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This study was conducted on the synthesis of magnesium ferrite/reduced graphene oxide
(MgFe2O4/rGO) nanocomposite as anodes for removal of hexavalent chromium (Cr(VI)) ions from
industrial wastewater through the electrocoagulation (EC) technique. MgFe2O4/rGO was synthesized
using a hydrothermal method. Study of the morphology surface MgFe2O4/rGO using SEM showed that
the MgFe2O4 particles were strongly attached on 3D crumpled and rippled rGO nanosheets which
illustrated the higher porosity of the MgFe2O4/rGO structure. XRD analysis also indicated good
anchoring of MgFe2O4 particles on rGO nanosheets. Results of EIS studies prove the interfacial
processes and lower charge transfer resistance of MgFe2O4/rGO than that of MgFe2O4. The effect of
pH value, Cr (VI) concentration and current density was studied for removal of Cr (VI) from industrial
wastewater using the MgFe2O4/rGO as anode via EC technique. Results showed that complete
treatment was obtained for treatment of 60 mg/L of Cr (VI) in NaCl concentration of 0.4 g/L and pH 2
under 25 minutes EC for 5mA/cm2 current density and energy consumption of 0.0072 kWh/m3.
Comparison between obtained results for Cr(VI) treatment using MgFe2O4/rGO nanocomposite and
other reported works indicated to lower energy consumption in this study due lower charge transfer
resistance in MgFe2O4/rGO.
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1. INTRODUCTION
Hexavalent chromium (Cr(VI)), the most toxic form of chromium, exhibits unique physical and
chemical properties such as high corrosion resistance, color, durability, and hardness, making Cr(VI)
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based compounds the most in demand in a wide range of industrial applications such as chrome
plating, plastics, photo engraving, automobiles, stainless steel and super alloys, leather tanning, and ink
printing [1, 2]. Therefore, a large amount of chromium compounds have been entering into the sewage
system and industrial waste every year.
Studies show the long-term inhalation of Cr(VI) can cause liver damage, lung cancer, asthma,
dermatitis, eczema, birth defects and many reproductive harms [3, 4]. Therefore, the treatment of
Cr(VI) compounds from industrial waste is indispensable due to its mutagenicity and carcinogenicity
based on prevention and control of environmental pollution laws in most countries [5, 6].
Accordingly, many studies have been performed based on membrane filtration, neutralization,
ion exchange, chemical precipitation, flotation, adsorption, electrocoagulation (EC), photocatalytic and
electrochemical reduction techniques for removing Cr(VI) compounds from industrial wastewaters [713]. However, many of these techniques are expensive, complicated and consume large amounts of
chemicals, energy and time. EC as an electrochemical technique has been shown in studies to be a new
practical, low-cost, and efficient method for treating water and industrial effluents.
Therefore, these studies were carried out for synthesis and study the magnesium ferrite/
reduced graphene oxide (MgFe2O4/rGO) nanocomposite electrodes for electrochemical removal of
Cr(VI) ion from industrial wastewater.

2. MATERIALS and METHOD
For synthesis the MgFe2O4/rGO using hydrothermal method [14], 7mM iron nitrate (99%,
XiaxianYunli Chemicals Co., Ltd., China), 3mM magnesium nitrate (99%, Xilong Scientific Co., Ltd.,
China), and 6mM citric acid (99%, Hebei Qige Biotechnology Co., Ltd., China) were mixed in 25 ml
of deionized (DI) water under magnetic stirring at 50°C for 15 minutes. Then, rGO (≥75 wt.% Carbon,
Sigma-Aldrich) was ultrasonically dispersed in solution at a mass ratio of 20% wt. After that, the
resulting suspension was transferred to a 50ml Teflon-lined stainless-steel autoclave and dried at
100°C for 5 hours. After cooling, the products were collected by vacuum filtration and ultrasonically
rinsed with DI water and ethanol, respectively, and then dried in an oven at 70°C for 30 minutes.
The surface morphology of MgFe2O4 and MgFe2O4/rGO was studied by scanning electron
microscopy (SEM, JEOL-JSM-6010LA, Tokyo, Japan). The crystalline structures of prepared anodes
were analyzed by X-ray diffraction (XRD, CuKα radiation (λ = 1.5418 Å), Ultima-IV; Rigaku, Japan).
Electrochemical impedance spectroscopy (EIS) measurements were conducted on
potentiostat/galvanostat (3000 ZRA, Gamry, Warminster, PA, USA ) in a conventional three-electrode
electrochemical cell consisting of the prepared samples as working electrode, Ag/AgCl electrode as the
reference electrode and Pt plate as counter electrode. electrochemical measurements were recorded in
0.5 M sodium nitrate (NaNO3, ≥99.0%, Sigma-Aldrich) electrolyte in an ac frequency range of 0.1 Hz
to 100 KHz at open circuit potential with an amplitude of 5 mV.
The wastewater sample was collected from Beijing's Industrial Wastewater. The wastewater
was filtered and centrifuged at 1500 rpm for 15 minutes. The resulted supernatant was characterized
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using the standard procedure prescribed by the American Public Health Association (APHA) [15]. The
results of wastewater sample characterization are given in Table 1.
The EC treatment was performed in the reactor which contained a 100 ml beaker and stainless
steel sheet as cathode and MgFe2O4 or MgFe2O4/rGO as anode with dimensions of 1.5 cm × 5 cm × 2
mm. The inter-electrode distance was adjusted at 1.5cm. For 30 minutes, the electrode was connected
to a DC power supply with a current density of 2-12mA/cm2 via a DC power supply (TEK-8051, 30 V
and 5 A) and an applied voltage of 2.8 V. 0.4 g/L NaCl (99%, Shanghai Sky Chem Industrial Co., Ltd,
China) solution was used as the supporting electrolyte. The adjustment of pH of the electrolyte was
performed with HCl and NaOH solutions using a pH meter (HANNA Instruments, China). At interval
times, the concentration of Cr (VI) of electrocoagulated samples were analyzed according to the
standard methods using UV-visible spectrophotometer (Shimadzu UV-2550 double beam, λ = 540 nm,
Japan). The removal efficiency and energy consumption were obtained using the following equations
(1) and (2), respectively [16]:
Removal efficiency =

𝐶0 −𝐶𝑡

× 100

𝐶0
𝑈𝐼𝑡

Energy consumption = 60 𝑉

(1)
(2)

Where C0 (g/l) and Ct (g/l) are the initial concentration of Cr(VI) in the initial solution and
electrocoagulated sample, respectively. U (V), I (A),t (minute) and V (m 3) are the mean applied
voltage, current, the treatment time and the sample volume, respectively.
Table 1. Detail of Initial characteristics of the wastewater sample.
Property
TOC
COD
Cr (VI)
Ni
Lead
pH
conductivity

Value
28.2 mg/l
33.3 mg/l
60 mg/l
4.7 mg/l
6.9 mg/l
4.9
7.1 mS/cm

3. RESULTS AND DISCUSSION
3.1. Structural and electrochemical characterization of MgFe2O4 and MgFe2O4/rGO
SEM images in Figure 1 show the morphology of MgFe2O4 and MgFe2O4/rGO which indicates
heterogeneously aggregation of particles in the photocatalyst matrix. The MgFe2O4 (Figure 1a)
contains a large number of hexahedron shaped particles with an average size of 75 nm. MgFe2O4/rGO
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(Figure 1b) shows that the MgFe2O4 particles are strongly attached to the 3D crumpled and rippled
rGO nanosheets, which illustrated the higher porosity of the MgFe2O4/rGO structure. The high porous
network increases the specific surface area that it can provide to the higher charge storage capability
while also making the electrode surface easily accessible to the electrolyte ions [17-20].

Figure 1. SEM images of (a) MgFe2O4 and (b) MgFe2O4/rGO.

XRD patterns in Figure 2 show the crystalline structure of MgFe2O4 and MgFe2O4/rGO. XRD
pattern of rGO shows two diffraction peaks at 26.39° and 42.59° which indicated to (002) and (004)
planes of graphite, respectively (JCPDS card No. 75-1621). XRD pattern of MgFe2O4 shows the
diffraction peaks at 29.33°, 35.41°, 40.51°, 49.04°, 53.11°, 57.21°, 62.20°, 63.66°, and 71.54° which
indicated to face centered cubic of MgFe2O4 with (220), (400), (422), (201), (422), (511), (444), (440),
and (533) planes (JCPDS card No. 89-4924), respectively. The XRD pattern of MgFe2O4/rGO displays
not only the diffraction peak of (002) plane of rGO but also shows the diffraction peaks of MgFe 2O4,
implying the good anchoring of MgFe2O4 particles on rGO nanosheets.

Figure 2. XRD patterns of (a) rGO, (b) MgFe2O4 and (c) MgFe2O4/rGO.
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EIS measurements were performed on 0.5 M NaNO3 electrolyte in the ac frequency range of
0.1 Hz to 100 KHz at open circuit potential with an amplitude of 5 mV to investigate the electrical
conductivity of the prepared photocatalyst. Figure 3 shows the lower diameter of the semicircle of
MgFe2O4/rGO nanocomposite than MgFe2O4 electrode which is attributed to the interfacial processes
and lower charge transfer resistance (Rct) of nanocomposite in high frequency [21, 22]. Therefore,
incorporation of rGO in nanocomposite acts as a conductive support for MgFe2O4 nanoparticles and
decreases the Rct value from 30.2 to 10.5 Ω, which can be assigned to facile transition of electrons
[23]. Thus, the MgFe2O4/rGO nanocomposite represented the fast electron transport in electrochemical
reaction, and thereby higher treatment rate of Cr(VI) because of the synergistic effect between
MgFe2O4 nanoparticles and rGO nanosheets [21, 23].

Figure 3. EIS measurements of of (a) MgFe2O4 and (b) MgFe2O4/rGO in 0.5 M NaNO3 electrolyte in
ac frequency range of 0.1 Hz to 100 KHz at open circuit potential with amplitude of 5 mV.

3.2. Treatment of wastewater by EC
pH is the most important factor that influences the performance of the electrochemical removal
process of chromium [23]. The effect of initial pH on the Cr(VI) treatment by electrochemical process
with MgFe2O4 and MgFe2O4/rGO electrodes are shown in Figures 4a and 4b, respectively. As seen
during 30 minutes of electrochemical treatment, the Cr (VI) removal efficiency of MgFe2O4 and
MgFe2O4/rGO electrodes increased from 88.66% to 97.98% and from 92.41% to 100.00%,
respectively with decreasing the initial pH value from 10 to 2. Therefore, the results indicate better
removal of Cr(VI) in the acidic media because of the contribution of more hydrogen ion in the acidic
electrolyte to formation of additional possible reaction pathways for treatment of Cr(VI) [24].
Hydrogen ion leads to remarkably strong electrostatic attraction between Cr(VI) ions and the positively
charged particle surface that can also facilitate the reduction of Cr(VI) ions to Cr(III) [25]. Moreover,
it can be found from Figure 4a and 4b that the removal efficiency of MgFe2O4/rGO electrode is higher
than MgFe2O4 in all pH values, which is in agreement with the SEM and EIS results. Therefore, the
following studies were conducted on MgFe2O4/rGO electrode.
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Figure 4. Initial pH Effects on removal of Cr(VI) in 5mA/cm2 current density, and 0.4g/L NaCl
concentration and initial Cr(VI) concentration of 60mg/L using stainless steel sheet as cathode
and (a) MgFe2O4 and (b) MgFe2O4/rGO as anodes.

The initial concentration of Cr(VI) on the removal efficiency of MgFe2O4/rGO anode was also
investigated. Figure 5 shows the removal efficiency of different initial concentrations of Cr (VI)
solutions from 30 to 250 mg/L at a current density of 5mA/cm2, and 0.4g/L NaCl concentration and pH
2. After 30 minutes of electrochemical treatment, the removal efficiencies of initial concentrations of
30, 60, 100, 150, 200, and 250 mg/L of Cr(VI) solutions are 100.0%, 100.0%, 93.40%, 64.64%,
55.93%, and 45.91%, respectively. It indicates the removal efficiency is decreased with increasing the
initial concentration of Cr(VI) which is attributed to Faraday’s law [26, 27]. This law exhibits that
when current density is constant, a constant number of Fe2+ is released to the solution, and
consequently Fe2+ is not sufficient for the reduction reaction for high concentration of Cr(VI) [26, 27].
Furthermore, it can be related to saturation of higher energy sites of anode in high concentration of
Cr(VI) [28].

Figure 5. Effect of initial concentration of Cr(VI) on the removal efficiency of MgFe2O4/rGO as
anodes and stainless steel sheet as cathodes in 5mA/cm2 current density, and 0.4 g/L NaCl
concentration and pH 2
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Current density has a main role in electrochemical treatment processes and energy consumption
that could determine the removal performance and operational costs. Current density shows the strong
effect on the flock’s formation rate and on the amount and size of the produced bubbles [29, 30].
Figure 6 shows the changes in the Cr (VI) removal efficiency on MgFe2O4/rGO in terms of current
density for initial Cr (VI) concentration of 60 mg/L in NaCl concentration of 0.4 g/L and pH 3. As
seen, Cr(VI) removal efficiency of Cr(VI) reaches 96.48% at current density of 2mA/cm 2 after 30
minutes. In addition, the complete removal is obtained after 25, 20, 15 and 12 minutes of
electrochemical treatment for current densities of 5, 8, 10 and 12mA/cm2, respectively. It is proposed
that increasing the current density increases the removal rate, which is related by a direct proportional
relationship between the potential of electrolysis and current density [29], indicating it may associated
with enhance the creation and reaction with hydroxyl radicals and increase the release of Fe2+ from
anode which implied to generation of more ferrous hydroxides [30].

Figure 6. Changes in the Cr (VI) removal efficiency on MgFe2O4/rGO as anodes and stainless steel
sheet as cathodes in terms of current density for initial Cr(VI) concentration of 60mg/L in NaCl
concentration of 0.4 g/L and pH 2

Figure 7 displays the variation of energy consumption toward various current densities ranging
from 2 to 12mA/cm2 for an initial Cr(VI) concentration of 60 mg/L in NaCl concentration of 0.4 g/L
and pH 2, demonstrating that increasing the energy consumption with increasing the current density.
As seen after 30 minutes treatment, the energy consumption values are obtained from 0.0035 to
0.0200kWh/m3 as current densities increased from 2 to 12mA/cm2.
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Figure 7. Variation of the energy consumption on MgFe2O4/rGO as anodes and stainless steel sheet as
cathodes toward various current density for initial Cr(VI) concentration of 60mg/L in NaCl
concentration of 0.4 g/L and pH 2.

Table 1. Comparison between obtained results for electrochemical removal Cr (VI) using
MgFe2O4/rGO as anode and other studies
Electrode material

pH

Fe

3

Initial Cr (VI)
concentration
(mg/L)
75

Current
density
(mA/cm2)
200

Removal
efficiency
(%)
100

Time
(minute)
5

Energy
consumptio
n (kWh/m3)
22.07

Ref.

Fe

4.66

40

2.03

56.3

14

0.0450

[27]

Fe

8

100

1.002

94.97

40

1.5328

[32]

Al

3

75

200

100

10

59.34

[31]

Fe-Fe

8

39

-

96.2

30

51.40

[33]

Fe-Fe

6

106

0.73

95.76

50

0.63

[34]

Fe-Al

3

44.5

10

100

20

10.07

[35]

Al-Fe

5

100

150

98

25

16.30

[36]

MC/Fe3O4@PPy*

3

50

5.66

99.87

20

0.6274

[37]

Cu

5.66

100

4.132

95.21

40

1.228

[38]

MgFe2O4/rGO

2

60

2
5

100
100

30
25

0.0035
0.0072

This
work

[31]

* Microbial cellulose /Fe3O4@ polypyrrole

Table 1 exhibits a comparison between obtained results for electrochemical removal Cr(VI)
using MgFe2O4/rGO as anode and other studies. As seen, the obtained energy consumption in this
study is lower than other electrochemical treatment studies based on Cu, Fe, Al and Fe-Al anodes.
Moreover, the removal efficiency values are also higher than in other studies. This can be due to lower
charge transfer resistance in MgFe2O4/rGO, which decreases the voltage drop at constant current
density.
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In order to study the stability and durability of proposed anode, the removal efficiency of the
MgFe2O4/rGO was evaluated at 5 mA/cm2 for an initial Cr(VI) concentration of 60 mg/L in NaCl
concentration of 0.4 g/L and pH 2. Figure 8 shows that after five reuses, removal efficiency decreases
by 8%, 4.8%, 4.5%, 5%, 3.5%, and 2.1% after 5, 10, 15, 20, 25, and 30 minutes of treatment,
respectively. It can be related to a decrease of Cr(VI) adsorption and decline of ferrous hydroxide
formation [39]. Studies have been shown that use of high-concentration NaOH solutions can increase
the hydroxide ion concentration and improve the reaction backwards [40].

Figure 8. Removal efficiency of reused MgFe2O4/rGO at 5 mA/cm2 for initial Cr(VI) concentration
of 60 mg/L in NaCl concentration of 0. 4 g/L and pH 2.

4. CONCLUSION
This study presented synthesis ofMgFe2O4/rGO nanocomposite and application as anodes for
removal of Cr(VI) from industrial wastewater through the EC technique. The hydrothermal method
was applied to the synthesis of MgFe2O4/rGO. Results of studies of morphology and structure of
nanocomposite indicated good anchoring of MgFe2O4 particles on rGO nanosheets. Results of EIS
studies prove the interfacial processes and lower charge transfer resistance of MgFe2O4/rGO than that
of MgFe2O4. EC treatment of Cr(VI) from industrial wastewater using the MgFe2O4/rGO was
performed to investigation of the effect of pH value, Cr(VI) concentration and current density. Results
showed that 100.0% removal efficiency was obtained for treatment of 60 mg/L of Cr(VI) in NaCl
concentration of 0.4 g/L and pH 2 under 25 minutes EC for current densities of 5 and energy
consumption of 0.0072 kWh/m3. Comparison between obtained results for electrochemical removal
Cr(VI) using MgFe2O4/rGO nanocomposite and other studies indicated lower energy consumption in
this study due to fast electron transport of nanocomposite and synergistic effect between MgFe 2O4
nanoparticles and rGO nanosheets
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