2°C for 2 hr and then
heated at 100°C in an oven for 2 hr. The obtained slurry was
diluted with 200 mL water. With mechanical stirring, H,0,
(30%) was dripped into the suspension until the slurry turned
golden yellow. The suspension was washed with hot HCl and
deionized water until the pH reached 7, and then the hydrated
graphene oxide was dissolved in 200 mL deionized water in
an Erlenmeyer flask. After ultrasonication for 10 min, the
graphene oxide was stored in a refrigerator at 4°C.

1.2.2. Synthesis of Fe304/graphene oxide

Fe;04/graphene oxide was synthesized by a classical co-
precipitation method as follows. FeCl3-6H,0 (0.017 mol) and
FeSO4-7H,0 (0.0086 mol) were dissolved in 400 mL deion-
ized water mixed with the above prepared graphene oxide
(100 mL) under N, purging, then the solution was subjected
to vigorous mechanical stirring for 60 min. A stoichiometric
amount of NH;-H,0 was added dropwise and stirred for 60 min.
The black material was subsequently washed several times to
neutral pH. Then the fresh Fe;04/graphene oxide was separated
by an external magnet.

1.2.3. Synthesis of Fe%Fes04/graphene

Fe%/Fe;04/graphene was synthesized by a one-step reduc-
tion method under facile conditions. FeSO,4-7H,0 (0.052 mol)
was dissolved in 200 mL deionized water and mixed with the
fresh Fe;O./graphene oxide under vigorous mechanical
stirring for 60 min. A stoichiometric amount of NaBH, was
added dropwise and stirred for 60 min. The black material
was subsequently washed several times until neutral pH
was achieved. All the above operations were carried out at
room temperature. Finally, the fresh Fe%Fes;0,/graphene
was separated by an external magnet and dried in a vacuum
oven at 50°C for 24 hr.
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1.3. Characterization of Fe®/Fe;0,/graphene

The surface morphology of samples was investigated by using a
Hitachi S 4700 scanning electron microscope (SEM) analyzer
(Japan) with secondary electron detector at different scales and
magnifications. The Fourier transform infrared spectra (FT-IR)
were recorded using a FTIR-8400S Shimadzu spectrophotometer
(Japan) in the range of 400 to 4000/cm. The X-ray photoelectron
spectra (XPS) were measured on an EScalab 250Xi spectrometer
(UK) equipped with a XR6 monochromated X-ray source. The
magnetic behavior was analyzed by using a Lake Shore 7407
Vibrating Sample Magnetometer (VSM). Specific surface area and
porosity of catalyst were measured by nitrogen adsorption/
desorption isotherms at 77 K on a BeiShiDe 3H-2000PS2 specific
surface and pore size analysis instrument.

1.4. Determination of dye removal

All the batch experiments for dye degradation were conducted
in 150 mL beakers. The solution was adjusted with diluted
NaOH and H,SO;, to the desired initial pH, and the final volume
was 100 mL. The desired dosage of Fe/Fe;O,/graphene was
introduced into the reaction solution immediately. Then the
beaker was sealed with Parafilm and placed in an electronic
stirrer at ambient temperature with continuous stirring. At set
intervals, 1.0 mL supernatant of the sample solution was
analyzed immediately after separation by an external magnet.
Control experiments were also performed under the same
conditions.

Determination of dyes was performed by a Shimadzu UV2500
spectrometer (Japan), and the N\pa.x of Methylene Blue, Methyl
Orange and Crystal Violet was 664, 464 and 590 nm, respectively.

2. Results and discussion

As shown in Scheme 1, after ultrasonic dispersion in water,
the prepared graphene oxide was transformed to exfoliated
graphene oxide sheets. A large number of oxygen-containing
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functional groups existed on the surface of the graphene
oxide sheets, which possessed a negatively charged surface in
solution and could capture the Fe** and Fe** ions through
electrostatic interaction. A precipitate formed and the color
transformed to black after addition of NHs-H,O. Thus, Fes0,4
particles were deposited on the graphene oxide sheets
through co-precipitation. The fresh Fe;O./graphene oxide
could be dispersed in water due to the hydrophilic nature of
Fe;04 and graphene oxide and easily separated from water
using a magnet. Moreover, with the remaining functional
groups on the surface of the graphene oxide sheets, Fe;04/
graphene oxide could capture Fe’* ions in ferrous sulfate
solution. After reduction by NaBH,, the trapped Fe?* ions on
the graphene oxide surface were transformed to Fe® deposited
on graphene oxide. Meanwhile, graphene oxide was gradually
reduced to graphene with increased addition of NaBH, and
formation of Fe°. Finally, magnetic Fe%/Fe;04/graphene with a
layered structure was synthesized.

2.1. Characterization of Fe’/Fes04/graphene

In order to detect the morphology and structural character-
istics of Fe%Fe;0,/graphene synthesized by the one-step
reduction method, SEM, FT-IR, XPS, VSM and nitrogen
adsorption/desorption analyses were applied to character-
ize the Fe%Fe;0,/graphene composite.

The morphology of Fe%/Fes04/graphene is shown in Fig. 1.
The planar structure of bare graphene sheets can be observed
in Fig. 1a, indicating that the anticipated two-dimensional
structure and high surface/volume ratio were obtained (Geng
et al, 2011). Significantly, the formation of the layered
structure of Fe%Fe;0,/graphene can be observed in Fig. 1b,
with a large number of granular particles tightly attached onto
the basal plane of the graphene sheets. Compared with the
hydrazine hydrate reduction method, which involved heating
to 98°C and produced highly folded graphene sheets (Lv et al.,
2014), the preparation of Fe/FesO,/graphene by one-step
reduction method was carried out at room temperature,
producing clean and flat reduced graphene sheets only

NH3-H,0
Coprecipitation
method

Electrostatic

Q Fe® @ FesO4 interaction

NaBH., 298 K
E o TN Y
One-step reduction

method

Scheme 1 - Schematic illustration of Fe®/Fe;0,/graphene preparation.
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Fig. 1 - Scanning electron microscopy images: (a) graphene; (b) Fe’/Fe;0,/graphene; (c) O element mapping; (d) Fe element

mapping.

partially folded at the edge. The O and Fe elements distribu-
tion maps in Fe’/Fe;O,/graphene are shown in Fig. 1c and d,
respectively. The light spots in Fig. 1c indicate that the O
element was on the surface of composite, and the dark spots
indicate that the O element was in the inner part of the
composite. The O element mainly existed in functional groups
on the graphene surface and iron oxides in Fe%Fes;0,. The
dark spots in Fig. 1d are Fe distributed in the composite (Liu et
al., 2014). The widespread dark spots indicated that particles
of Fe® and Fes;0, are highly dispersed in the interlayer of
graphene. Thus, Fe crystals had a high level of dispersion in
the inner layers of Fe’/Fe;0,/graphene synthesized by the
one-step reduction method, so that the agglomeration of Fe°
and Fe30, particles was avoided. Therefore, unlike material
prepared by other methods, Fe%/Fe;O4/graphene prepared
with the one-step reduction method had a layered structure
and Fe crystals highly dispersed in the layered gaps, which
could enhance the mass transfer process between Fe%Fe;04/
graphene and the pollutants in water.

The surface bound species of Fe/FesO,/graphene are
shown in Fig. 2. The characteristic band of graphene at
1620 cm™ corresponds to the remaining sp® character of
skeletal vibration (Ahmad et al., 2013). The absorption peaks
at 1723, 1384 and 1049 cm™ are ascribed to C=0 stretching
vibrations, O-H stretching vibrations and C-O stretching
vibrations, respectively (Stankovich et al., 2006). The broad
peak at 3500-3000 cm™ is attributed to the stretching of the
OH groups of adsorbed water (Xing et al, 2011). After
reduction by NaBH, during preparation of Fe®/Fe;0,/graphene,
the C=O0 vibration band disappeared, indicating that reduced
graphene was achieved (Guo et al, 2012). In addition, Fe%
Fe;04/graphene showed the characteristic band of the Fe-O

stretching vibration at 594 cm™, not observed for bare graphene
(Ai et al, 2008), indicating that iron oxide was successfully
synthesized and deposited on the graphene sheets. The results
were similar with those from other preparation methods of Fe%/
Fe;O4/graphene (Bhunia et al., 2012; Lv et al., 2014), indicating that
Fe;04/graphene and Fe® could be synchronously produced by
reduction with NaBH, in the synthesis process.

The chemical composition and chemical states of the
elements in Fe%Fe;04/graphene were determined by XPS. The
XPS survey spectrum of Fe’/Fe;Os/graphene is shown in Fig.
3a. The photoelectron peaks demonstrate the presence of C,
O, and Fe elements on the surface. The binding energies at
285 eV, 531 eV, 710 eV and 725 eV were characterized as C 1s,
O 1s, Fe 2ps;, and Fe 2py/, respectively. In addition to the
survey scan, high-resolution scans were obtained for the C 1s,
O 1s and Fe 2p regions. Fig. 3b shows the high-resolution XPS
C 1s spectra of Fe’/Fe;0,/graphene. Deconvolution of the C 1s
peak showed three peaks at 284.8, 285.6 and 288.8 eV,
corresponding to C-C, C-O and O-C=0 groups, respectively.
The peak of O-C=O groups is typical of the spectrum of
graphene oxide and generally accounts for the major part of C
1s (Peng et al, 2011). In this C 1s peak, C-C and C-O groups
were observed as the main parts of the C 1s peak and O-C=0
groups accounted for a small proportion, suggesting that
graphene oxide in the composite had been reduced to
graphene by NaBH, effectively (Wang et al, 2014b). The
results were similar with those of the FT-IR analysis in Fig. 2.
Fig. 3c show the O 1s spectrum, which could be fitted into
three peaks at 530.2, 531.1 and 532.1 eV, corresponding to 0%,
OH", C-0 and O-C=0 groups, respectively (Xi et al., 2014). The
peak of O?~ groups was characteristic of lattice oxygen in a
metal oxide (Ai et al., 2008), which was in the form of iron
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Fig. 2 - Fourier transform infrared spectroscopy spectra of
Fe®/Fe;04/graphene.

oxides in Fe/Fe;O,/graphene. The peak of OH~ groups was
formed by adsorbed oxygen species in the form of iron
hydroxides. The peak of C-O and O-C=O groups was
consistent with the C 1s spectrum. The high-resolution XPS
spectrum of the Fe 2p region is shown in Fig. 3d. The Fe 2p
region at binding energies of 710 eV and 725 eV was indexed
to Fe 2ps/, and Fe 2py/, peaks. The binding energy at 710.5 eV
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with satellites at 713.3 eV and 727.2 eV could be ascribed to
Fe?*, and the binding energy at 724.5 eV with the satellites at
733.6 eV and 717.7 eV could be ascribed to Fe** in iron oxides
(Zhao et al., 2012b). The results were in accordance with the
Fe-O analysis of FT-IR and lattice oxygen analysis of O 1s. As
seen in Fig. 3d, there was no obvious peak of Fe® at 706.7 eV in
the Fe 2p region. Since Fe° has a tendency to oxidize in air, Fe°
on the surface of the composite was oxidized in the
preparation process (Bhargava et al., 2007). XPS studies the
surface of material, thus, the typical Fe® peak was not
detected. But Fe® was still present in the interior of the
composite, protected by an external iron oxide film. A similar
phenomenon was observed in other related articles (Liu et al,,
2014; Lv et al., 2014).

In order to detect the microscopic pore structure of Fe%Fe;0,/
graphene, the sample was measured by a nitrogen adsorption/
desorption analysis instrument. The N, adsorption-desorption
isotherm curve of Fe%/Fe;O4/graphene is shown in Fig. 4. The
curve belongs to the Type IV isotherm type according to the
International Union of Pure and Applied Chemistry (IUPAC)
nomenclature, which indicated the mesoporous structure
existing in Fe”/Fe;04/graphene. The hysteresis loop appeared at
p/p° = 0.1-1.0, indicating that a capillary condensation phenom-
enon took place in the mesopore structure. Since the curve did
not exhibit any limiting adsorption at high p/p°, the observed
hysteresis could be classified as H3-type. The phenomenon
indicated that plate-like particles aggregated and formed
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Fig. 3 - X-ray photoelectron spectroscopy spectra of Fe’/Fe;0,/graphene in the (a) survey scan; (b) Cls; (c) Ols; (d) Fe2p energy

regions.
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Fig. 4 - N, adsorption-desorption isotherms for Fe®/Fe;0,/
graphene.

slit-shaped pores in the structure of Fe?/Fe;0,/graphene (Videla et
al,, 2014). The calculated specific surface area for Fe%Fe;O,/
graphene was approximately equal to 52.91 m?g, based on the
BET method. The loading of Fe® and Fe;0, reduced the specific
surface area of graphene compared with other studies (Geng et
al,, 2011; Yang et al., 2013). The presence of Fe species on the
graphene surface could increase the formation of closed-end
carbon structures, thus leading to BET value reduction compared
to the bare graphene structure (Videla et al., 2014). But beyond
that, the lamellar spacing of Fe%/Fe;O,/graphene composite was
22.87 nm, based on the MK-Plate method. Since the average
interlayer spacing of graphene is 0.7 nm according to theoretical
calculation (Wu et al., 2009), the loading of Fe” and Fe;0, particles
on the surface of graphene could contribute to the expansion of
the slit-shaped pores. The results were in accordance with the
layered structure image seen in the SEM analysis in Fig. 1.

In addition to the above characterizations, the magnetic
properties of Fe®Fe;0,/graphene were analyzed to determine
whether it has sufficient magnetization to enable fast solid-
liquid separation in water treatment. As shown in Fig. 5, a
sharp increase in magnetization was observed on increasing
the applied field from 0 to 9000 Oe, and the magnetization
was saturated at about 2500 Oe. A characteristic ferromagnetic
hysteresis loop was also observed from -2500 to 2500 Oe.
The saturation magnetization of Fe®/Fe;O4/graphene was
70.394 emu/g, thus it could be easily separated from water
by an external magnetic field. The remanence and coercivity of
Fe%Fe;0,/graphene were 3.962 emu/g and 57.316 Oe, respec-
tively. The remanence was low enough that Fe%Fe;04/graphene
could be easily re-dispersed for reuse after separating from
aqueous solution. Therefore, Fe%Fe;0./ graphene has an advan-
tage over non-magnetic materials for separation, recovery and
reuse in water, which has been verified in our study.

2.2. Application of dye removal in water

The dye removal performance of Fe%Fe;0,/graphene was
evaluated in terms of the decolorization efficiencies of dyes.
The results are shown in Fig. 6a. Clearly, fast decolorization of
Methyl Orange, Methylene Blue and Crystal Violet was

achieved after reaction with Fe®/Fe;0,/graphene. The decol-
orization efficiencies could reach 90.76%, 89.33% and 88.17%
in 5 min and stabilize at 94.78%, 91.60% and 89.07% in 20 min,
respectively. Compared with existing materials and technol-
ogies for the removal of Methyl Orange, Methylene Blue and
Crystal Violet in water, Feo/Fe304/graphene removal showed
high efficiency in a short time. Most importantly, no addi-
tional power input in terms of light, sound, or heat was
necessary. For example, Li et al. (2015b) reported that the
decolorization efficiency of methyl orange with initial con-
centration of 10 mg/L was 83% in 10 min by zero-valent
copper nanoparticles with dosage of 0.04 g/L in together with
hydrodynamic cavitation. Shimizu et al. (2007) reported that
the degradation efficiency of methylene blue with initial
concentration of 320 mg/L was 95% after 60 min reaction time
by 2000 g/L TiO, particles together with ultrasound and H,O,.
Rong et al. (2015) reported that the degradation efficiency of
10 mg/L methylene blue was 98.8% after 100 min reaction time
by 0.8 g/L of a TiO,-graphene photocatalyst, which was prepared
from titanium dioxide and graphene oxide by a hydrothermal
method. Xia et al. (2014) reported that the degradation
efficiencies for 50 mg/L Methyl Orange and Methylene Blue
were 95% after 90 min for 1.0 g/L of a Ti-based Layered Double
Hydroxide (CeO,/ZnTi-LDH composite) under visible-light
irradiation. Biological treatment, though low cost, generally
requires 24 hr or longer to decolorize dyes. Furthermore, the
Fe®/Fe;0./graphene treatment of dyes has the significant
advantages of simple operation, easy separation and
recycling of the composite, low energy consumption, and
safety, without need for the addition of hazardous reagents.

In order to determine which component of Fe%Fe;04/
graphene played the main role in the decolorization process,
the typical UV-Vis spectra of Methyl Orange, Methylene Blue
and Crystal Violet during decolorization are shown in Fig. 6b, c,
d, respectively. As shown in Fig. 6b, the maximum absorbance
band of Methyl Orange was at 464 nm, due to the conjugated
structure formed by the azo bond, and the band at 270 nm was
ascribed to the n-w transition related to aromatic rings (Galindo
et al., 2000). The bands at 465 and 270 nm all became weaker,
while a new band at 248 nm appeared after 1 min reaction. This
phenomenon indicated that the cleavage of the azo bond
occurred and new products formed. The band at 248 nm was
possibly ascribable to sulfanilic acid, which has been studied as
one of the degradation products of methyl orange (Fan et al.,,
2009).

For Methylene Blue and Crystal Violet, shown in Fig. 6c and
d, there were no obvious new absorbance bands. Similar
spectra were also reported in other studies of Methylene Blue
and Crystal Violet removal (Arab Chamjangali et al., 2015;
Jiang et al., 2015; Lamdab et al., 2015; Wu et al., 2015). It is
difficult to identify the major roles in decolorization activities
based on UV absorption spectra. In order to investigate which
component played a major role in the decolorization process,
further study on decolorization performance was carried out
by using graphene, Fe;O./graphene and Fe%graphene for
comparison.

As seen in Fig. 7a, the removal efficiencies of Methyl
Orange with graphene and Fe;O,/graphene alone were only
18.73% and 18.33% in 40 min, respectively. The removal
process was mainly attributed to adsorption by Fe;O, and
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Fig. 5 - Magnetization vs applied magnetic field for Fe®/Fe;0,/
graphene.

graphene. By contrast, the removal efficiencies with Fe%
graphene and Fe%Fe;0,/graphene alone amounted to 84.18%
and 95.60%, respectively. Similar decolorization trends for

Methylene Blue and Crystal Violet can be observed in Fig. 7b
and c, respectively. These results suggested that reduction by
Fe® played an important role in the decolorization process.
Fe%Fe;04/graphene showed the highest activity compared
with other samples, indicating that synergetic effects existed
in the composite of Fe’, Fes0, and graphene.

In addition to the above degradation activities of Fe%Fe;04/
graphene, the adsorption kinetics of dyes and the composite
were also investigated. As shown in Fig. 8, the experiment data
were best fitted by the pseudo-second order kinetic model, and
the equations can be presented as follows (Zhao et al., 2011):

t/Qt = 1/(k2qe2) + t/qe

6, = (Co=Ce) x V/M

)
)

where, g; (mg/g) and g (mg/g) are the adsorption capacity at given
time t (min) and at equilibrium, respectively; k, (g/(mg-min)) is the
adsorption rate constant of the pseudo-second order model; Co
(mg/L) and C; (mg/L) are dye concentrations at initial and at given
time t (min), respectively; V (L) is the volume of solution; and M (g)
is the mass of Fe%Fe;0,/graphene.
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Fig. 6 - UV/Visible adsorption spectra for dye decolorization by Fe’/Fe;0,/graphene: (a) decolorization efficiency vs.
reaction time; (b) Methyl Orange; (c) Methylene Blue; (d) Crystal Violet. Experimental conditions: concentration of dyes
50 mg/L, pH = 7, Fe®/Fe;0,/graphene dosage = 1.0 g/L, temperature = 298 K.
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The values of correlation coefficients obtained by the
pseudo-second-order model for Methyl Orange, Methylene
Blue and Crystal Violet were all higher than 0.95, suggesting
that adsorption by Fe%Fe;O4/graphene indeed took place and
played an important role in the reaction process. The
adsorption rate constants of Methyl Orange, Methylene Blue
and Crystal Violet were 2.440, 2.220 and 1.816 g/(mg-min),
respectively. The fast adsorption rates might be attributed to
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Fig. 8 - Pseudo-second-order kinetic plots for the adsorption
of dyes.

the strong adsorption ability of graphene and Fe3;0,4 particles
deposited on the graphene sheets. Thus, dye molecules could
be adsorbed on the composite of Fe’/Fe;O,/graphene first,
then dye molecules were degraded and intermediates were
generated. Finally, part of the intermediates was released to
solution, regenerating the active sites to absorb more dye
molecules. Therefore, the dye removal efficiencies increased
rapidly in the initial stage due to simultaneous adsorption
and degradation by Feo/Fe304/graphene in water.

Based on the analysis of the reaction process and relevant
literature, the mechanism for dye removal by Fe%Fes;O./
graphene in water was deduced. At the beginning of reaction,
the transformation of Fe® on graphene may occur as follows
(Egs. (3) and (4)) (Hung et al., 2000; Cheng et al., 2007; Liang et
al., 2014).

Fe® + 2H,0 — Fe? + H, + 20H" 3)

2Fe® + 2H,0 + 0, — 2Fe? +40H". (4)

The generated Fe?* would undergo further oxidation in
the presence of oxygen (Eq. (5)) (Crane and Scott, 2012; Zhang
et al.,, 2012). Then, the oxidized Fe** species were reduced to
Fe?* species by Fe® in the composite. In addition, the electrons
would be transferred from Fe® to Fe®* on the magnetite to
generate Fe?*, and then more Fe?* at octahedral sites was
formed (Eq. (6)) (Costa et al., 2008; Dos Santos Coelho et al.,
2008).

4Fe?* + 2H,0 + 0, — 4Fe®* 4+ 40H" (5)

Fe® + 2Fe®r — 3Fe?". (6)
In neutral or alkaline solutions, the formation of iron
hydroxides occurred as follows (Egs. (7) and (8)) (Cheng et

al., 2007; Triszcz et al., 2009). Thus, Fe(OH), or Fe(OH); could
be formed on the surface of Fe®/Fe;04/graphene.

Fe?* + 20H™ — Fe(OH), 7)



156 JOURNAL OF ENVIRONMENTAL SCIENCES 44 (2016) 148-157

Fe** 4+ 3H,0 — Fe(OH), + H. (8)

The graphene in the composite had adsorption ability through
m—m interaction with dye molecules, and the iron hydroxides and
Fe3;0, formed in the composite could also adsorb dye molecules
through electrostatic interaction; thus, the dye molecules tended
to aggregate in the composite. Then, the adsorbed dye molecules
became much easier to reduce by Fe°. Since multiple electron
transfer pathways existed in the composite due to the synergistic
effects of Fe®, Fe;0, and graphene, the reduction process could be
enhanced. In our study, adsorption and enhanced reduction by
Fe’/Fe;0./graphene may play important roles in the removal of
dyes in water.

3. Conclusions

This study demonstrated that Feo/Fe3O4/graphene was suc-
cessfully synthesized by a one-step reduction method under
facile conditions. Distinct from material prepared by other
methods, Fe%Fes04/graphene prepared by the one-step
reduction method possessed a layered structure and Fe
crystals highly dispersed in the interlayer of the planar
graphene sheets. In addition, the composite with its ferro-
magnetism could be easily separated and re-dispersed for
reuse in water. Furthermore, FeO/Fe304/graphene exhibited a
fast decolorization rate and high removal efficiency for
typical dyes in water. After 20 min of reaction, the removal
efficiencies of Methyl Orange, Methylene Blue and Crystal
Violet were 94.78%, 91.60% and 89.07%, respectively.
In summary, Fe®%Fe;04/graphene has potential application
in removal of dyes in water, which would contribute to the
development of water treatment technologies for refractory dyes.
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