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ABSTRACT

A magnetic Fe’/Fe,O,/graphene composite was used to remove methyl orange from water, and its
operation was studied in detail. The effects of important parameters were investigated. The results
showed that an excellent synergetic effect among Fe’, Fe,O,, and graphene existed in the composite.
The composite could remove methyl orange in acidic and alkali conditions as well. In fact, 95.60%
of the methyl orange was removed within 20 min. The desulfurization of methyl orange involved
cleavage of the azo bond and mineralization of the sulfuric groups; 70% desulfurization efficiency
was achieved after 40 min, indicating good detoxification abilities of Fe’/Fe,O,/graphene. The addi-
tion of H,0, significantly inhibited the removal efficiency, indicating that reduction was the main role
of Fe'/Fe,O,/graphene. X-ray photoelectron spectroscopic analysis showed that O* groups increased
after use, indicating that more lattice oxygen was generated in the form of iron oxides. The increase
in Fe* and decrease in Fe” and Fe* further verified that the oxygen functional groups on graphene
were reduced to lattice oxygen in iron oxides by Fe’. The reaction mechanism was proposed to involve

adsorption, surface complexation, cleavage of the azo bond, and mineralization.
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1. Introduction

Methyl orange is a model azo dye compound, which
are widely used in the chemical and textiles industries [1].
Azo dyes discharged in wastewater pose a potential threat
to the environment and human health due to their toxicity,
non-biodegradation, and carcinogenic effects [2]. Therefore,
the removal of azo dyes has been actively studied [3,4].
Due to the stability of the azo structure, traditional biologi-
cal, physical, and chemical methods have limited effects on
the removal of azo dyes [5,6]. Recently, many studies have
focused on adsorption and catalytic oxidation technologies
for the removal of methyl orange from water. Haldorai and
Shim [7] prepared a chitosan/MgO composite for the removal
of methyl orange by the adsorption method, and the removal
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efficiency reached approximately 98% in 5 min. Wang et al.
[8] synthesized a FeOOH/CBC composite for the adsorption
of methyl orange, and the removal efficiency reached 84.6%
in 10 min. Though adsorption method has the advantages of
high efficiency and fast removal of methyl orange, it has the
disadvantage of concentrating dyes rather than eliminating
them, which may create secondary contamination. Catalytic
oxidation technology can degrade dyes by the formation of
strong oxidizing free radicals. Hassan et al. [9] developed
C-doped TiO, thin films for the visible-light-induced pho-
tocatalytic degradation of methyl orange in water, and the
removal efficiency reached 91.89% in 4 h. Wang et al. [10]
investigated the ultrasound-assisted catalytic degradation
of methyl orange with a Fe,O,/polyaniline composite and
found that 97.9% of methyl orange was removed in 3 h with
an ultrasonic density of 3.3 W/cm®. Nguyen et al. [11] stud-
ied the heterogeneous Fenton oxidation of methyl orange by
magnetic Fe,MO, (M:Fe, Mn) activated carbons, and 100%
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degradation and 59% TOC removal of methyl orange was
achieved in 2 h with 1.8 x 102 mol/L H,O,. However, the
problems of low visible-light transmission and high energy
and reagent consumption have still not been resolved in the
catalytic oxidation process, which restrict its practical appli-
cation in dyes wastewater treatment. Thus, it is important to
develop an efficient and green material and technology to
treat dyes wastewater as well as novel approaches to remove
azo dyes from water.

The application of zerovalent iron (Fe’) for pollutants
removal has attracted wide attention due to its low cost, low
toxicity, and abundance of raw material [12,13]. Fe® has sig-
nificant advantages in wastewater treatment, such as mild
reaction conditions and low cost [14]. However, its strong ten-
dency for aggregation under environmental conditions is an
important drawback that limits its application in wastewater
treatment [15]. Graphene, which has a two-dimensional
structure and high surface area [16,17], is an ideal substrate
for the chemical deposition of metal particles and has been
used as the carrier for metal and metal oxides in pollutants
removal [18,19]. The plate-like graphene sheet can decentral-
ize metal particles and enable their uniform dispersion in its
layer structure [20,21]. Thus, the combination of graphene
and Fe” will not only prevent the agglomeration of Fe’ but also
provide good formability. Fe,O,, an inverse spinel magnetite,
can be easily separated from water with an external magnetic
field due to its superparamagnetic property. Therefore, the
Fe’/Fe,O,/graphene composite, which combines the features
of high reduction ability, anti-aggregation performance, and
magnetic property of Fe’, graphene, and Fe,O, in a single
unit, would be an efficient and green material in wastewater
treatment.

In a previous study, we synthesized the Fe’/Fe,O,/
graphene composite and applied it in dyes wastewater treat-
ment [22]. The composite had a layered structure with Fe
crystals highly dispersed in the interlayers of graphene and
could be easily separated and redispersed for reuse due to
its ferromagnetism. The composite also showed the rapid
decolorization of methylene blue, crystal violet, and methyl
orange. Since a stable azo structure and organic sulfur exist
in the molecular structure of methyl orange (C,,H,,N,NaO,S),
it is worthwhile to study in detail the removal process and
reaction mechanism of methyl orange, especially the trans-
formation of organic sulfur to inorganic sulfur.

In this paper, the synergetic effect of the Fe/Fe,O,/
graphene composite in the methyl orange removal process
was detected. The effects of pH, Fe’/Fe,O,/graphene dose,
methyl orange concentration, and H,O, addition were inves-
tigated in detail. The desulfurization of methyl orange was
analyzed to evaluate the degree of mineralization of organic
sulfur. The potential mechanism was proposed.

2. Materials and methods
2.1. Materials

Expandable graphite was purchased from Qingdao Taine
(China). Methyl orange was purchased from Sinopharm
(China). FeCl,-6H,O, FeSO,-7H,0, KMnO,, NaNO,, NaBH,,
and NaOH were obtained from Xilong (China). H,O, (30%),
NH,-H,O (28%), HCI (37%), and H,SO, (98%) were supplied

by Beijing Chemical (China). N, gas was obtained from
Beijing Aolin (China).

2.2. Preparation of the Fe°, Fe,O

O, and Fe'/Fe,O /graphene
composite

2.2.1. Preparation of the Fe/Fe,O /graphene composite

The first step was the synthesis of graphene oxide, and
then, the Fe’/Fe,O,/graphene composite was synthesized by
a one-step reduction method, as described in an earlier study
[22]. Graphene oxide was prepared by following the hydro-
thermal method [23]. FeCl,-6H,0 and FeSO,-7H,O solutions
were mixed with the prepared graphene oxide under N,
purging. After 60 min of mechanical stirring, a stoichiomet-
ric amount of NH,-H,O was added to form Fe,O,/graphene
oxide. FeSO,"7H,O solution was mixed with the fresh Fe O,/
graphene oxide, which were then stirred for 60 min. A stoi-
chiometric amount of NaBH, was added dropwise, and then,
the black material was formed and washed several times
until reaching a neutral pH. Fe’/Fe O, /graphene was sepa-
rated and dried in a vacuum oven at 50°C for 24 h.

2.2.2. Fé’ preparation

FeSO,-7H,O was dissolved in 200 mL of deionized water
under vigorous mechanical stirring for 60 min. A stoichio-
metric amount of NaBH, was added dropwise and stirred for
60 min. The resulting black material was then washed several
times until reaching a neutral pH. Then, Fe” was separated
by an external magnet and dried in a vacuum oven at 50°C
for 24 h.

2.2.3. Fe,O, preparation

FeCl,-6H,O and FeSO,7H,0 were dissolved in 400 mL
of deionized water under N, purging, and then, the solution
was under vigorous mechanical stirring for 60 min. A stoi-
chiometric amount of NH,-H,O was added dropwise and
stirred for 60 min. The resulting black material was washed
several times until reaching a neutral pH. Then, Fe,O, was
separated by an external magnet and dried in a vacuum oven
at 50°C for 24 h.

2.3. Experiments

The experiments were conducted as follows. The methyl
orange solutions were first adjusted to the desired pH with
NaOH and H,SO, solution. Then, a certain dose of Fe’/
Fe,O,/graphene was quickly introduced into the solution.
Subsequently, the mixed solution was stirred continuously
with an electronic stirrer. At set intervals, 1.0 mL of the sam-
ple was taken out and filtrated with a 0.45 pm membrane
filter. The obtained clear sample was analyzed immediately
with a UV spectrometer. Control experiments were also per-
formed under the same conditions.

The determination of methyl orange was performed by
a Shimadzu UV2500 spectrometer, and the A__ of methyl
orange was 464 nm. The X-ray photoelectron spectra (XPS)
of the composites were measured on an Escalab 250Xi spec-
trometer equipped with an XR6 monochromated X-ray
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source. SO, was measured by a Dionex ICS-2500 ion chro-
matograph equipped with a DX-600 ED50A electrochemical
detector. The desulfurization efficiency was calculated from
the percentage of measured SO,* in solution and the theoret-
ical mineralization of organic S.

3. Results and discussion

3.1. Synergetic effects of the Fe’/Fe,O /graphene composite in
methyl orange removal

To evaluate the synergetic effects in Fe/Fe,O,/graphene
composite, the removal efficiency of methyl orange was com-
pared among Fe’, Fe,O,, graphene, and Fe’/Fe,O, /graphene
composite. As shown in Fig. 1, graphene removed 18.7% of
methyl orange after 40 min, which was mainly attributed to
its adsorption activity. Fe,O, achieved only 5% removal, indi-
cating poor oxidation of methyl orange. Fe’ showed a very
quick reaction, and the removal efficiency reached 41% after
1 min but remained below 45% even after 40 min, indicat-
ing that reduction was very quick but had limited effect. In
contrast, Fe’/Fe,O, /graphene composite showed very good
removal efficiency (95.6% within 20 min), and its curve was
much smoother than that of Fe®.

The results suggested that the reduction of Fe® played an
important role in methyl orange removal. The much higher
removal efficiency of the composite clearly showed that syn-
ergetic effects existed among Fe’, Fe,O,, and graphene, which
could be ascribed to reactions of Fe’, Fe,O, and graphene
in the composite, leading to the reduction and adsorption
of methyl orange from aqueous solution [24]. A similar
result was found in a study on Cr(VI) removal by Fe’/Fe O,/
graphene. Lv et al. [25] found that the removal efficiency of
Cr(VI) was 83.8%, which was much higher than that of the
individual components (18.0% for Fe’, 21.6% for Fe,O,, and
23.7% for graphene). Electrons released by Fe’ spread over
the surfaces of graphene and Fe,O,, and the adsorbed Cr(VI)
ions capture the floating electrons and are reduced to Cr(III).
It could be inferred that similar electron transfer behavior
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Fig. 1. Removal of methyl orange by various reagents. Exper-
imental conditions: [methyl orange] = 50 mg/L, pH = 7, and
[reagent dose] = 1.0 g/L.
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occurred in this study; thus, Fe’/Fe,O,/graphene showed a
high removal efficiency of methyl orange over a short time.
Most processes for methyl orange removal require a large
amount of energy and chemicals and involve complex oper-
ations, such as photocatalytic [26], sonocatalytic [27], elec-
trocatalytic [28], and heterogeneous Fenton processes [29].
In comparison, this method is very simple, highly effective,
and requires no extra energy, which makes it an efficient,
green, and sustainable approach in methyl orange wastewa-
ter treatment.

3.2. Influencing factors of methyl orange removal
by the Fe®/Fe O /graphene composite

3.2.1. Effect of initial pH

To investigate the effect of the initial pH on methyl orange
removal by Fe’/Fe,O,/graphene, experiments were carried
out, and the results are shown in Fig. 2. The initial pH had
little effect on the removal of methyl orange. The removal
efficiency was slightly higher at pH 3, which may be due to
the increased formation of the Fe(Il)-methyl orange complex
at low pH [30]. Li et al. [31] found that a magnetic hierarchi-
cal GOs/Fe,O,/PANI composite showed better activity in the
removal of methyl orange under acidic conditions. Dadfarnia
et al. [32] found that pH 4 provided the highest removal
efficiency of methyl red using an iron-based metal organic
framework loaded with iron oxide nanoparticles; and the
pH was proposed to affect the surface charge of the material
and the degree of ionization of the organic pollutants. In this
study, pH was not a limiting factor, Fe’/Fe,O,/graphene had
good activity under acidic, neutral, and alkaline conditions,
which is desirable for industrial application since the pH of
most dye wastewater is in the range of 6-10 [24]. The neutral
pH of 7 was used in the following experiments.

3.2.2. Effect of Fe'/Fe,O /graphene dose

The reagent concentration is a determinative parameter
in chemical reactions. The effect of the Fe’/Fe O, /graphene
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Fig. 2. Effect of initial pH on methyl orange removal by Fe’/Fe O,/
graphene. Experimental conditions: [methyl orange] = 50 mg/L
and FeO/Fe3O4/graphene =04 g/L.
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dose was investigated, and the results are shown in Fig. 3.
The removal efficiency of methyl orange increased signifi-
cantly with the composite dose increasing from 0.1 to 1.0 g/L.
Since the reaction occurred at the interface of the compos-
ite and water, a higher composite addition led to a higher
amount of adsorptive and reactive sites. In addition, the com-
posite dose might be correlated with the amount of electrons
transferred in the reaction, which plays an important role in
redox processes [25]. A further increase in the composite dose
was unnecessary since the removal efficiency was already
over 95%.

3.2.3. Effect of initial concentration of methyl orange

The initial methyl orange concentration also influences
its removal, and the results are summarized in Fig. 4. The
removal efficiency of methyl orange first increased and then

Degradation Efficiency (%)

Time (min)

Fig. 3. Effect of Fe’/Fe,O /graphene dose on methyl orange
removal. Experimental conditions: [methyl orange] = 50 mg/L
and pH=7.

Degradation Efficiency (%)

op—r——— 77—
0 5 10 15 20 25 30 35 40 45

Time (min)

Fig. 4. Effect of initial concentration of methyl orange on its
removal. Experimental conditions: pH = 7 and Fe/Fe,O,/
graphene = 1.0 g/L.
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decreased with the initial concentration increasing from
10 to 80 mg/L. In general, the reaction was benefitted by a
higher reagent concentration, as more methyl orange mol-
ecules aggregated at the active sites and facilitated electron
transfer. Su et al. [33] also observed a similar phenomenon in
the degradation of amoxicillin using sulfate radicals under
ultrasound irradiation. However, excess methyl orange mol-
ecules would cover the active sites and hinder electron trans-
fer, which is detrimental to the reaction. The highest removal
efficiency of 95.6% was achieved at 50 mg/L.

3.2.4. Effect of H,0, addition

Studies have shown that a mixture of various
Fe-containing materials and H,0O, can form a heterogeneous
Fenton-like system that shows excellent degradation abil-
ity for organics in water [34,35]. Thus, we added H,O, to
the Fe’/Fe,O,/graphene system in an attempt to enhance its
efficiency, and the results are shown in Fig. 5. Clearly, H,O,
was ineffective on methyl orange (only 1.8% after 40 min).
The addition of H,0, sharply decreased the methyl removal
efficiency to 18.7%, showing that H,O, significantly inhibited
the activity of Fe’/Fe,O,/graphene. This behavior was mainly
attributed to the redox reaction between the composite and
H,0,, which weakened the reduction capability of the com-
posite. These results indicated that the reduction of Fe’/Fe O,/
graphene dominated the removal process.

3.3. Desulfurization of methyl orange by Fe°/Fe,O /graphene

Since organic sulfur compounds are highly toxic and sta-
ble in the environment, it is important to transform organic
sulfur into inorganic sulfur to reduce its toxicity. Generally,
sulfate ions (5O,*) are the mineralization product of organic
sulfur compounds. Thus, to investigate the desulfurization
of methyl orange by Fe’/Fe,O,/graphene, SO,> generation
was measured, and the results are shown in Fig. 6. Some
useful insights into the removal process of methyl orange
were obtained from the trend of the desulfurization curve.
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Fig. 5. Effect of H,0, addition on methyl orange removal. Experi-
mental conditions: [methyl orange] =50 mg/L, pH=7, FeO/FeSO4/
graphene = 1.0 g/L, and [H,O,] = 200 mmol/L.
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Fig. 6. Desulfurization of methyl orange by Fe‘/Fe,O,/graphene.
Experimental conditions: [methyl orange] = 50 mg/L, pH =7, and
FeO/Fe304/graphene =1.0 g/L.

The quick but small increase of SO, in the first 1 min was
attributed to residues from preparation. Then, the SO,* con-
centration stabilized from 1 to 10 min, suggesting that no sul-
furic groups in methyl orange were transformed to SO,* ions
at this stage. The SO,* concentration increased slowly from
10 to 20 min, and at the same time, 95% of methyl orange was
removed within 20 min, suggesting that most methyl orange
molecules were transformed to S-containing intermediates.
After 20 min, the desulfurization efficiency increased rapidly,
indicating the desulfurization of the intermediates occurred.
The desulfurization efficiency achieved 70% after 40 min,
indicating that most of the organic sulfur in methyl orange
was transformed to inorganic sulfur ions during the removal
process. This behavior is desirable since desulfurization sig-
nifies detoxification.

Based on the above analysis, methyl orange removal by
Fe/Fe,O,/graphene included two steps. The first step was the
cleavage of the azo bond, accompanied by the formation of
new products, which is in accordance with previous studies
[36]. The second step was the desulfurization of intermedi-
ates, which undergo mineralization of the sulfuric groups
and ring cleavage and eventually transform into inorganic
materials, such as SO,*, CO,, and H,O.

3.4. XPS analysis

To further study the reaction mechanism of Fe’Fe O,/
graphene and methyl orange, the fresh and used composites
were examined by XPS. The XPS of the fresh and used Fe/
Fe,O,/graphene composites are shown in Fig. 7(a). The pho-
toelectron peaks demonstrated the presence of C, O, and Fe
elements on the surface of the fresh and used composites. The
binding energies at 285, 531, 710, and 725 eV were attributed
toC1s,O1s, Fe 2p3/2, and Fe 2p, v respectively.

The high-resolution scan of C 1s is shown in Fig. 7(b).
The C 1s spectra could be deconvoluted into three peaks: (1)
non-oxygenated carbon (C-C, 284.8 eV), (2) carbon in C-O
(285.6 eV), and (3) carboxylate carbon (O-C=0, 288.8 eV). The
content percentages of the C-C, C-O, and O-C=0O groups
were 47.02%, 41.64%, and 11.34% in the fresh sample,
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Fig. 7. The XPS of fresh and used Fe’/Fe,O,/graphene: (a) survey
scan, (b) C1s, (c) O 1s, and (d) Fe 2p energy regions.

respectively. After reaction, the values changed to 46.61%,
31.95%, and 21.44%, respectively. The increase in O-C=O
groups and decrease in C-O groups suggested that graphene
was gradually oxidized to graphene oxide after reaction.
The high-resolution scan of O 1s is shown in Fig. 7(c).
Deconvolution of the O 1s peak showed three peaks at 530.2,
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531.1, and 532.1 eV, corresponding to O*, OH-, C-O, and
O-C=0 groups, respectively [37]. The content percentages of
O*, OH~, C-0O, and O-C=0 groups were 24.11%, 28.40%, and
47.49% in the fresh composite, respectively. After reaction,
the values were 43.44%, 32.51%, and 24.05%, respectively. The
increase of O* groups indicated that more lattice oxygen was
generated in the form of iron oxides after use. The decrease of
C-O and O-C=0 groups indicated that O on the surface of
graphene was transformed to other forms in the composite.
According to the C 1s and O 1s analyses, it was proposed
that oxygen functional groups on graphene were reduced to
lattice oxygen in iron oxides by Fe®.

The high-resolution scan of Fe 2p region is shown in
Fig. 7(d). The binding energy at 719.9 eV can be ascribed
to Fe’2p, , indicating that Fe’ existed on the surface of
Fe’/Fe,O,/graphene [38]. The binding energy at 710.5 eV,
with satellites at 713.3 and 727.2 eV, can be ascribed to Fe?,
while the binding energy at 725.0 eV, with satellites at 733.6
and 717.7 eV, can be ascribed to Fe* in iron oxides [39]. The
content percentages of Fe’, Fe*", and Fe® were 4.25%, 35.65%,
and 60.10% in the fresh composite, respectively. After
reaction, the percentages were 2.49%, 59.60%, and 37.91%,
respectively. The increase of Fe*" and decrease of Fe’ and Fe*
suggested that Fe’ was oxidized and Fe*" was reduced to Fe?'
on the surface of the composite. These results are in accor-
dance with the lattice oxygen conclusions in the analysis of
the O 1s region.

3.5. Potential reaction mechanism

The above results suggest that the desulfurization of
methyl orange involves the cleavage of the azo bond and
mineralization of the sulfuric groups. Graphene in the com-
posite was gradually oxidized to graphene oxide, and more
lattice oxygen was generated in the form of iron oxides after
reaction. The increase of Fe?* and decrease of Fe’ and Fe®** fur-
ther verified that the oxygen functional groups on graphene
were reduced to lattice oxygen in iron oxides by Fe’. Thus,
it can be concluded that synergetic effects among Fe®, Fe,O,
and graphene existed in the composite.

The mechanism for the removal of methyl orange by Fe’/
Fe,O,/graphene was proposed based on the above analysis
(Fig. 8). The process included the following steps: adsorp-
tion, surface complexation, cleavage of the azo bond, and
mineralization. Methyl orange molecules were first adsorbed
onto the surface of Fe’/Fe O /graphene due to the adsorption
activity of graphene. At the same time, Fe” was oxidized by
oxygen in water or Fe* in Fe,O, to generate active Fe* on
the surface. Since both Fe* and Fe* are accommodated in
Fe,O,, Fe'/Fe O, /graphene can undergo numerous successive
redox cycles during the process. The synergetic effect of Fe’,
Fe,O, and graphene in the composite can accelerate elec-
tron transfer and thus improve the reaction rate. As Fe** was
generated continuously on the surface of the composite, the
chelate complex of Fe(II)-methyl orange was formed due to
the electrostatic interaction of Fe?* and the azo bond. Then, H
radicals generated by reaction of Fe” and H,O can cause the
azo bond to break [30]. Finally, methyl orange was reduced
to small molecules through azo bond cleavage, and sulfuric
groups in the intermediates were transformed to inorganic
sulfate ions.

(@)

O Feo ‘ Fe304

graphene

‘

(b)

--. . Cleavage of azo bond

Complexatlon

Fig. 8. Schematic of dye removal process by Fe/Fe,O
(a) general view and (b) reaction mechanism.

/graphene:

4. Conclusions

The removal of methyl orange from aqueous solution
by a magnetic Fe’/Fe O,/graphene composite was investi-
gated in detail. Compared with graphene, Fe,O,, and Fe’
alone, the composite possessed the highest activity, indicat-
ing an excellent synergetic effect. The optimum conditions
of pH, dose, and initial concentration were pH 7, 1.0 g/L,
and 50 mg/L, respectively. The removal efficiency achieved
95.6% within 20 min, and approximately 70% of organic S
was transformed into SO,*” within 40 min. The removal pro-
cess was deduced to include the following steps: adsorp-
tion, surface complexation, cleavage of the azo bond, and
mineralization. The synergetic effect of Fe’ Fe, O, and
graphene in the composite accelerates electron transfer,
and the reduction of the composite played a key role in the

removal process.
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