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Abstract
A new hetero-Fenton type GO/Fe2V4O13 was developed and characterized by FT-IR, XRD, HR-SEM, TEM, and UV-DRS 
analysis. XRD pattern reveals the presence of monoclinic phase of  Fe2V4O13 in the catalyst. TEM images show the particle 
sizes in the range from 20 to 100 nm and the nice dispersion of nanosized  Fe2V4O13 particles on the surface of the graphene 
oxide. The hetero-Fenton catalyst was used for the degradation of Methyl orange (MO) under UV and solar light. The min-
eralization rate was influenced by  H2O2 concentration, pH, and catalyst loading. The reusability 21% GO/Fe2V4O13 was 
analyzed. GO/Fe2V4O13 was stable and reusable up to five cycles with 95% degradation. Solar experiments were carried out 
at different initial solution pH with  Fe2V4O13 and 21% GO/Fe2V4O13. Both catalysts show maximum degradation efficiency 
at pH 6. Mechanism of heterophoto-Fenton process is also proposed. This study reveals that  Fe2V4O13 and 21% GO/Fe2V4O13 
catalysts are efficient under UV and solar light for the degradation MO and can be utilized for the treatment of dye wastewater.

Keywords Fe2V4O13 · Graphene oxide · Wastewater treatment · Hetero-Fenton reaction · Photocatalysis

Introduction

In recent years, emerging contaminants in the environment 
have become a matter of concern for the scientists and the 
public. The photocatalytic degradation of various kinds of 
organic pollutants using semiconductor nanocomposites 
has been extensively studied [1–4]. Owing to its relative 

high photocatalytic activity, chemical stability, and nontoxic 
nature,  TiO2 has been widely used as a photocatalyst [5, 6]. 
However, the high frequency of charge–carrier recombina-
tion and the presence of a large band gap in  TiO2 impair 
its commercial application [7]. A comparative study on 
the degradation of dyes by UV/TiO2, UV/H2O2, and Fen-
ton processes revealed that the photo-Fenton process was 
more efficient than the other two processes [8]. The Fenton 
reaction produces hydroxyl radicals as a result of the reac-
tion between  Fe2+ and  H2O2 and is effective in the complete 
destruction of organic contaminants into harmless com-
pounds, thus removing pollutants from water [9]. However, 
the separation and recovery of ions become another hin-
drance in the application of a homogeneous Fenton reaction. 
To overcome these disadvantages, heterogeneous Fenton-
like catalysts have been reported [10, 11]. The mechanism 
of the heterogeneous Fenton reaction is presented as follows:

(1)Fe
3+ + H2O2 → Fe(OOH)2+ + H

+

(2)Fe(OOH)2+ → Fe
2+ + HO

⋅

2

(3)Fe
2+ + H2O2 → Fe

3+ + OH
− + OH

⋅

(4)Fe
3+ + HO

⋅

2
→ Fe

2+ + H
+ + O2
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Fe2V4O13 is also often used to degrade organic pollutants 
possibly because of its special two-way Fenton-like semi-
conductor photocatalytic mechanism of action and syner-
gistic activation of Fe and V [12, 13]. In addition, graphene 
or reduced graphene oxide (RGO), reported to be a good 
gap linker in Z-schemes, can be coupled with various pho-
tocatalysts for increased photocatalytic efficiency [14–19]. 
Graphene oxide (GO) sheets contain various reactive oxy-
gen functionalities on its surface; the oxygen functionalities 
have been identified as mostly hydroxyl and epoxy groups 
on the basal plane and smaller amounts of carboxy, carbonyl, 
phenol, lactone, and quinone at the sheet edges, which make 
GO a possible precursor for immobilization of a large num-
ber semiconductor nanoparticles [20]. Compared with gra-
phene, GO has attracted more interest because of its easy 
availability in bulk quantities, readiness for functioning in 
chemical reactions, good dispersion in water, and high bio-
compatibility. Recently, we have reported  Fe2V4O13-assisted 
hetero-Fenton mineralization of methyl orange (MO) under 
UV light [21]. In this study, we report the synthesis of gra-
phene oxide wrapped  Fe2V4O13 by the solid-state disper-
sion method. Further, the efficiencies of  Fe2V4O13 and GO/
Fe2V4O13 as catalysts in MO degradation under UV and 
solar light have been assessed.

Experimental

Synthesis of  Fe2V4O13

Synthesis and characterization of  Fe2V4O13 have been 
reported earlier [21]. In brief, iron nitrate aqueous solution 
(0.1 M) was quickly poured into an aqueous solution of 
 NH4VO3 (0.2 M) and maintained at 80 °C with continuous 
stirring to form a yellow precipitate, and on further stirring 
for 3 h, the color of the precipitate changed to brown. This 
precipitate was then isolated by filtration, washed several 
times with distilled water (50 mL) and ethanol (20 mL) and 
dried at 100 °C for 1 h. Finally, it was calcined in a muffle 
furnace at 500 °C for 6 h to get  Fe2V4O13.

Synthesis of graphite oxide

Graphite oxide was synthesized from graphite powder by 
a modified Hummer’s method [22]. About 4.0 g of graph-
ite powder was first added into 92 mL of concentrated 
 H2SO4 (98%) at room temperature, followed by addition of 
2 g  NaNO3 with vigorous stirring to avoid agglomeration. 
The mixture was cooled to 5 °C using an ice/salt bath and 
the temperature of the mixture was maintained at 5 °C for 
30 min.  KMnO4 (15.0 g) was added gradually to this mixture 
with stirring and cooling and, in the meanwhile, the temper-
ature of the mixture was not allowed to reach 10 °C. At this 

stage, 184 mL of distilled water was added into the mixture 
and then stirring was continued for another 1 h. Further, 
30%  H2O2 was added to the mixture to reduce the residual 
 KMnO4. The solid obtained was filtered, washed with 5% 
HCl aqueous solution to remove metal ions, and washed with 
distilled water until the pH of the filtrate became neutral. 
The resulting graphite oxide was dried at 45 °C for 24 h.

Synthesis of graphene oxide (GO)

Graphite oxide (1 g) was added to 500 mL of  H2O and ultra-
sonically exfoliated using a bath sonicator for 1 h to achieve 
a light-brown precipitate. The precipitate (GO) was washed 
with ethanol, filtered, and dried at 80°C for 1 h.

Synthesis of GO coated with  Fe2V4O13

First, GO in a w/w ratio of 12, 17, 21, and 25 was soni-
cated in 50 mL of ethanol/water medium for 1 h to achieve 
uniform dispersion of GO. Next, the  Fe2V4O13 powder was 
slowly added to the GO dispersion with continuous stirring. 
The GO-coated  Fe2V4O13 mixture was further stirred for 1 h 
to ensure complete mixing. The precipitate was then dried 
at 80 °C for 2 h and used as a photocatalyst.

Photoreactor

Heber multilamp photoreactor model HML-MP 88 was used 
for photodegradation experiment with UV light. It consists 
of eight medium pressure mercury vapor lamps of 8 W, set in 
parallel, emitting a wavelength of 365 nm. It has a reaction 
chamber with specially designed reflectors made of highly 
polished aluminum and built-in cooling fan at the bottom. 
It is provided with a magnetic stirrer at the center. An open 
borosilicate glass tube of 40 cm height and 12.6 mm diam-
eter was used as the reaction vessel with the total radiation 
exposure length of 330 mm. The irradiation was carried out 
using four parallel 8 W medium pressure mercury lamps in 
an open-air condition unit. The light intensity was meas-
ured using ferrioxalate actinometer [23] and was found to 
be 1.381×10−6 Einstein L−1 s−1. For solar experiments, all 
photo-Fenton degradations have been carried out under simi-
lar conditions on sunny days of different months in 2016 
between 11 a.m and 2 p.m. During the illumination period, 
no volatility of the solvent was observed. The intensity of 
solar light was measured for every 10 min and the average 
light intensity over the duration of each experiment was cal-
culated. In all these experiments, the position of maximum 
intensity was set for the sensor. The solar light intensity was 
measured using LT Lutron LX-10/A digital Lux meter. The 
intensity of solar light (1250 × 100) ± 100 lx was nearly con-
stant during the experiments.
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Photocatalytic degradation experiments

The dye solution (50 mL) with an appropriate quantity of the 
catalyst and  H2O2 was used in all the experiments. The sus-
pension was stirred for 30 min in dark and then it was irradi-
ated. Continuous aeration of the dye and other solution was 
performed using a pump to provide oxygen and for complete 
mixing of the reaction medium. At regular intervals, 2–3 mL 
of the sample was removed from the total mixture and cen-
trifuged to separate the catalyst. The centrifugate (1 mL) 
was diluted to 10 mL and its absorbance was measured at 
464 nm using a UV–Vis spectrophotometer to determine 
the concentration of dye. From the concentration of the dye 
determined during the degradation process, the percentage 
of the dye remaining was determined. The photocatalytic 
degradation of MO in the presence of GO-coated  Fe2V4O13 
catalyst obeys pseudo-first-order kinetics. At initial low dye 
concentration, the rate expression is given by

where k′ is the pseudo-first-order rate constant. The dye is 
adsorbed onto the iron-immobilized catalyst surface and 
adsorption–desorption equilibrium is reached in 10 min. 
After adsorption, the equilibrium concentration of the dye 
solution is determined and it is taken as the initial dye con-
centration for kinetic analysis. Integration of Eq. 5 (with 
the limit of C = C0 at t = 0 with C0 being the equilibrium 
concentration of the bulk solution) gives Eq. 6

where C0 is the equilibrium concentration of dye and C is 
the concentration at time t. Pseudo-first-order rate constant 
k′ was determined from the plot of ln C0/C vs t.

Characterization techniques

Fourier-transform infrared spectra of the samples were 
recorded using Thermo Nicolet iS5 FT-IR spectrometer 
in KBr pellet holders. About 5 mg of sample was mixed 
with 50 mg of IR grade KBr, and ground and pressed using 
hydraulic press under a pressure of 15 tons into a wafer of 
13 mm diameter. This pellet was used to record the infrared 
spectra in the range of 4000–400 cm−1. The spectra were 
recorded as percentage transmittance against wavenumber. 
High-resolution scanning X-ray diffraction spectra were 
recorded on the Equinox-1000 model X-ray diffractometer 
from analytical instruments operated at a voltage of 30 kV 
and a current of 30 mA with CuKα (1.54056 Å) radiation. 
HR-SEM images were taken using FEI quanta FEG 250 
high-resolution scanning electron microscope (Netherlands). 
Samples were mounted on a gold platform placed in the 
scanning electron microscope for taking images at various 

(5)d[C]∕dt = k
�[C],

(6)ln
(

C0∕C
)

= k
�
t,

magnifications. EDX was performed at different points of 
the surface to minimize any possible anomalies arising from 
the heterogeneous nature of the analyzed surface. Most ele-
ments were detected with the concentration in the order of 
0.1%. Transmission electron microscopy (TEM, JEM-2100, 
JEOL, Japan) was used to describe the microstructure of the 
sample operated at 100 keV. The samples for TEM analysis 
were prepared by dispersion of the catalyst in ethanol under 
sonication and deposition on a copper grid. Transmission 
electron microscopy (TEM, JEM-2100, JEOL, Japan) was 
used to describe the microstructure of the sample operated 
at 100 keV. The samples for TEM analysis were prepared 
by dispersion of the catalyst in ethanol under sonication 
and deposition on a copper grid. Ultraviolet and visible 
light absorbance spectra were measured over a range of 
800–200 nm with a Shimadzu UV-1650PC recording spec-
trometer using a quartz cell with 10 mm optical path length. 
COD was determined using the procedure from the literature 
[24].

Results and discussion

FT‑IR

The FT-IR spectra of  Fe2V4O13 and 21% GO-coated 
 Fe2V4O13 are shown in Fig. 1. The band at 1028 cm−1 is 
assigned to V–O terminal stretching vibrations and the 
characteristic absorption band at 711 cm−1 corresponds 
to the V–O–Fe stretching mode. The absorption band at 
510 cm−1 is assigned to Fe–O stretching mode (Fig. 1a) 
[25]. In the graphene oxide/Fe2V4O13 hybrid material, 
FT-IR spectroscopy was used to investigate the existence 
of oxygen-containing functionalities and their changes after 
impregnation. The FT-IR spectrum of GO (inset Fig. 1) 
exhibits the characteristic peaks for C=O (1724 cm−1), aro-
matic C=C (1631 cm−1), carboxy C–O (1417 cm−1), epoxy 
C–O (1202 cm−1), and alkoxy C–O (1096 cm−1). The GO/
Fe2V4O13 catalyst also contains these functional groups, but 
the position of the bonds is slightly shifted, and the sharp-
ness of the peaks changes indicating the change in the coor-
dination environment of various functional groups in GO/
Fe2V4O13 (Fig. 1b) [26]. The peak at 1724 cm−1 correspond-
ing to C=O bonding of –COOH was weaker than that of 
GO due to the formation of –COO– after impregnating with 
 Fe2V4O13. Moreover, the peaks at 553 cm−1 can be ascribed 
to Fe–O in  Fe2V4O13, suggesting that  Fe2V4O13 is connected 
with the  COO− on the edge of the GO sheets [27–29].

XRD

The XRD patterns of the prepared materials are shown in 
Fig. 2. The XRD pattern of the  Fe2V4O13 catalyst dried 
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at 100 °C presented a weak peak at the 2θ angle of about 
25° (Fig. 2a), suggesting that the solid catalyst is a kind 
of amorphous compound [30]. At 500 °C, the catalyst has 
three intense peaks (Fig. 2b). The diffraction peaks are well 
matched with the diffraction peaks distinctly observed at 
the 2θ angle of 12.5°, 22.7°, and 26.7° monoclinic phase of 
 Fe2V4O13 (JCPDS no. 00-039-0893). The strong and narrow 
diffraction peaks demonstrated good crystallinity. Figure 2c 
shows the XRD pattern for 21% GO coated on  Fe2V4O13, 
which has the same diffraction peaks at 12.5°, 22.7°, and 
26.7° as that of the  Fe2V4O13 catalyst and a slightly weak 
diffraction peak observed at 10.8° indicating a very small 
amount of GO coated on the  Fe2V4O13. The graphite dis-
plays a characteristic peak at 2θ = 26.5° with a correspond-
ing d-spacing of 3.35 Å indicating the index of (002) (inset 
Fig. 2). After oxidation, the characteristic graphite peaks 
disappeared and were replaced by a well-defined peak at 
2θ = 10.8° (Fig. 2d) with the d-spacing of 8.16 Å, and this is 
due to the presence of copious oxygen-containing functional 
groups. This value indicates that the distance between the 
graphene sheets has increased due to the insertion of inter-
planar groups. The broad peak observed in the exfoliated 
GO sample (Fig. 2d) suggests very poor ordering along the 
stacking direction and implies that these samples are com-
posed mostly of free graphene sheets [31].

HR‑SEM with EDX

HR-SEM images of  Fe2V4O13 and 21% GO-coated  Fe2V4O13 
are shown in Fig. 3. These images show a flaky structure 
in both cases; however, aggregation (or) interconnection 
appeared when  Fe2V4O13 (Fig. 3) was thermally heated at 
500 °C for 6 h. The corresponding energy dispersive X-ray 
(EDX) spectra demonstrate the presence of the Fe, V, and 
O in the  Fe2V4O13 and 21% GO/Fe2V4O13 catalysts (Figs. 
S1a and S1b, see supplementary material). Moreover, the 
increase of at % and wt % of C in the case of 21% GO/
Fe2V4O13 (inset Fig. S1b) reveals the presence of GO in 
GO/Fe2V4O13.

TEM

TEM images of 21% GO-coated  Fe2V4O13 at different 
magnifications (Fig. 4a–c) are shown in Fig. 4. It is found 
that the GO-coated  Fe2V4O13 particle sizes range from 8 to 
15 nm. It has been reported that the structure of  Fe2V4O13 
aggregated when it was annealed at 400  °C [32]. The 
obtained composite retained the two-dimensional sheet 
structure. It can be seen from Fig. 4 that there is a nice 
dispersion of nanosized  Fe2V4O13 particles on the surface 
of the graphene sheet support. The TEM characterization 

Fig. 1  FT-IR spectra of a  Fe2V4O13 and b 21% GO-coated  Fe2V4O13. 
Inset shows FT-IR spectrum of graphene oxide

Fig. 2  XRD patterns of a  Fe2V4O13 (100 °C), b  Fe2V4O13 (500 °C), 
c 21% GO-coated  Fe2V4O13 and d GO. Inset shows XRD pattern of 
graphite powder
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suggests the formation of a good interfacial contact 
between the  Fe2V4O13 nanoparticles and the 2D graphene 
sheet. The transfer process of charge carriers in graphene 
semiconductor nanocomposites is intimately related with 
the interfacial interaction between graphene and the semi-
conductor [33–37].

UV‑DRS

The absorbance spectrum illustrates that the absorption edge 
of the  Fe2V4O13 catalyst extends to the visible region (around 
580 nm), which suggests the possibility of photoactivity of this 
material under visible light (Fig. 5a). The 21% GO/Fe2V4O13 

Fig. 3  HR-SEM images of  Fe2V4O13: a 5 μm, b 3 μm, c 1 μm and 21% GO coated  Fe2V4O13: d 5 μm, e 3 μm, f 1 μm
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sample also has increased absorption in the UV–visible 
region (200–500 nm) and its absorption edge is extended up 
to 650 nm (Fig. 5b). This may be due to the presence of GO in 
the catalyst. Kubelka–Munk analyses for allowed direct band 
gaps for  Fe2V4O13 and 21% GO-coated  Fe2V4O13 are shown 
in insets of Fig. 5a and b, respectively. The estimated opti-
cal band gaps of  Fe2V4O13 and GO/Fe2V4O13 are ~ 2.21 and 
2.19 eV, respectively.

Influence of process parameters 
on photodegradation of MO with GO/
Fe2V4O13 catalyst by UV light

Effect of graphene oxide amount on  Fe2V4O13

The optimum GO loading on  Fe2V4O13 was investigated 
by varying the amount of GO from 12 to 25 by wt % in 

Fig. 4  TEM images of 21% GO-coated  Fe2V4O13: a 200 nm, b 50 nm and c 20 nm
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the preparation of the GO/Fe2V4O13 composite catalysts. 
These composite catalysts were used for photodegrada-
tion of MO. As the amount of GO increased from 12 to 
21 wt %, the rate of degradation increased from 0.023 to 
0.052 min−1 (Fig. 6); this is mainly because of the increase 
in the amount of the GO on the  Fe2V4O13 catalyst, which 
in turn increases the presence of active sites on the catalyst 
surface. Moreover, more GO on  Fe2V4O13 catalyst could 
increase the adsorption of MO, which would be due to 
the oxygen-containing functionalities on the surface of the 
catalyst. Further increases of GO content decrease the rate 
of degradation (25%, 0.038 min−1) and this may be due to 
the blockage of active sites by an excess amount of GO. 
Under this same condition, the rate of MO degradation 
under UV light with pristine  Fe2V4O13 is 0.0287 min−1 
[21]. Hence, 21% GO on  Fe2V4O13 is the optimum amount 
of GO on  Fe2V4O13 for the mineralization of MO.

Effect of  H2O2 concentration

The results of  H2O2 addition at concentrations ranging from 
5 to 20 mmol on the heterophoto-Fenton mineralization are 
shown in Fig. 7. The addition of  H2O2 from 5 to 15 mmol 
increases the degradation rate constant from 0.009 to 
0.071 min−1. Above 15 mmol, the degradation rate constant 
decreases. Hence,  H2O2 concentration of 15 mmol appears to 
be optimal for the degradation process. The enhancement of 
mineralization by the addition of  H2O2 is due to the increased 
production of hydroxyl radicals (Eqs. 7 and 8). 

(7)H2O2 + e−
CB

→
⋅OH + OH

−

(8)H2O2 +
⋅O

−
2
→

⋅ OH + H
+ + O2

Fig. 5  DRS of a  Fe2V4O13 and b 21% GO coated  Fe2V4O13. Inset 
shows the plot of (αhν)2 (eV/cm)2 Vs hν (eV) for determining band 
gap energy of  Fe2V4O13 and 21% GO-coated  Fe2V4O13

Fig. 6  Effect of GO coated on  Fe2V4O13. [MO] = 4×10−4 M, catalyst 
suspended = 0.600 g L−1,  H2O2 = 10 mmol, airflow rate = 8.1 mL s−1, 
pH = 6.0, I0 = 1.381×10−6 einstein  L−1 s−1

Fig. 7  Effect of  H2O2 dosage. [MO] = 4×10−4  M, 21% GO/
Fe2V4O13 = 0.600  g  L−1, airflow rate = 8.1  mL  s−1, pH = 6.0, I0 
= 1.381×10−6 einstein  L−1 s−1
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At  H2O2 concentration above 15 mmol, the decrease in 
the removal rate of the dye is due to decrease in hydroxyl 
radicals and hole-scavenging effect of  H2O2 (Eqs. 9 to 11).

Effect of initial solution pH

The effect of initial solution pH on the degradation of MO 
is shown in Fig. S2. At pH 6, 95% degradation was obtained 
(40 min) in the heterophoto-Fenton process with 15 mmol 
of  H2O2, and its efficiency decreased when the initial pH of 
the solution changed from pH 6. Hence, the highest activity 
was observed at pH 6. Since the photocatalytic efficiency 
depends on the adsorption of the dye onto the surface of the 
catalyst, the adsorption of the dye under different pH values 
was investigated. After the adsorption–desorption equilib-
rium of MO with GO/Fe2V4O13 in the dark, the adsorption 
capacities are 15, 18, 28, 5, 4, and 10% for pH 4, 5, 6, 7, 8, 
and 9, respectively. As the adsorption is high at pH 6, the 
degradation is also efficient at this pH. The results show that 
the GO/Fe2V4O13 catalyst has a high adsorption capacity for 
MO, which is in favor of the increased photocatalytic activity 
compared to  Fe2V4O13.

Effect of initial dye concentration

The effect of the initial concentration of MO on the photo-
Fenton degradation rate was investigated over a concentra-
tion range from 1 to 5×10−4 M. Increase in the initial dye 
concentration from 1 to 5×10−4 M decreases the degradation 
rate constant from 0.105 to 0.011 min−1 (20 min) (Fig. S3). 
The rate of degradation relates to the ·OH (hydroxyl radical) 
formation on the catalyst surface and the probability of ·OH 
reacting with the dye molecule. For all initial dye concen-
trations, the catalyst amount and light intensity are same. 
Since the generation of hydroxyl radical remains constant, 
the probability of dye molecule reacting with hydroxyl radi-
cals decreases. In the photo-Fenton process, at higher dye 
concentrations, the penetration of photons into the solution 
also decreases, thereby lowering the hydroxyl radical pro-
ductionand, hence, the decrease in percentages of degrada-
tion with an increase in dye concentration [38, 39].

Long‑term stability

Stability of the catalysts was tested in the degradation of 
MO. Fig. S4 shows the degradation of MO using the GO/
Fe2V4O13 catalyst in five consecutive photo-Fenton experi-
ments. The percentages of degradation for 50 min in the first, 

(9)H2O2 +
⋅OH → HO

⋅

2
+ H2O

(10)HO
⋅

2
+ ⋅OH → H2O + O2

(11)H2O2 + hnB → HO
⋅

2
+ H

+

second, third, fourth, and fifth runs are 98, 96, 96, 96, and 
96, respectively. There was no significant decrease in deg-
radation efficiency observed for all runs. Hence, the catalyst 
is highly stable and reusable.

COD measurements

As the reduction of chemical oxygen demand (COD) reflects 
the extent of degradation or mineralization of an organic 
species, the percentage change in COD was determined for 
the dye sample (initial concentration 4×10−4 M) under opti-
mum conditions. The percentages of COD reduction were 
70 and 82 with  Fe2V4O13 and GO/Fe2V4O13, respectively, 
after 60 min irradiation (Table 1). Degradations of MO of 
about 80% with  Fe2V4O13 and 88% with GO/Fe2V4O13 were 
observed at 40 min irradiation by absorbance measurements, 
whereas only 70% and 82% mineralizations were observed 
at 60 min irradiation by COD measurements under the 
same conditions. This reveals the presence of nonabsorbing 
organic intermediates at 40 min. Hence, complete minerali-
zation may be achieved at 90 min of irradiation.

Comparison of photodegradation of MO using 
 Fe2V4O13 and 21% GO/Fe2V4O13 under UV and solar 
light

Solar experiments were carried out at various pH, rang-
ing from 4 to 9 with a constant concentration of the dye 
(4×10−4  M) and the catalysts  Fe2V4O13 and 21% GO/
Fe2V4O13 (0.600 g L−1).  Fe2V4O13 shows an increase in the 
degradation from 75 to 98% for the increase of pH from 4 to 
6 (Fig. 8a). Similarly, 21% GO/Fe2V4O13 catalyst shows a 
maximum degradation efficiency of 99% at pH 6 (Fig. 8b). 
Further increase of pH above 6 for both catalysts decreases 
the degradation efficiency.

The percentage of photodegradation of 4×10−4 M of MO 
using  Fe2V4O13 and GO/Fe2V4O13 catalyst by UV and solar 
light under optimum conditions at 40 min irradiation is given 
in Table 2. The degradation efficiencies of the above two pro-
cesses are in the following order: The solar process has higher 
efficiency compared to the UV process with both catalysts.

Table 1  COD measurements 
under optimum conditions

[MO] = 4×10−4  M, 
 H2O2 = Fe2V4O13 (10  mmol), 
21% GO/Fe2V4O13 
(15  mmol), catalyst sus-
pended = 0.600 g L−1, pH = 6.0, 
airflow rate = 8.1 mL s−1

Catalyst COD 
reduction 
(%)

Fe2V4O13 70
21% GO/Fe2V4O13 82
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Solar > UV > Solar > UV
21% GO/

Fe2V4O13

21% GO/
Fe2V4O13

Fe2V4O13 Fe2V4O13

Proposed mechanism

The enhancement of the efficiency of the 21% GO/
Fe2V4O13 composite in the degradation of methyl orange 
(MO) presumably results from the following reasons. 
Firstly, graphene oxide (GO) improves the adsorption of 
dye and  H2O2 due to its large surface area and the presence 

of oxygen-containing functionalities on the surface of the 
catalyst. Secondly,  H2O2 can act as an efficient electron 
scavenger to form ·OH on the surface of the graphene 
oxides, which not only enhances oxidation ability but also 
fleetingly reduces electronic accumulation on the surface 
of graphene oxides. Furthermore, the high catalytic activ-
ity brought about by  Fe2V4O13 in 21% GO/Fe2V4O13 partly 
contributes to the two-way catalytic mechanism involved 
in the Fe(III)/Fe(II) and V(V)/V(IV) redox couples [21]. 
Generally, in heterogeneous Fenton-like catalysts, a Lewis 
acid, which is associated with iron, could facilitate the 
reduction of the ferric ion by  H2O2 attracting the elec-
tron density from the iron center. This facilitation will 
accelerate the whole Fenton-like reaction as the reduction 
of ferric ion is the dominant rate-determining step of the 
Fenton-like reaction. In  Fe2V4O13, V(V) has many posi-
tive charges and is a strong Lewis acid. Hence, V(V) can 
facilitate the reduction of Fe(III), sequentially leading to 
the enhancement of the overall MO degradation rate [21]. 
Therefore, the GO/Fe2V4O13 hybrid composite exhibits 
enhanced photocatalytic activity under UV and solar irra-
diation in the presence of  H2O2 (Fig. 9).

Fig. 8  Effect of initial solution pH (solar). a [MO] = 4×10−4 M, 
 Fe2V4O13 = 0.600  g  L−1,  H2O2 = 10  mmol, airflow rate = 8.1  mL  s−1 
and b [MO] = 4×10−4 M, 21% GO/Fe2V4O13 = 0.600  g  L−1, 
 H2O2 = 15 mmol, airflow rate = 8.1 mL s−1

Table 2  Comparison of 
photodegradation of MO 
using  Fe2V4O13 and 21% GO/
Fe2V4O13 under UV and solar 
light

Catalyst Degrada-
tion (%)

UV Solar

Fe2V4O13 80.9 88.6
21% GO/Fe2V4O13 90.1 91.2

Fig. 9  Mechanism for 21% GO coated  Fe2V4O13 in the presence of 
MO under UV and solar light
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Conclusion

Heterogeneous Fenton-like catalysts  Fe2V4O13 and 21% 
GO/Fe2V4O13, prepared by the solid-state dispersion 
method, were used for the degradation of methyl orange 
(MO) under UV light. The characterization study revealed 
the presence of monoclinic phase of  Fe2V4O13 in the 
catalyst and the homogeneous dispersion of nanosized 
 Fe2V4O13 particles on the surface of the graphene oxide. 
The particle sizes range from 20 to 100 nm. A mechanism 
for the heterophoto-Fenton process is also proposed. Both 
catalysts show maximum degradation efficiency at pH 6 
and the solar process is more efficient than the UV process 
in both catalysts. From this study, it is found that  Fe2V4O13 
and 21% GO/Fe2V4O13 catalysts are efficient under both 
UV and solar light for the degradation MO and they can 
be used for the treatment of wastewater contaminated with 
dye.
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