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Abstract
Mixed-phase bismuth ferrite (BFO) nanoparticles were prepared by co-precipitation method using potassium hydroxide as the
precipitant. X-ray diffractogram (XRD) of the particles showed the formation of mixed-phase BFO nanoparticles containing
BiFeO3/Bi25FeO40 phases with the crystallite size of 70 nm. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) revealed the formation of quasi-spherical particles. The BFO nanoparticles were uniform sized with narrow
size range and with the average hydrodynamic diameter of 76 nm. The band gap energy of 2.2 eV showed its ability to absorb
light even in the visible range. Water contaminated with Acid Yellow (AY-17) and Reactive Blue (RB-19) dye was treated by
photocatalysis under UV, visible, and solar light irradiation using the BFO nanoparticles. The BFO nanoparticles showed
maximum photocatalytical activity under solar light as compared to UVand visible irradiations, and photocatalysis was favored
under acidic pH. Complete degradation of AY-17 dyes and around 95% degradation of RB-19 could be achieved under solar light
at pH 5. The kinetics of degradation followed the Langmuir–Hinshelhood kinetic model showing that the heterogeneous
photocatalysis is adsorption controlled. The findings of this work prove the synthesized BFO nanoparticles as promising
photocatalysts for the treatment of dye-contaminated industrial wastewater.
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Introduction

The azo dyes constitute more than 50% of the total dyeing in
the textile industry and are also widely used in the printing,
tannery, paper manufacture, and food and photography indus-
tries. These dyes are discharged in industrial effluents and thus
cause environmental pollution. Azo dyes have a serious envi-
ronmental impact, because their precursors and degradation
products (such as aromatic amines) are highly carcinogenic.
Azo dyes have been reported to be non-biodegradable under

aerobic conditions (O’neill et al. 2000; Basibuyuk and Forster
1997). They affect the ecosystem of streams, by either getting
adsorbed or trapped in bioflocs. These dyestuffs affect the
chemical oxygen demand, biochemical oxygen demand, tox-
icity, odor, and color of wastewater (Vinu and Madras 2012).
Thus, the dye containing wastewater from industries must be
treated before they are discharged into the water bodies.
Government legislations on discharge standards in many
countries have become increasingly stringent in order to pro-
tect the environment and to ensure sustainable growth.
Though removal of color from the wastewater is the first con-
cern, the degradation of dyes to eliminate or reduce the toxic-
ity has always been considered as the favorable option.

Dyes can be removed from wastewater by precipitation
(chemical coagulation, flocculation) (Lin and Chen 1997),
adsorption (Pala and Tokat 2002), ozonation (Garc’ıa-
Monta˜no et al. 2008), membrane processes such as ultrafil-
tration or reverse osmosis (Ghayeni et al. 1998), electrochem-
ical processes (Naumczyk et al. 1996), and biological
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treatment (Pala and Tokat 2002). All these techniques are
versatile and useful, but they either produce secondary waste
products or are uneconomical and energy intensive, and some
of them may not lead to mineralization of the dyes.
Photocatalysis is gaining interest among the researchers ow-
ing to its potential in mineralization of the dyes (Khanna and
Shetty 2013; Soltani and Entezari 2013; Nezamzadeh-Ejhieh
et al. 2013; Khanna and Shetty 2014; Chen et al. 2015). TiO2

is the focus of numerous studies owing to its attractive char-
acteristics as photocatalyst in the treatment of dye-
contaminated water (Konecoglu et al. 2015; Garg et al.
2016; Markad et al . 2017; Borges et a l . 2016) .
Unfortunately, its poor photocatalytic activity under visible
or solar irradiation (Xia and Yin 2013; Khanna and Shetty
2013; Khanna and Shetty 2014; Ramírez-Aparicio et al.
2016) along with its susceptibility to fast recombination of
photogenerated electron–hole pairs (Chatterjee et al. 2008;
Wang et al. 2011a) limits its application. Solar light active
photocatalysts are in demand, as these catalysts can be used
in regions of intense solar irradiation and natural sunlight can
be exploited for water treatment, thus reducing the demand for
other energy sources which depend on the fuel sources that
leave carbon footprints and cause the environmental impact.

In recent years, the multiferroic nanoparticles have
attracted a great deal of attention as photocatalysts (Wang
et al. 2009). Perovskite-type bismuth ferrite (BFO) which is
a multiferroic material (Fischer et al. 1980; Dhanalakshmi
et al. 2016) is synthesized by various methods such as hy-
drothermal method (Li et al. 2009), sol–gel method (Soltani
and Entezari 2013; Wang et al. 2011b), co-precipitation
method (Liu et al. 2010; Xie et al. 2014; Muneeswaran
et al.2013) and ultrasonication method (Soltani and
Entezar 2013). BFO nanoparticles synthesized by ethylene
glycol-assisted low-temp (140 °C) hydrothermal method
have shown photocatalytic activity for degradation of
Rhodamine B (RhB) under visible light illumination (Liu
and Zuo 2013; Chen et al. 2015). The weak magnetic BFO
nanoparticles synthesized by sol–gel method have shown
photocatalytic activity for degradation of methyl orange
(MO) dye under visible light irradiation (Gao et al. 2007).
The pure BFO nanoparticles synthesized via ultrasound at
low temperature were used for the degradation of methy-
lene blue (MB) dye under sunlight irradiation (Soltani and
Entezari 2013).

Very few studies on the synthesis of BFO nanoparticles
through chemical co-precipitation method are reported in lit-
erature. In the co-precipitation method, the precipitation is
carried out by using an alkaline precipitation agents such as
ammonia solution in water (Muneeswaran et al. 2013; Xie
et al. 2014) and NaOH (Liu et al. 2010; Shami et al. 2011).
The BFO nanoparticles synthesized by Xie et al. (2014) and
Liu et al. (2010) by precipitation method have been reported to
exhibit ultraviolet photocatalytic activity in terms

photocatalysis of methyl orange dye. There is no evidence
for photocatalytic activity under visible and solar irradiation
by BFO nanoparticles synthesized using chemical co-
precipitation method.

In the present study, mixed-phase BFO nanoparticles have
been synthesized by a simpler co-precipitation method using
potassium hydroxide as a precipitant and their photocatalytic
activity in terms of photocatalytic degradation of two synthet-
ic dyes namely, Acid Yellow-17 (AY-17) and Reactive Blue-
19 (RB-19) have been carried out under UV, visible, and solar
light irradiation.

Experimental methodology

Materials

The AY-17, RB-19 dyes, bismuth(III) nitrate penthydrate
(BiN3O9-5H2O) (99.99%, trace metals basis), and iron(III)
nitrate nonahydrate (FeN3O9-9H2O) (99.99%, trace metal ba-
sis) were purchased from Sigma-Aldrich Chemicals Pvt. Ltd.,
Bangalore. Nitric acid and potassium hydroxide (KOH) were
purchased from NICE Chemicals Pvt. Ltd., Kochi, India, and
used as received. All the chemicals used were of analytic
grade.

Synthesis of bismuth ferrite nanoparticles (BFO)

For the synthesis of BFO, bismuth nitrate (BiN3O9-5H2O)
and iron nitrate (FeN3O9-9H2O) in 1:1 M ratio were used.
One hundred milliliters of 0.032 M bismuth nitrate and iron
nitrate solutions were prepared in distilled water separately.
Bismuth nitrate solution was sonicated for 15 min and then
mixed with iron nitrate solution. Ten milliliters of 0.1 M
nitric acid was added to the above solution. The mixture
was then precipitated slowly by adding 10 mL of 12 M
KOH solution. After stirring for an hour, the mixture was
centrifuged at 1200 rpm for 10 min to separate the nano-
particles and washed with distilled water and ethanol. The
nanoparticles were further separated by centrifugation and
dried. The particles were calcined at 400 °C for duration of
2 h in a muffle furnace.

Characterization of BFO particles

The X-ray diffraction (XRD) analysis of the calcined BFO
particles was carried out by using Rigaku diffractometer under
Cu-Kα radiation (1.5406 Å) and shown in Fig. 1. The crys-
tallite size was determined by using the Debye Scherrer’s
formula (Eq. 1).

D ¼ Kλ=βcos θð Þ ð1Þ
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where D = crystallite size
K = 0.90 the Scherrer’s constant
λ =X-ray wavelength
β = the peak width at half maximum (FWHM)
θ = the Bragg diffraction angle
The scanning electron microscopic (SEM) image was re-

corded by JSM-6380A operated at 20 kV. The transmission
electron microscopy (TEM) was performed using a Tecnai
G2T20 model with filament LaB6, and point resolution was
0.24 nm. Energy-dispersive spectrum (EDS) was also obtain-
ed using TEM. Fourier transform infrared spectroscopic
(FTIR) analysis of the BFO particles was performed using
Bruker Alpha FTIR spectrometer by using KBr pellets.
Particle size analysis was performed on a Horiba Scientific,
Nano partica, Nano particle analyzer, SZ-100. To determine
the band gap energy of the synthesized catalyst, the UV-Vis
spectra of the photocatalyst suspended in distilled water were
obtained using Hitachi U-2000 spectrophotometer in a wave-
length range of 200 to 800 nm, and the absorbance values
were recorded.

Photocatalytic degradation of dyes

Photocatalysis was carried out in a 250-mL borosilicate glass
beaker placed inside an aluminum chamber for UVor visible
light irradiation experiments. Two irradiating lamps were
mounted on the side walls of the chamber, and the beaker
was placed at the center and equidistant from both the lamps.
UV photocatalysis was carried out under irradiation by two
18 W UV tube lights (wavelength, k = 365 nm, Philips), and
visible light experiments were carried out with irradiation
using two 18 W tube lights (Polite gold, Mysore Lamps,
India). Heated air in the chamber was driven out through an

exhaust fan fitted on top of the chamber, so that a constant
temperature was maintained inside the reactor. The reactor
contents were magnetically stirred. Solar photocatalysis ex-
periments were performed in an open terrace during the month
of March at 10:00 a.m. to 1:00 p.m., in the similar reactor
setup without aluminum enclosure.

Photocatalytic degradation of two dyes, AY-17 and RB-
19, with BFO nanoparticles as photocatalyst were tested.
Batch experiments for the photocatalytic degradation of
dyes were carried out using the fabricated BFO nanopar-
ticles as photocatalysts under UV, visible, and solar light
irradiation with 100 mL of 10 mg/L dye solution. The
initial pH of the reaction mixture was adjusted to the
required values using either 0.01 N NaOH or 0.01 N
H2SO4 solutions. The experiments were conducted with a
catalyst loading of 0.1 g/L under constant stirring condi-
tions. UV and visible light-mediated photocatalysis was
carried out with provision of air flow of 2 LPM to ensure
the supply of oxygen as the oxidant. Additional air supply
was not provided for solar light experiments, as open air
and stirred conditions ensured proper supply of oxygen.
Water samples were withdrawn at regular intervals of time
from the reaction mixture and then centrifuged at 12,000
RPM for 10 min to separate the catalyst prior to analysis.
The absorbance of the solution was measured at 418 nm
for analysis of AY-17 dye concentration and 609 nm for
RB-19 dye concentration using a UV-visible spectropho-
tometer (model: U-2000, Hitachi). The percentage of deg-
radation of dye was estimated using Eq. 2.

Degradation %ð Þ ¼ Ci−Cð Þ
Ci

� 100 ð2Þ

10 20 30 40 50 60 70 80
0

500

1000

1500

2000

(2
 0

  1
)

(6
 0

 0
)

BiFeO3

Bi25FeO40

Bi2 Fe4O9

R
el

at
iv

e 
in

te
nc

ity
 a

.u

2 Theta/degree
(2

 2
 0

)

(2
 1

 0
)

(2
 -1

 0
)

(2
 1

 1
)

(3
 5

 6
)

(6
 5

 1
)

(2
 4

 6
)

(6
 1

 1
)

(0
 2

  1
)

(5
 2

 1
)

(4
 2

 2
)

(7
 1

 0
)(6
 3

 1
)

(2
 0

 0
)

(3
 3

 0
)

(4
 0

 0
)

( 1
 -2

 1
)

(1
 0

 0
) (1

 4
 1

 )

(1
 1

 0
)

( 3
 1

 0
) ( 1

 1
 0

)
(1

 -1
 0

)
(3

 2
 1

)

(3
 3

 2
)

(0
 2

 4
)

Fig. 1 X-ray diffraction pattern of
BFO
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where Ci and C are the initial concentration and the con-
centrations of dye at a particular time in the reactor, respec-
tively. Experiments were conducted for each of the dyes under
UV, visible, and solar light irradiation. The effect of initial pH
was studied by performing the experiments with initial pH of
5, 7, and 9.

Results and discussion

Characterization of BFO particles

Figure 1 shows the XRD pattern of BFO particles synthe-
sized by co-precipitation method. Peaks are exhibited at
2θ = 22.4°, 31.8°, 32.07°, 46°, 51.5°, 51.8°, 56.46°, and
57.16° corresponding to BFO of different crystalline plane
(1 0 0), (1 1 0), (1 −1 0), (2 0 0), (2 1 0), (2 −1 2), (2 1
1), and (1 −2 1), respectively, which confirmed the pres-
ence of perovskite BiFeO3 (JCPDS-ICDD PDF Reference
No. -01-072-2035) with rhombohedral crystal system. The
peaks at 2θ = 12.2, 24.7°, 27.6°, 32.8°, 35.2°, 37.5°, 39.5°,
42°, 43.5°, 48.9°, 54.0°, 61.74°, 64.7°, 68.4, 73.1, and
78.6 corresponding the crystalline planes (1 1 0), (2 2 0),
(3 1 0), (3 2 1), (4 0 0), (3 3 0), (0 2 4), (3 3 2), (4 2 2),
(5 2 1), (6 0 0), (6 3 1), (6 3 1), (7 1 0), (2 4 6), (6 5 1),
and (3 5 6) indicate the presence of Bi25FeO40 (JCPDS-
ICDD PDF Reference No. -01-078-1543) with cubic crys-
tal system. The peaks at 2θ = 25.8, 26.8°, and 47° corre-
spond to Bi2Fe4O9 with crystalline planes (0 2 1), (2 0 1),
and (1 4 1) (JCPDS-ICDD PDF Reference No. -00-025-
0090) with orthorhombic crystal system. XRD analysis
shows the formation of mixed-phase BFO containing
BiFeO3, Bi25FeO40, the oxygen-deficient impurity phase,
and traces of Bi2Fe4O9 which is the Bi-deficient or Fe-
rich impurity phase. The formation of Bi2Fe4O9 and
Bi25FeO40 as impurities might be ascribed to the decom-
position of BiFeO3 during the slow heating process. The
involved chemical reactions can be expressed as follows
(Wang et al. 2011b):

4BiFeO3 ���→ Bi2Fe4O9 þ Bi2O3 ð3Þ
BiFeO3 þ 12Bi2O3 þ 0 : 5O2 ���→ Bi25FeO40 ð4Þ

Gao et al. (2014) have reported the visible light activity
of pure BiFeO3 synthesized by sol–gel method with ethyl-
ene glycol as the solvent in degradation of methyl orange
dye. Xian et al. (2011) have synthesized pure BiFeO3 by
thermal decomposition process of xerogel and have reported
its UV and visible light photocatalytic activity for the
degradation of methyl orange dye. Zhang et al. (2016) have
shown that the oxygen-deficient phase of bismuth ferrite,
Bi25FeO40, also shows excellent visible light-mediated pho-
tocatalytic activity. Zhang et al. (2015) have successfully

synthesized Bi25FeO40 tetrahedrons through a facile, mild,
and rapid hydrothermal route and have reported visible light
photocatalytic activity for the degradation of RhB.

Ruan and Zhang (2009) have reported the visible light
photocatalytic activity of Bi2Fe4O9 nanosheets in dye degra-
dation. The nanoparticles synthesized in the present study
contain mixed-phase BFO majorly containing Bi25FeO40

and BiFeO3 as well as traces of Bi2Fe4O9, all of which have
been reported to show excellent visible light photocatalytic
activity. Many oxides have different polymorphic crystal
structures which can be used for heterojunction performance
because their different crystal structures at two sides of the
interface may be helpful for carrier separation across the
interface (Ohno et al. 2001; Fan et al. 2012; Ju et al.
2014). For example, rutile-anatase mixed-phase TiO2 has
been shown to have much higher activity than single-phase
systems for water splitting (Pan et al. 2011; Ohno et al.
2001; Li and Gray 2007). Thus, it is hypothesized that the
mixed-phase BFO nanoparticles synthesized in the present
work may exhibit good visible light activity. According to
the XRD results and Debye Scherrer’s formula, the average
crystallite size was found to be 70 nm. In the SEM image
presented as Fig. 2a, the particles formed seem to be small,
quasi-spherical, or oval shaped, with a few large aggregates.
Figure 2b illustrates the EDS spectra of BFO nanoparticles,
which showed the presence of O, Fe, and Bi elements. The
TEM image presented in Fig. 3 also reveals the presence of
quasi-spherical-shaped particles and aggregates. Figure 4
shows the size distribution of the particles as obtained by
dynamic light scattering (DLS) technique (Carney et al.
2011) with deionized water as the solvent. The size distribu-
tion is in a very narrow range indicating the formation of
uniform-sized particles. The average hydrodynamic diameter
is shown as 76 nm.

To determine the apparent band gap energy for the
mixed-phase BFO, the absorption spectrum of BFO nano-
particles was obtained using UV-Vis spectrophotometer and
is shown in Fig. 5a. The cutoff wavelength was found to
be 560 nm showing that these nanoparticles can absorb
light both in the UV and visible range. The apparent optical
energy band gap of the synthesized BFO nanoparticles was
calculated by using Tauc’s plot shown in Fig. 5b plotted
from the data of the absorption spectra. Tauc’s plot of
(Ahν)2 vs (hν) was plotted, where A is the absorbance, h
is the Plank’s constant, and ν = c/λ (c = speed of light and λ
is the wavelength). The presence of linear region in the
Tauc’s plot indicates that BiFeO3 nanoparticles are direct
band gap semiconductive material (Wang et al. 2010;
Yang et al. 2005; Wang et al. 2011b).

The extrapolation of the linear region of the Tauc’s plot
intersecting the x-axis gives the value of the optical band
gap, Eg. The calculated value of apparent band gap energy
is 2.2 eV, which is lower than the band gap values reported
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by Xie et al. (2014) and Li et al. (2009) for BFO synthe-
sized by co-precipitation and hydrothermal method. The
cutoff wavelength was calculated to be 560 nm. The cutoff
wavelength indicates that BFO can absorb light even in
longer wavelength visible region. The absorbance plot
shows a strong transition in the 560 nm which corresponds
to electronic transitions involving charge transfer from va-
lence band O 2p states to conduction band Fe 3d states
(Hauser et al. 2008). Though the pure phase BiFeO3 has
the band gap energy value of around ~ 2.3 eV (Mocherla
et al. 2013) and pure phase Bi25FeO40 has the band gap
energy value of ~ 1.8 eV (Wang et al. 2017), the estimated
apparent band gap of mixed-phase BFO synthesized in the
present study is lesser than the band gap of BiFeO3 and
greater than the band gap of Bi25FeO40. The band gap
energy value of 2.2 eV for the BFO nanoparticles synthe-
sized in the present study implied that the light with λ less

a
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Fig. 2 a Scanning electron
microscopic image of BFO
nanoparticles. b Energy-
dispersive X-ray spectral peaks
(EDAX) of BFO nanoparticles

Fig. 3 Transmission electron microscopic image of BFO nanoparticles
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than 560 nm could be absorbed by electrons to jump to the
conduction band (CB) from the valence band (VB) in BFO.
The band gap value of mixed-phase BFO is lesser than that
of pure phase BiFeO3 nanoparticles. The existence of
defect-induced energy levels between the conduction and
valence bands may lower the apparent band gap value for
the semiconductors (Mocherla et al. 2013). The energy
levels are modified by the presence of non-uniform
microstrain in the particles, and they influence the absorp-
tion band edge (Smith et al. 2009). In general, the
microstrain in nanocrystallites is caused by several factors
like non-uniform lattice distortions, dislocations, antiphase
domain boundaries, and grain surface relaxation. In
BiFeO3, the most common defects such as oxygen vacan-
cies (Hauser et al. 2008) or the unsaturated bonds on the
surface of the nanoparticles, which create deep and shallow
levels within the band gap, are major contributors to the
microstrain (Sattler 2002). In stoichiometric BiFeO3, the
band gap is between the O 2p and Fe 3d levels. The oxy-
gen vacancies lower the adjacent Fe 3d levels, resulting in
sub-band gap defect states (Hauser et al. 2008). According
to Hauser et al. (2008), the theoretical calculations suggest
that defect states due to oxygen vacancies lead to transi-
tions at ~ 0.3 eV below the band gap. First-principle studies
conducted by Ju and Cai (2009), on the optical properties,

have shown that the absorption edge gets smoother and
shifts to lower energy with increasing oxygen vacancy con-
centration. Further, in mixed-phase BFO, charge transfer
occurs between the phases, creating hole centers at
BiFeO3 and electron centers at Bi25FeO40, thus reducing
charge recombination rates. Lower apparent band gap values
of the synthesized BFO nanoparticles show them to be prom-
ising and highly active visible light photocatalysts.

In Fig. 6, the FTIR spectrum is shown. Three intense
peaks at 430, 456, and 501 cm−1 are due to stretching and
bending vibrations of Fe–O bond, respectively, and are fun-
damental absorptions of FeO6 octahedral in perovskite. The
formation of perovskite structure of BFO in the present work
can be confirmed by the presence of metal oxide band at
400–600 cm−1 (Ke et al. 2011). The peaks around 1333 and
1031 cm−1 were due to the presence of nitrate ions
(Zalesskii et al. 2003; Muneeswaran et al. 2013). The strong
and broad peak at 3411.98 indicates O–H stretching vibra-
tion due to intermolecular H bonds. The peak at 1628 cm−1

corresponds to stretching and bending vibration of water
molecules (Cao et al. 2016). The peaks around 1476 cm−1

may be attributed to C–H bending (Simões et al. 2008;
Gabbasova et al. 1991) owing to the presence of traces of
ethanol on the surface which was used for washing the
nanoparticles.

Fig. 4 Size distribution of BFO
nanoparticle measured by the
DLS technique
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Determination of photocatalytic activity of BFO
nanoparticles under UV, visible, and solar light
irradiation

The efficiency of BFO nanoparticles as a photocatalyst in
degradation of AY-17 and RB-19 dyes under UV, visible,
and solar light irradiation was studied with initial concentra-
tion of dye at 10 mg/L and catalyst loading of 0.1 g/L.
Figure 7a, f shows that the percentage dye removal under dark
conditions in the presence of catalyst is very minimal (less
than 8%) as compared to that in the presence of catalyst on
irradiation with solar, UV, or visible light. Thus, the dye re-
moval by adsorption on the catalyst is minimal. The effect of
the light irradiation in the absence of catalyst is also very less,
confirming a small effect of photolytic removal of the dyes by
solar, UV, and visible light irradiation.

As observed in Fig. 7a, b, almost 100% degradation
of Acid Yellow and Reactive Blue-19 dyes could be
achieved in 135 min of irradiation time under solar light.
However, under UV light around 90% degradation of
AY-17 dye and 86% degradation of RB-19 dye occurred
in 135 min as observed in Fig. 7c, d. Figure 7e, f shows
that around 85% degradation of AY-17 dye and 84%
degradation of RB-19 dye occurred in 135 min under
visible light irradiation. These results indicate that BFO

nanoparticles are photocatalytically active under solar,
UV, and visible light irradiation. As observed from these
results, the photocatalytic activity of the BFO nanoparti-
cles under solar light is better than those under UV or
visible light. However, the visible light activity is lesser
than the UV light activity. The highest activity under
solar light may be attributed to the fact that solar light
comprises of light in both UV and visible light wave-
length range and BFO nanoparticles are able to absorb
light both in UV and visible light wavelength range. The
high photocatalytic efficiency exhibited under solar light
is due to the low band gap energy of 2.2 eV for BFO
nanoparticles. As observed from the absorbance spectra
in Fig. 5a, maximum absorbance is exhibited at wave-
length of 300 nm and the absorbance values decreased as
the wavelength increased. It shows that the maximum
absorption by BFO nanoparticles occurs in UV range.
The absorbance reduces with increase in wavelength,
and the absorbance edge occurs at 560 nm, thus showing
that the BFO nanoparticles absorb light in the wave-
length range less than 560 nm. With the maximum ab-
sorption occurring at UV range, the electron hole sepa-
ration and hydroxyl radical formation rates are faster un-
der UV light, and thus, higher photocatalytic activity has
been observed under UV light as compared to visible
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light. Under UV irradiation, light in the wavelength
range less than 400 nm is absorbed, whereas under vis-
ible light irradiation, the light with wavelengths in the
range of 400 to 560 nm is absorbed. As solar light con-
tains entire spectrum of radiation, light absorption by
BFO occurs at all wavelengths less than 560 nm under
solar light, thus leading to maximum photon availability
for excitation of the nanoparticles followed by faster sep-
aration of electron and holes, thus resulting in maximum
photocatalytic activity under solar light.

The photocatalytic activity of these mixed-phase BFO
nanoparticles is better than the pure phase BFO reported

in literature as presented in Table 1. In the present study,
the mixed-phase BFO nanoparticles synthesized by co-
precipitation method using KOH as the precipitant has
shown enhanced photocatalytic activity under solar irradia-
tion as well as under artificial visible and UV light irradi-
ation as compared to those reported in literature, with com-
plete degradation in around 135 min with catalyst loading
of 0.1 g/L under solar light. The photocatalysis has utilized
only oxygen from the air as the oxidant with no addition of
any other oxidants. This proves that the mixed-phase BFO
has enhanced photocatalytic activity. These results show
that the mixed-phase BFO nanoparticles are very active

Fig. 7 Photocatalytic activity of BFO nanoparticles under a solar light for AY-17, b solar light for RB-19, cUV light for AY-17, dUV light for RB-19, e
visible light for AY-17, and f visible light for RB-19

Environ Sci Pollut Res



photocatalysts and can be used for wastewater treatment to
degrade the dyes under solar light in regions where solar
light is abundantly available. However, artificial UV or vis-
ible light irradiation can be adopted for the photocatalytic
water treatment when solar light is not available.

The photocatalytic reaction mechanism is represented in
the schematic illustration shown in Fig. 8. When the energy
of light in terms of photon is equal to or greater than the
band gap of BFO, the electrons receive energy and transfer
of electrons takes place from the VB to the CB which result
in the creation of a hole (h+) in the VB and an electron (e−)
in the CB. In the mixed-phase BFO, BiFeO3 has the band
gap energy value of around ~ 2.3 eV (Mocherla et al. 2013)
and Bi25FeO40 has the band gap energy value of ~ 1.8 eV
(Wang et al. 2017). The electrons from the conduction band
of BiFeO3 get transferred to the conduction band of

Bi25FeO40, and thus, the conduction band of Bi25FeO40 acts
as electron centre. The holes in the valence band of
Bi25FeO40 transfer to the valence band of BiFeO3 and thus
forming hole center in BiFeO3. Thus, electron hole recom-
bination rate reduces, leading to superior photocatalytic ac-
tivity of mixed-phase BFO. The apparent band gap energy
of the mixed-phase BFO is also lower than BiFeO3, thus
making it a better visible light active photocatalyst. The
holes react with water and generate hydroxyl radicals, which
can oxidize the organic pollutants. The electron in the con-
duction band of Bi25FeO40 reacts with oxygen on the cata-
lyst surface in the reduction process and produces oxide
radicals. These oxide radicals reduce the organic pollutants.
The oxide radicals may further lead to the formation of
hydroxyl radicals. These oxidation and reduction processes
lead to degradation of the organic pollutants under solar,

Table 1 Degradation of dyes by using BFO nanoparticles

Catalyst Dye Light source (irradiation
time)

Percentage degradation Reference

2.5 g/L pure BFO 10 mg/L methyl orange UV (6 h)
Visible (14 h)

71%
39%

Xian et al. (2011)

0.03 g/L pure BFO 5 mg/L methyl orange Visible (450 min) Complete degradation Gao et al. (2014)

BFO with inverse opal structure 10 mg/L Rhodamine B UV (2 h) 7 to 8% Tan et al. (2015)

0.1 g/L of hydrothermally grown BFO
With O2 and H2O2 as the oxidant

3.9 mg/L methyl violet dye Solar (2 h) 40% (O2 as oxidant)
Complete degradation

(H2O2 as oxidant)

Dhanalakshmi
et al. (2016)

0.1 g/L with mixed-phase BFO
nanoparticles

10 mg/L AY-17 UV (135 min)
Visible (135 min)
Solar (135 min)

90%
85%
Complete degradation

Present study

0.1 g/L with mixed-phase BFO
nanoparticles

10 mg/L RB-19 UV (135 min)
Visible (135 min)
Solar (135 min)

86%
84%
Complete degradation

Present study

Fig. 8 Proposed mechanism for photodegradation of dyes by fabricated BFO nanoparticles under UV, visible, and Solar light
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UV, or visible light irradiation. The scheme of reaction series
occurring during photocatalytic process is presented below
(Khanna and Shetty 2013).

BFOþ visible light→BFO ecb
− þ hvb

þð Þ ð5Þ
BFO hvb

þð Þ þ H2O→BFOþ Hþ þ OH− ð6Þ
BFO hvb

þð Þ þ OH−→BFOþ OH* ð7Þ
BFO ecb

−ð Þ þ O2→BFOþ O2
* ð8Þ

Dyeþ OH*→products ð9Þ
Dyeþ O2

*→products ð10Þ

Effect of pH on the photocatalytic degradation
of AY-17 and RB-19 dyes under solar, UV, and visible
light irradiation

pH of the solution is one of the prominent factors which
affect photocatalysis (Barakat et al. 2005). Thus, the effect
of pH on degradation of AY-17 and RB-19 dyes using BFO
nanoparticles under UV, visible, and solar irradiation was
studied. The experiments were conducted with initial dye

concentration of 10 mg/L and with 0.1 g/L of BFO loading.
Figure 8 presents the percentage degradation of AY-17 and
RB-19 dyes obtained after an irradiation period of 135 min
at different initial pH conditions of 5, 7, and 9. As shown in
Fig. 9, the percentage degradation of the dye decreased
when the initial pH was increased from acidic to neutral
and then to alkaline conditions. The maximum degradation
of both the dyes occur at pH 5 under solar, UV, and visible
light irradiation. Acidic pH is found favorable. The surface
charge of BFO nanoparticles changes with change of solu-
tion pH. According to Soltani and Entezari (2013), positive
holes predominantly act as the major oxidation species at
acidic pH, whereas hydroxyl radicals act as the predominant
species in neutral or higher pH. AY-17 and RB-19 are the
anionic dyes (Ashraf et al. 2013; Hadjltaief et al. 2014). In
acidic solutions, the surface of the photocatalyst may have
positive charge due to the increase in the H+ ions in the
solution, which leads to strong electrostatic attraction be-
tween the positive charge of the surface and anionic dye
molecules and thus increases the adsorption rate. In high
pH levels, hydroxyl ions compete with the dye anions for
the adsorption sites (Brunauer et al. 1938; Alkan et al.
2004). Higher adsorption at lower pH values facilitate higher
rate of photocatalysis at acidic pH.

Fig. 9 Percentage degradation of a AY-17 and b RB-19 dyes at different pH under solar, UV, and visible light irradiation

Fig. 10 Plot for pseudo-first-order kinetics of degradation of a AY-17 and b RB-19 dyes under solar light at conditions: pH = 5, catalyst used = 0.1 g/L
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Kinetics of degradation of AY and RB dyes under UV,
visible, and solar irradiation

The studies presented in earlier sections showed that the pho-
tocatalytic activity of BFO is the maximum under solar irra-
diation and at pH 5. Thus, the kinetics of photocatalysis of AY-
17 and RB-19 under solar light with initial pH of 5 was eval-
uated. Studies on kinetics of degradation help in the prediction
of rate equation. The Langmuir–Hinshelwood (L–H) model
presented as Eq. (11) (Matthews 1987) is generally used to
describe the solid–liquid reaction successfully.

r ¼ KobsKR C= 1þ KR Cð Þ ð11Þ

where r is the reaction rate, C is the concentration of the
dye (color) in millimolar, Kobs is the constant, related to ad-
sorption, and KR is the reaction rate constant. Modified form
of L–H model is given by Eq. (12)

1

r
¼ 1

Kobs KRC
þ 1

Kobs
ð12Þ

The rate of degradation at different concentrations was de-
termined by drawing tangents at different interval of time, on
plots of dye concentration vs. time data obtained by batch
experiments. 1/r vs. 1/Cwas plotted, and values for the kinetic
parameters were estimated from the slope and intercept. The
applicability of L–H equation for the degradation of both AY-
17 and RB-19 dyes has been confirmed by the linear nature of
the plots as shown in Fig. 10.

The R2 values indicated in the plots show the goodness of
fit. Table 2 presents the values of Kobs and KR of the kinetic
model for the degradation of both the dyes. Applicability of
L–H kinetic equation shows that the photocatalysis of both the
dyes by BFO is an adsorption-controlled process.

Conclusions

In the present study, nanocrystalline mixed-phase BFO
(BiFeO3/Bi25FeO40) particles of average particle size of
76 nm and band gap energy of 2.2 eV were synthesized by
co-precipitation method using KOH. The BFO nanoparticles
exhibited better photocatalytic activity in terms of degradation

of two dyes, AY-17 and RB-19, under solar light irradiation as
compared to that under UVor visible light irradiation. Acidic
pH was found to be favorable for degradation of both the dyes
under UV, visible, and solar irradiation. Around complete
degradation of AY-17 dye and 95% degradation of RB-19
could be achieved in 135 min of irradiation at initial pH of 5
by solar photocatalysis. The kinetics of degradation of both
the dyes under solar light followed Langmuir–Hinshelwood
kinetic equation showing that photocatalysis is adsorption
controlled. The present work proves that the mixed-phase
BFO nanoparticles synthesized by co-precipitation method
using KOH are the promising photocatalysts for treatment of
dye containing effluents from industries, and they can be used
for solar photocatalysis in regions of abundant sunlight for
wastewater treatment by photocatalysis. Its efficacy under
UVand visible light irradiation implies that it can also be used
under artificial irradiation with UVor visible light during pe-
riods when solar light is not available.
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