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In this work, pure bismuth ferrite (BiFeO3) as a visible-light photocatalyst has successfully synthesized
via ultrasonic method in a short time and low temperature. The product was characterized by different
techniques. Then, the degradation of Rhodamine B (RhB) was investigated under sunlight irradiation by
bismuth ferrites synthesized with ultrasound. The RhB in solution was completely degraded in 35 min
under applied conditions in acidic medium. The nanocatalyst did not exhibit significant loss of activity
even after four cycles of successive uses. The total organic carbon (TOC) measurements displayed a com-
plete mineralization in 90 min. To determine the mechanism of photocatalytic degradation of RhB, differ-
ent methods were used. Based on the results, two possible competitive photodegradation pathways
proposed: chromophores cleavage and N-deethylation. The hole as a reactive species had a key role in
the degradation process. The BiFeO3 (BFO) nanoparticles synthesized with ultrasound exhibited higher
crystallization, smaller crystallite size and a higher photocatalytic activity than the sample synthesized
with sol–gel method in stricter conditions.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Degradation of the dyes in industrial wastewaters has gener-
ated considerable attention due to their huge volume of produc-
tion, slow biodegradation, low decoloration and high toxicity [1].
In addition of azo dyes, the degradation of triphenylmethane dyes
has been investigated previously [2–4].
During the dyeing process, nearly 1–20% of the total world pro-
duction of dyes is released in the textile effluents [5,6]. Rhodamine
B (RhB) is a typical cationic dye with high solubility in water and
has been broadly used as a colorant food and in textile industries.

Todays, photocatalysis was proved to be as an excellent method
over than others due to the use of oxygen as an oxidant, oxidation
of the organic compounds at low temperatures and even at low
concentrations, and complete mineralization. TiO2 is used for the
degradation of many organic compounds under UV irradiation.
Approximately, less than 4% of solar spectrum includes the UV
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irradiation, while more than 50% is visible light. Hence, develop-
ment of non-titania semiconductors with strong absorbance in
the visible region is very important [7–9].

Perovskite-type BiFeO3 (BFO) is known as one of the several
compounds that demonstrates the coexistence of ferroelectric
and antiferromagnetic orders above room temperature with Neel
temperature (TN �375 �C) and Curie temperature (TC �830–
850 �C) [10]. Also, nanopowder shows a weak ferromagnetic (FM)
order at room temperature which is quite different from the linear
magnetization–magnetic field relationship in the bulk [11].

In addition to the potential magnetoelectric applications, it exhibits
applications as a visible light photocatalyst due to its narrow band-gap
energy (2.1 eV), high chemical stability during the photocatalytic pro-
cess, and as multiferric compound [12]. The photocatalytic activity of
BFO has been reported before by others [13–17].

The fabrication of BFO by different methods often is complex
and performs at high temperatures which lead to impurity phases
such as Bi2O3, Fe2O3, and Bi2Fe4O9 [18,19].

In order to eliminate these limitations, ultrasound can be used as
an energy source. Sonochemistry has been successfully used for the
fabrication and modification of nanosized functional inorganic
materials [20]. The chemical effects of ultrasound arise from acous-
tic cavitations that are the formation, growth and collapse of the
bubbles in liquid [21].

The recent works has been done in our lab confirmed that the
ultrasound has a critical role in the synthesis of crystalline nanom-
aterials [22–25], degradation of dye [26,27] and also photocatalytic
degradation of the dye [28,29].

In this work, ultrasound has been applied in the preparation of BFO
nanoparticles for the photocatalytic applications. The sonosynthesis of
BFO nanoparticles were carried out in a short time under mild condi-
tions. The complete degradation of RhB was approved in the presence
of BFO nanoparticles under direct solar light irradiation.
2. Materials and methods

2.1. Chemical and materials

Bismuth nitrate (Bi(NO3)3�5H2O), Iron nitrate (Fe(NO3)3�9H2O)
and Ethylene glycol (EG) from Merck have been used without fur-
ther purification. RhB from Aldrich, were used as received. Ethanol,
T-butyl alcohol and Potassium iodides were analytical reagent
grade and used without further purification and de-ionized water
were used for the sample preparation.

2.2. Preparation of BFO

First, 0.008 mol of Bi(NO3)3�5H2O, in EG was sonicated for 15 min
to form a transparent solution. The initial temperature was 9 �C and it
was reached to 35 �C during the sonication and in case of without
ultrasound, it lasts 2.5 h at 35 �C. Second, stoichiometric proportion
of Fe(NO3)3�9H2O was added into the solution. The mixture was son-
icated for another 5 min at the same temperature to obtain a brown-
ish red sol. This step without sonication was stirred for 1 h. Then the
samples were kept at 70 �C to form a xerogel. The obtained powders
were calcinated at different temperatures (400 and 500 �C for 0.5 h).
Finally, the powders washed with distilled water and absolute alco-
hol for several times and dried at 70 �C.

2.3. Characterization and equipment

The Fourier-transformed infrared spectroscopy (FT-IR, Avatar 370)
using the KBr pellet method were recorded on a Thermo-Nicolet
spectrometer and the crystalline structure was identified by X-ray
diffraction (XRD, Phlips PW1800) employing Cu Ka (k = 1.5406 Å,
2h = 10–70�). The samples’ morphology and size were examined with
scanning electron microscope (SEM, VP 1450 LEO) and transmission
electron microscope (TEM, Leo 912 AB). The magnetization of the prod-
uct was measured with vibrating sample magnetometer (VSM, HH-20)
operating at ambient temperatures. The light absorption ability was
analyzed by UV–vis diffuse reflectance spectra (DRS, MC-2530). Ther-
mogravimetric analysis and differential thermal analysis (TGA/DTA,
Shimadzu TA-50) were carried out in air from 30 to 1000 �C at a heating
rate of 10 �C min�1. The absorption spectrum of RhB was measured
using a UV–vis spectrophotometer (Unico 2800). The total organic
carbon (TOC, Shimadzu) was determined by TOC-V CPH. Gas chro-
matography/mass spectrometry analysis (GC/MS, QP2010 with col-
umn RT X-5MS) was carried out for clarification the temporal course
of the reaction.

The point of zero charge (PZC) of the sample was determined by
plotting the final pH versus the initial pH [30]. The intercept of this
curve with the straight line corresponding to equal pH of initial
and final is the pHPZC (Fig. S1).

The ultrasonic irradiation was applied with equipment operat-
ing at 20 kHz (Branson Digital sonifier, W-450 D).

2.4. Activity test

The catalytic activity of BFO nanoparticles has been evaluated
for the photocatalytic degradation of RhB in an aqueous solution.
In this case, the Pyrex glass vessel containing 100 mL RhB
(25 mg L�1) and 0.05 g of catalyst at pH 2.5 was magnetically stir-
red. Several stirrer were used in equal rate of stirring and predeter-
mined time intervals on the window ledge under direct solar
radiation in consecutive sunny days in July 2012 between 11 am
and 3 pm (GPS coordinates: N = 36�18041.600, E = 59�31054.200). The
temperature of the solution was between 28 and 32 �C. Before sun-
light irradiation, the solutions were magnetically stirred in a dark
place to attain adsorption–desorption equilibrium between the
dye and photocatalyst. The experiment was carried out in different
times and 10 min was required to reach equilibrium.

Different amounts of catalyst (0.20 g L�1, 0.50 g L�1, 0.75 g L�1

and 1.00 g L�1) were tested (not shown) and the best dosage was
selected (0.50 g L�1). It should be mentioned that by increasing
the amount of catalyst, the turbidity of the suspension was also in-
creased and this led to the decrease of light penetration and light
scattering [31]. At given interval times, about 5 mL of suspensions
were sampled and separated from the solution with an external
magnetic field. The removal of RhB was determined based on the
absorption at 553 nm using a UV–vis spectrophotometer. Then,
the absorption was converted to concentration through the stan-
dard curve of RhB (Fig. S2).

Experiments under different pH were also carried out to reveal
the role of pH on the photocatalytic activity of BFO nanoparticles.
The pH values were adjusted by adding HCl or NaOH. The desorp-
tion test was performed on the surface of BFO after separation from
the solution. The separated BFO was dispersed in 100 mL of aque-
ous solution with pH = 10, then the solution was filtered from the
solid phase and the absorption was measured at 553 nm using a
UV–vis spectrophotometer.

For identification of the intermediates, after decolorization of
RhB for about 40 min, the liquid phase was separated from catalyst
by an external magnetic field. Then, the organic phase was ex-
tracted for different analyses.

3. Results and discussion

3.1. Characterization of the catalyst

The FT-IR spectrum of BFO nanoparticles synthesized with
ultrasound is shown in Fig. S3. The broad band between 3000



Fig. 1. XRD patterns of BFO nanoparticles synthesized by: (a) sol–gel, and (b)
ultrasonic method.

Fig. 2. (a) SEM, and (b) TEM images of the as-prepared BFO sample by ultrasound.
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and 3500 cm�1 was attributed to O–H stretching, while a band
around 1622.45 cm�1 corresponds to the bending vibrations of
H2O [32]. The strong absorption peaks near 440 and 559 cm�1

are assigned to Fe–O stretching and O–Fe–O bending vibrations
of BFO nanoparticles, respectively, being characteristics of the
octahedral FeO6 group in the perovskites compounds [33].

Fig. 1 shows the XRD patterns of BFO nanoparticles synthesized
via ultrasound and sol–gel methods. In Fig. 1a, the impurity of
Bi2O3 was detected in the sample synthesized via sol–gel method
but, under the similar conditions, pure BFO nanocrystals were syn-
thesized via ultrasound (Fig. 1b). The reflection peaks of the sample
prepared via ultrasound can be indexed as a single-phase perov-
skite structure belonging to the space group R3c, which is in good
agreement with the literature data of JCPDS Card No. 86-1518. The
calculated lattice parameters (a = b = 5.5774 Å and c = 13.8667 Å)
are in agreement with rhombohedral BFO nanoparticles according
to the reported data. It can be seen from Fig. 1b that the diffraction
peaks become broader for BFO nanopowders prepared via ultra-
sound which is due to the smaller size of the particles. The average
crystallite size obtained from the Debye–Scherrer formula was
37.12 nm and 81.43 nm for the samples prepared via ultrasound
and sol–gel methods, respectively.

The smaller crystallite size of BFO nanoparticles prepared by
ultrasound could be attributed to the higher rate of crystal nucle-
ation than crystal growth during the sonication process [34].

The morphology of BFO samples were investigated by SEM, and
TEM. Fig. 2a shows uniform nanoparticles with narrow size distri-
bution. The mean particle size of the spherical nanoparticles is
about 60–80 nm based on Fig. 2b.

The magnetic properties of the as-synthesized BFO nanoparti-
cles were measured by VSM at room temperature. Fig. 3 shows
the variation of magnetization (M) versus applied field (H). As it
is shown in Fig. 3, a weak FM order with a low magnetic saturation
of about 3.0 emu g�1 is observed for the BFO nanoparticles at
300 K.

The TGA-DTA curves for BFO nanoparticles are shown in Fig. S4
from 600 to 900 �C. The weight of the sample remains constant
over the whole temperature range. A distinct endothermic peak
at around 834 �C (Curie temperature, TC) was observed which is
attributed to the ferroelectric–paraelectric phase transition. The
Curie temperature of BFO nanoparticles depending on the process-
ing conditions that could vary slightly, and there is no agreement
on the values of the Curie point for BFO by various research groups
[35,36].
3.2. UV–vis DRS analysis

The optical absorption of the as-prepared BFO nanoparticles is
important due to the UV–vis absorption edge which is related to
the band gap energy of the photocatalyst. According to the UV–
vis DRS spectrum (Fig. 4), the BFO nanoparticles have a strong
photoabsorption property in the visible light region. As shown in
the inset of Fig. 4, the band-gap energy was calculated by using
Tauc’s equation [37]. The corresponding band gap energy esti-
mated by extrapolating the linear portion of (ahm)2 against hv plot
to the point a = 0. The band gap is estimated about 2.00 eV, which
is comparable with previous results 2.10 eV and 2.03 eV [38,39].
Thus, BFO nanoparticles may have a potential application as an
appropriate photocatalyst for decomposition of materials in the
visible region.
3.3. Removal of RhB

For comparison, the same photocatalytic degradation experi-
ments were performed with BFO nanoparticles synthesized by
sol–gel and ultrasonic methods. Although BFO nanoparticles syn-
thesized in stricter conditions in sol–gel than ultrasonic method,
but the sample synthesized with ultrasound exhibited a higher
photoactivity (Fig. S5). During the acoustic cavitation process, very
high temperatures (>5000 K), pressures (>20 MPa), and cooling
rates (>1010 K s�1) can be achieved upon the collapse of the bub-
bles [20,21,40] which provide a favorable environment for the
anisotropic growth of the nanocrystals. Therefore, it is believed
that ultrasound causes a higher surface area and smaller particle
size of the products [41,42]. Under ultrasound the photocatalytic
reaction area is increased and the efficiency of the electron–hole



Fig. 3. Room temperature M–H hysteresis loop of BFO nanoparticles.

Fig. 4. UV–vis DRS spectrum of BFO, the inset shows the calculation of the band gap
of BFO nanoparticles.

Fig. 5. Photocatalytic degradation of RhB on BFO nanoparticles at different pH.
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separation is also promoted [43,44]. As the results showed that the
sample synthesized via ultrasound exhibited higher photocatalytic
activity than the sample synthesized via sol–gel method, therefore,
the whole experiments were performed with the sample prepared
by ultrasound.
3.4. The pH of medium

The effect of pH on the photodegradation efficiency of the dye is
very important, because it influences the surface-charge-proper-
ties of the photocatalyst and affects the ionic species in the solu-
tion. Hence, the adsorption of dye molecules changes onto the
photocatalyst surfaces at different pH. As shown in Fig. 5, in natural
pH of the solution (4.3) and in basic medium (pH = 10.0), the pho-
todegradation rate of RhB over BFO nanoparticles surface can be ig-
nored. But with decreasing the pH from 4.3 to 3.5, the
photodegradation rate of RhB greatly increased. However, a drastic
increase of the photodegradation rate was found at pH 2.5.

The charge state of RhB is dependent to the pH of solution. The
pKa value for the aromatic carboxyl group presented on the RhB
molecule is about 4.0. When the pH of solution is lower than 4.0,
the carboxylic groups on the RhB are shifted to acidic form. Due
to the equilibrium, there are some available carboxylic anions in
the solution that adsorbed on the surface and then the equilibrium
shifted to compensate the adsorbed species. This process can be
continued until a complete removal (Fig. S6a).

When the pH of solution is higher than 4.0, the carboxylic acid
group can be ionized and the zwitterion form of RhB (Fig. S6b) is
formed [45]. In addition, the zwitterion form of RhB in water
may increase dimerization of RhB due to the attractive electrostatic
interactions between the carboxyl and xanthenes groups of the
monomers. This makes the molecule too large and the density of
the charges is reduced due to the mutual interactions between
two monomers and under this condition the RhB removal might
be inhibited [46,47].

On the other hand, at pH > pHPZC (pHPZC = 7) of the BFO, exces-
sive OH� compete with COO� in binding with –N+ and the aggrega-
tion of RhB decreases, so the solid surface is negatively charged and
the BFO nanoparticles repels the COO� groups on the RhB at basic
condition. Therefore, the amount of adsorption and degradation
were completely decreased on the surface of photocatalyst.
3.5. Adsorption isotherm

The adsorption of organic molecules on the surface of catalyst
plays an important role in the photocatalytic process. Therefore,
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it is important to determine the adsorption isotherm. As the cata-
lyst is active with respect to the light, the adsorption isotherm was
carried out in the dark place. The Langmuir model was applied on
the experimental data and the linear form of the Langmuir model is
represented by the following equation [48]:

ce

qe
¼ 1

qmK

� �
1

qm

� �
ce ð1Þ

where qe (mg g�1) is the amount of dye adsorbed on the catalyst at
equilibrium, ceq (mg L�1) is the dye concentration in solution at
the equilibrium, K (L mg�1) is the equilibrium constant, and
qmax (mg g�1) is the maximum amount of dye adsorbed on the
catalyst. The calculated values of the Langmuir parameters
are K = 0.163 L mg�1, 0.115 L mg�1and qmax = 64.22 mg g�1,
55.42 mg g�1 for the sample synthesized via ultrasound and sol–
gel methods, respectively (Fig. S7). The BFO exhibited a high adsorp-
tion at dark that is appropriate for high photodegradation of dye on
the surface of BFO.

3.6. Photocatalytic degradation

Before irradiation, the solution was magnetically stirred in the
dark place for different interval times to attain adsorption–desorp-
tion equilibrium between the dye and photocatalyst. The optimum
time to reach equilibrium was 10 min. Then the solution, after
reaching equilibrium in the dark, was placed in the presence of
sunlight irradiation for different interval times and the UV–vis
absorption results was shown in Fig. 6a. According to Fig. 6a, the
absorption peak decreases considerably throughout the irradiation
time and shifts to lower wavelengths based on the N-de-ethylation
Fig. 6. (a) UV–vis absorption spectra of RhB solution at different contact times with BFO
of RhB during the process, (c) comparison of initial and final states of the process, (d) th
irradiation, and (e) TOC change of RhB solution versus time.
mechanism [49]. Inset of Fig. 6a shows a shift of 31 nm for the
solution under sunlight irradiation in 20 min.

After 30 min irradiation, a fully N-de-ethylation and break up
conjugated xanthene ring take place under sunlight conditions.
Fig. 6b shows the color change of RhB solution during the sunlight
irradiation.

Desorption of species from the surface of the catalyst (in dark
and light) was performed and the concentration of RhB in the solu-
tion and on the surface are shown in Fig. 6d. After reaching equilib-
rium in dark, according to the desorption test from the adsorbed
sample, approximately 63% of RhB was adsorbed and the rest
was remained in the solution. This result shows that the BFO nano-
particles have a high adsorption capacity for RhB that is favor for
the photocatalytic decomposition. The FT-IR (Fig. S8) result con-
firmed the adsorption of RhB on the surface of BFO nanoparticles
in the dark place.

In the presence of sunlight irradiation, the concentration of RhB
was decreased on the surface and replaced by the solution. After
30 min of sunlight irradiation, the concentration of RhB in solution
was zero, but some dyes (10%) remained on the surface of the pho-
tocatalyst that needs more time for complete degradation (Fig. 6d).
After 35 min of irradiation, the RhB remained on the surface of BFO
nanoparticles was degraded too.

It is also demonstrated that the color of the catalyst before and
after use was the same. It means that RhB is degraded completely
because there is no RhB in the solution and on the catalyst (Fig. 6c).
In addition, the FT-IR results in Fig. S8 confirmed this claim.

Besides the removal of color, the lowering of TOC was another
important parameter in degradation process. Fig. 6e shows the
TOC changes of RhB solution during the sunlight irradiation. In
nanoparticles, the inset is the change of wavelength with time, (b) The color change
e remaining concentration of RhB in solution and on the surface of BFO during the
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35 min of irradiation, 70% of TOC was decreased and with increas-
ing the time of irradiation to 90 min, the total organic species were
removed from the solution.

Some other experiments were carried out without pre-equilib-
rium in dark and the catalyst was directly mixed with the RhB
solution under the sunlight in different interval times. The results
were similar with and without pre-equilibrium conditions (Fig. S9).
After 40 min of sunlight irradiation a complete degradation was
appeared (not shown).

3.7. Kinetics of photocatalytic degradation

Different initial concentrations of RhB (15 mg L�1, 25 mg L�1,
50 mg L�1, 75 mg L�1) were used for the photocatalytic kinetics
of BFO nanoparticles synthesized in two different methods as
shown in Fig. 7. To calculate the rate constant of photocatalytic
degradation, Langmuir–Hinshelwood model based on Eq. (2) was
applied.

r ¼ � dc
dt
¼ krKc

1þ Kc
ð2Þ

In this equation, r (mg L�1 min�1), kr (mg L�1 min�1), K (L mg�1),
c (mg L�1) and t (min) are the reaction rate, reaction rate constant,
adsorption coefficient of the reactant, reactant concentration and
time of illumination, respectively. When c is very small, Eq. (2)
can be converted to following equation:

r ¼ � dc
dt
¼ krKc ¼ kc ð3Þ

where k (min�1) is the first-order rate constant.
With setting t = 0, c = c0, Eq. (3) can be expressed by the follow-

ing equation:

ln
c
c0
¼ �Kt ð4Þ
Fig. 7. Photocatalytic kinetics of BFO with different initial concentrations of RhB.
(Solid line and dotted line are samples synthesized via ultrasound and sol–gel,
respectively.)
In this equation c0 is the initial concentration and c is the sum-
mation of surface and solution concentrations of RhB at each time.
The surface concentration was measured by desorption process.
The photocatalytic degradation is apparent first-order kinetics
based on the Langmuir–Hinshelwood model, and the rate con-
stants were determined by assuming pseudo-first-order reaction
kinetics [50].

The plots of ln c
c0

versus irradiation time (t) exhibited a straight
line, and via its slope could determine reaction rate constant of
degradation (Fig. 7). It can be seen that the initial concentration
of RhB has a significant effect on the degradation rates, as the rate
constant of photodegradation of RhB is higher when the initial con-
centration is lower. This could be explained that the amount of ac-
tive centers on the photocatalyst is finite, and the excessive
molecules of RhB in the medium causes a reduction in the light
adsorption capability of the catalyst. Thus, the photocatalytic pro-
cess is influenced by the initial concentration of RhB. Also, at the
same illumination time, the relative amount of RhB dye decom-
posed is higher for the sample synthesized with ultrasound than
the sample synthesized with sol–gel method. This is related to
the effect of ultrasound that explained before.

3.8. Stability and reusability of the catalyst

Estimating the stability and reusability of the catalyst is neces-
sary for the evaluation of its practical applications. To investigate
the reusability of BFO nanoparticles in the reaction, the photodeg-
radation experiment was repeated five times. In each time, after
using, BFO nanoparticles were separated from the solution with
an external magnetic field. Then, the collected sample repeatedly
used in successive cycles. In each cycle, BFO nanoparticles
(0.05 g) were added to 100 mL dye (0.50 g L�1 BFO). As displayed
in Fig. 8, RhB was quickly decomposed in each cycle. This suggests
that there is no significant loss of activity after four cycles and
there is a little loss of activity in fifth cycle. It is also confirmed that
the BFO nanoparticles was stable during the photocatalytic oxida-
tion process. In addition, there was no difference between the FT-IR
of the original sample and the samples in the successive cycles
(Fig. S10).

3.9. Visible light driven degradation mechanism

Some experiments were designed to determine the mechanism
of degradation. At first, one experiment was carried out in an aque-
ous RhB solution without BFO nanoparticles. The result showed
Fig. 8. Photocatalytic degradation of RhB in successive cycles on BFO nanoparticles.



Fig. 9. Effect of different scavengers on the photocatalytic activity of BFO
nanoparticles.
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that the absorption intensity and the absorption wavelength did
not change with increasing the irradiation time. It means that
RhB was stable versus light irradiation without catalyst.

To further understanding the effect of active species, two sepa-
rate experiments were performed in the presence and absence of
quenchers in the solution, under identical conditions.

As it is shown in Fig. 9, after addition of KI (a quencher of posi-
tive hole and HO� radicals on the catalyst surface with redox poten-
tial of 1.3 V for the couple I�/I�) [51], the degradation rate of RhB
was strongly inhibited. This result suggests that the degradation
of RhB were mainly done by the hole and/or �OHads. For identifica-
tion the role of each of them (hole and OH�), t-butyl alcohol as a
scavenger of OH� was added to the solution. Based on Fig. 9, by
addition of t-butyl alcohol, the rate of degradation was not chan-
ged. This implies that hydroxyl radicals do not play a major role
in the degradation of the RhB. This behavior could be attributed
to the position of valance band potentials of BFO at the point of
zero charge (pHPZC) that can be calculated by empirical equation
[52–54].

Based on empirical equation, the valence band potential (VVB) of
BFO nanoparticles is about 2.535 V which is lower than the stan-
dard redox potential of OH�, H+/H2O (2.7 V versus NHE) [55] as
shown in Fig. 10. In another word, the photogenerated hole cannot
oxidize the H2O to form OH�.
Fig. 10. Scheme diagram of the photocatalytic reaction of RhB on BFO
nanoparticles.
Furthermore, RhB can absorb visible light in the range of 460–
600 nm which is attributed to its ground and the excited states
[53]. The relative positions of the standard redox potential of the
RhB�|RhB�+ is about �1.09 V s. NHE, and RhB|RhB�+ is about 1.46 V
versus NHE [56]. Under sunlight irradiation, some electrons can
transfer from excited state of adsorbed dye to the conduction band
(CB) of BFO nanoparticles. The transferred electrons can be trapped
by some species on the surface.

One experiment was also conducted to understand the effect of
oxygen. As shown in Fig. 9, the photodegradation efficiency of RhB
was decreased slightly under Ar atmosphere which means that O2

has a negligible effect in degradation. This behavior may be attrib-
uted to the conduction band potential (VCB) position of BFO nano-
particles and O2/O2

�� (Fig. 10).

3.10. Identification of intermediates

3.10.1. FT-IR analysis
The process of degradation of RhB was further examined with

FT-IR (Fig. S11). According to the literature, the assignments for
the RhB (before irradiation) exhibited several bands [57,58]. After
35 min of irradiation, nearly the vibrations of the carbon–nitrogen
bond, the C-aryl bond, and all of the aromatic skeletal and hetero-
cyclic vibrations were disappeared. The band vibrations due to
methyl groups at 1476 and 1446 cm�1 are shifted to 1465 cm�1

and several new peaks are produced. The new strong absorption
at 1022–1097 cm�1 may be related to –C–O–H stretch vibration.
The strong absorption in the region 2854–2959 cm�1 suggests
the intermediates containing –CH2– and C–CH3. In overall, the
FT-IR results show that the large conjugated chromospheres struc-
ture of the dye was destroyed and smaller organic molecules were
formed under solar light irradiation.

3.10.2. GC–MS spectrum
In order to describe the photodegradation pathways and detect

the intermediates during the photodegradation, the GC–MS analy-
sis was used. Fig. 11 shows the GC chromatogram and Table S1
shows the identified intermediates for the sample degraded under
direct sunlight irradiation in 35 min. The results of UV–vis show
that the N-de-ethylation of RhB takes place completely. In the sun-
light irradiations, the intermediates contain benzene rings were
produced in initial stages of destruction of the conjugated chromo-
phoric structure of the dye. The relative intensities were decreased
considerably in further degradation and led to the colorless
Fig. 11. GC chromatogram of the intermediates obtained from the photocatalytic
degradation of RhB on BFO nanoparticles.



Fig. 12. Proposed mechanism of the photocatalytic degradation of RhB on BFO nanoparticles.
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compounds and finally most of them convert to CO2 and H2O at the
end of the process (35 min). In this system, the major products are
corresponding to peaks (tr = 17.558 min), (tr = 17.758 min),
(tr = 18.075 min), (tr = 21.717 min) and (tr = 22.508 min), respec-
tively as shown in Fig. 11. The structure, formula, intensity and
retention times of the products are presented in the Table S1. It
is very important to mention that by increasing the time of irradi-
ation to 90 min, a complete mineralization was achieved.
3.11. Photocatalytic degradation pathway of RhB

UV–vis analysis shows that, under direct sunlight irradiation,
two competitive processes occurred during the photocatalytic
reactions: N-deethylation and destruction of the dye chromo-
spheres. Fully N-de-ethylation and the destruction of the conju-
gated structure were confirmed by FT-IR and GC-mass after
35 min. According to the GC-mass results, the photocatalytic deg-
radation of RhB can be preceded by cleavage of the central carbon
atom to generate benzene rings, opening of benzene rings to pro-
duce small molecular compounds. According to the TOC results,
approximately 70% of the total organic carbon reduced in 35 min,
and the remaining were some small organic molecules that de-
tected with GC-mass analysis. Finally, the mineralization of the
intermediates can be completed in 90 min. Fig. 12 shows the pro-
posed mechanism for the degradation of RhB under sunlight
irradiation.
4. Conclusions

In this work, pure BFO nanoparticles were prepared successfully
by ultrasound without any additives in short time and low temper-
ature. The BFO nanoparticles with measured band gap of 2.0 eV
exhibited high crystallization, smaller crystallite size in compari-
son with the sample prepared by sol–gel method. The synthesized
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catalyst showed a weak FM order at room temperature and a Curie
temperature at 834 �C (TC) which is attributed to the ferroelectric-
to-paraelectric phase transition. The results show that, the
conjugated chromophore structure of RhB was completely
destroyed under direct sunlight irradiation in 35 min. The total
organic carbon measurement displayed a complete mineralization
after 90 min of irradiation. The photocatalyst was stable and active
under visible light irradiation after four successive cycle uses. The
photocatalytic degradation of RhB on BFO nanoparticles could be
preceded via direct reactions of RhB with holes trapped on the
surface. In addition, the photocatalytic degradation of RhB by
BFO nanoparticles were apparent first-order kinetics based on
the Langmuir–Hinshelwood model.
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