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Visible light responsive BiFeOs; microsphere was successfully synthesized by hydrothermal method and firstly used to
activate peroxymonosulfate (PMS) for oxidation and degradation of organic pollutes in water. Rhodamine B (RhB) was

used as a model of organic pollutants. It was found that BiFeOs; reveals high ability to activate PMS that the activated PMS

can generate reactive oxidative radicals for further degradation of RhB. In addition, BiFeOs; exhibited high stability and

reusability in degrading organic pollutants through activation of PMS. Here, the comprehensive studies on the kinetics of

reaction, PMS concentration and reaction temperature have been done and the possible mechanism was then proposed.

Introduction

Dyes are widely used in industry in the forms of textile, rubber,
paints, leather, paper, plastic, and cosmetic. Huge amount of
dyes were released into water every day and this causes
serious environmental problems, such as bad smell, colored
water, and the increase of toxicity, chemical oxygen demand
and biochemical oxygen demand.

Advanced oxidation technologies are considered as
attractive eco-environmental wastewater treatment
technology due to the strongly oxidizing radicals like HO®, O,"”
and OOH"". Among these technologies the classic Fenton agent
(Fe2+, Fe3+/H202) is widely used due to its ability to degrade
organic pollutants into harmless chemicals such as CO, and
H,0. However, this process is restricted to an environment of
low pH (typically 3) and impeded from the follow-up product
separation. Recently, peroxymonosulfate (PMS) successfully
attracts considerable attention to the environmental
applicationsl'3 due to its higher oxidizing potential (1.82 V)
than H,0, (1.76 V) as well as its resultant radical species like
SO, and SOs ™~ in aqueous medium besides HO. In addition,
SO, has more selectivity for the oxidation of organic
pollutants over a wide pH range, that overcomes some
limitations of the conventional Fenton processes. SO,  can be
produced by light (especially UV), transmission metal and heat,
in which the method excited by transmission metal is most
convenient’. Moreover, Cco™is very efficient to excite PMS to
generate SO,”, but it is not a good candidate for its
incompatibility to the environment. Therefore, scientists are
trying to look for new materials or to immobilize co®* on
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various supports such as graphenes, Ti027, Sio;‘, and Bi2039.
Additionally, Fe" has been proved as an effective cation to
excite PMS for decolorization of a mono-azo textile dye and
acid red 88"°.

Perovskite-type (ABO3) important
heterogeneous catalysts in industrial reactions™. In recent
years, the interests of multiferroic materials BiFeO; with
perovskite-type structure have been addressed in the
photocatalyst field due to its narrow band-gap energy (2.1 eV-
2.9 eV) as well as its high chemical stabilityu'M. For example,
Gao et.al have synthesized BiFeO3 nanoparticles ranging from
80 to 120 nm, and confirmed that the degradation associated
with nanoparticles of BiFeOs is significantly more efficient than
that with bulk BiFeO; due to the higher surface area of nano-
BiFeO312. Graphene/BiFeO; composites were synthesized by
growing BiFeO; nanoparticles on graphene sheets to degrade
tetrabromobisphenol A, compared with BiFeO; the composite
presented significantly enhanced visible light Fenton-like
catalytic properties due to a large surface area, much
increased adsorption capacity and the strong electron transfer
ability of graphene in the compositels. Furthermore, BiFeO;
can be used as a heterogeneous Fenton-like catalyst because
of its perovskite structure and the content of Fe element. For
example, the apparent rate constant for the RhB degradation
was very high, which was about 20 folds of that obtained with
Fe;0, nanoparticles as the catalyst under similar conditions™®
when BiFeO3; nanoparticles were used to degrade Rhodamine
B (RhB) with the presence of H,0,. However, the studies on
photocatalyst oxidation of BiFeO; with the presence of PMS
remain limited. We anticipate that the degradation rate of
organic pollutants will increase greatly due to the synergistic
effect of visible light photocatalysis and sulfate radical based
BiFeO3;/PMS/Vis system.

In this study, pure BiFeO; microsphere with perovskite
structure was prepared using hydrothermal method. PMS was
introduced in this system, and the catalytic behaviors were

mixed oxides are
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investigated in terms of reaction kinetics, the concentration of
PMS and reaction temperature and consequently the
degradation mechanism is discussed in the context.

Results and discussion

The powder X-ray diffraction (XRD) pattern of BiFeOs; is shown
in Fig. 1. The vertical lines at the bottom correspond to the

standard XRD pattern of orthorhombic BiFeO3 (JCPDS 74-2016).

As shown in the patterns, all the diffraction peaks can be
assigned to the pure phase of BiFeO; and no noticeable peaks
from other phases were detected. This demonstrates that
single phase BiFeO; has been successfully obtained under
these conditions. The morphologies of the BiFeO3; sample were
examined using SEM, as shown in Fig. 2(a). BiFeO; exhibits
well-defined microsphere morphology, which diameter is
about 16 pm. It can be seen from Fig. 2(b) that the BiFeO;
powders are composed of irregular segments.

The UV-Vis diffuse reflectance spectra of BiFeO; microsphere is
shown in Figure 3, in which the inserted graph is the Tauc's
plot (an UV-Vis absorption spectrum), (onhv)2 vs hv. The
calculated optical band gap of the BiFeO; microsphere is 1.92
eV. BiFeO; microsphere can effectively absorb considerable
amounts of visible light that suggests the potential applications
as visible-light driven photocatalysts. In addition, a secondary
edge that can be also observed at higher wavelengths. The
obvious shift in absorption edge of the sample may be caused
by the morphology of sample”.

RhB was chosen as a model of organic poIIutantsls. Fig. 4(a)
shows RhB was degraded at different conditions. The initial
concentration of RhB is defined as C, while C is referred to the
instantaneous concentration of RhB at different time. The C/Cy
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Fig.1. X-Ray diffraction pattern of BiFeO; microsphere.
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Fig.2. SEM images of BiFeOs.
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Fig.3. UV-Vis absorption spectra of BiFeO; microsphere; inset diagram
indicates its calculated band gap.

values of BiFeO; only, PMS only, BiFeO3; and PMS are 97.5%,
52.9%, 37.0% at the 40™ minute of the reaction time. This
result suggested that: a) BiFeO; exhibits efficient
photocatalytic activity under visible-light irradiation, which has
been confirmed in literatures™” *°. b) PMS itself can directly
oxidize RhB in water under the visible light. This is because
PMS can generate SO,"~ which has strong oxidation ability. c)
BiFeO; can accelerate the degradation of RhB in the presence
of PMS, it is more than 25 times faster than that caused by
BiFeO; itself. Fig. 4(b) shows the UV-Vis spectral changes of
RhB in the presence of BiFeO; and PMS. The intensity of the
absorption peak of RhB at 554nm decreases with time very
quickly and this indicates the destruction of chromophoric
structure of RhB %°.
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Fig.4. (a) RhB degradation under different conditions. (b) UV-Vis
absorbance curves of degraded RhB solutions over the BiFeOs/PMS
under visible light irradiation. Reaction condition: [RhB] = 5mg/L, [PMS]
=5mM, [BiFeOs] = 1g/L, reaction temperature = 25°C.
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Effect of PMS concentration

In order to evaluate the effect of PMS concentration on the
decolorization of RhB, a serious of experiments were carried
out by varying the concentration of PMS from 0 mM to 7 mM
while keeping the other experimental parameters constant. As
shown in Fig. 5(a), the C/C, values are 97.5%, 81.5%, 53.3%,
37.0% and 6.2% for the concentration of PMS at 0 mM, 1 mM,
3 mM, 5 mM and 7 mM, respectively. These observations
indicate that the higher initial PMS concentration, the faster
degraded RhB. The kinetic study of photocatalytic degradation
of RhB was also investigated and fitted by first order reaction
kinetic model, as shown in Fig. 5(b). The rate constant of the
RhB degradation 0 mM, 1 mM, 3 mM, 5 mM is estimated to be
0.0007, 0.0043, 0.016, 0.026 min_l, respectively. The
corresponding R? (correlation coefficient) values are 0.958,
0.943, 0.912 and 0.916, respectively, which are close to 0.99,
proving that the photocatalytic reaction is in line with the
proposed rate law for RhB degradation. The results are similar
to that of MnFe,0,4, which is also used as catalysts to activate
PMS to degrade organic poIIutant521. For PMS 5 mM the
corresponding degradation rate constant of RhB is about 1.6-
fold faster than that of PMS 3 mM, for PMS 3 mM the
corresponding degradation rate constant of RhB is about 3-
fold faster than that of PMS 1 mM, indicating the ratio of rate
constant is nearly equal to the ratio of specific concentration
of PMS.
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Fig.5. (a) Effect of PMS concentration on the removal of RhB by
BiFeOs/PMS processes. (b) Kinetic curves of RhB removal in the
presence of different concentration of PMS. Experimental conditions:
[RhB] = 5mg/L; [BiFeOs] = 1g/L; reaction temperature = 25°C.
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Effect of reaction temperature

The effect of reaction temperature was also evaluated by
carrying out several experiments with varying reaction
temperatures form 25Cto 45°C. As shown in Fig. 6(a), the
degradation rate of RhB could reach 30% in 5 min at 25°C,
while it could be 77% in 5 min at 45°C. It was observed that
higher temperature facilitates higher degradation efficiency of
RhB during the same period. This is because high temperatures
could increase the energy absorption for the O—0 break, which
would generate more sulfate radicals?.

Reusability of BiFeO;

Photocatalyst reusability is an important factor for its practical
application. To investigate the reusability of BiFeO; in PMS
system, several repeated photocatalytic experiments were
conducted under the same reaction conditions. The removal of
RhB could still reach 61% within 40 min, as shown in Fig. 7,
after three consecutive cycle runs, which indicates that the
photocatalytic efficiency consistently remained high. Figure 8
(XRD analysis) also illustrated that the crystal structure of the
BiFeO; photocatalysts did not change after the photo-catalytic
reaction. Therefore, BiFeO; can be regarded as stable
photocatalyst in the experiments.

Possible mechanism

In order to confirm the contribution of the oxidizing radical
species, three scavengers ethanol (EtOH), t-butanol (t-BuOH)
and 1,4-benzoquinone (BQ) were employed. EtOH is capable of
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Fig.6. (a) Effect of reaction temperature on the removal of RhB by
BiFeOs/PMS processes. (b) Degradation efficiency of RbB at different
temperature. Experimental conditions: [RhB] = 5 mg/L, [BFO] = 1 g/L,
[PMS] = 5 mM.
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Fig.7. Reusability of BiFeOs. Experimental conditions: [RhB] = 5 mg/L;
[BiFeOs] = 1g/L; reaction temperature = 25°C.

(b)

(a)

Intensity (a.u.)

30 40 50 60 70
2 theta (degree)
Fig.8. XRD patterns of the BiFeO; (a) after and (b) before the cycling
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photocatalytic experiments.

quenching sulfate as well as hydroxyl radicals because it has a
high reactivity towards both radicals. Whereas t-BuOH mainly
reacts with hydroxyl radical and much slowly with sulfate
radical”®, BQ was used as 0, quencher24. About 88.3% RhB is
found degraded after 60 min when no quenching agent was
added, as shown in Fig. 9. However, the addition of 1M t-BuOH
or EtOH brought ~36.4% reduction (from 88.3 to 51.9 %) or
~46.0% reduction (from 88.3 to 42.3 %) in the degradation of
RhB at 60th min, respectively. The results suggest that the
main generated radical species during the activation of PMS by
BiFeO; are HO® and SO,"” radicals.
The 0O," radical may also play an important role in the
degradation of RhB. Fig. 9 shows that the addition of 5mM BQ
resulted in a 20.0% drop of RhB degradation. However, no
significant decrease is observed during the first 20 mins. The
result indicates the delayed formation of O, during the
reaction.
Previous study shows that the homogeneous Fe3+/PMS
system could produce SO4°~ as the main oxidation species by
the following reactions:

Fe®* + HSOs = Fe?* +S0s" +H"  (1a)

Fe’" + HSOs > Fe®*+ S0, + OH™ (1b)
Combining our experimental results with the data of
homogeneous Fe3+/PMS system in the literature, the possible

25, 26
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Fig.9. Effect of radicals cavengers on the degradation of RhB ([PMS] =
3.0mM, [catalyst] = 1.0g/L, t = 30 °C)

activation mechanism of PMS by BiFeO3 under visible light was
suggested (Scheme 1). BiFeO; with narrow band-gap energy
(1.92 eV) could be easily excited by visible light. The valence
band potential (Eyg) and the conductive band potential (Ecg)
are 2.35 eV and 0.43 eV (vs.NHE), respectively, based on
empirical equation27‘ %
with Fe" and photo-generated holes can react with RhB
directly (Eqns. (2a), (2b) and (2c)). Meanwhile, Fe" and Fe"can
also excite PMS to generate SO4"~ and SOs~ (Eqns. (3a) and
(3b)). Hence, Eqgn. (4) can be derived from Eqn. (3a) and (3b).
From Eqn. (4), no presence of Fe" indicates that the role of Fe"

. Photo-generated electrons can react

is a recycling catalyst. Furthermore, SO4"~ can react with
H,O/OH™ to generate HO® (Eqn.(5))29. Therefore, BiFeO3/PMS
system can generate radical to degrade organic pollutes
efficiently under visible light irradiation, the mechanism can be
expressed briefly by Eqns.6. It is worth mentioning that this
system can also be used efficiently without visible light.
BiFeO; + hv — BiFeO; (eg, + hyy')
ew + =Fe"sites > =Fe"sites (2b

)

hy'+ RhB > CO,+ H,0 (2¢)
=Fe'sites + HSOs — =Fe''sites + SO, + OH™ (3a)
=Fe''sites + HS05  — =Fe'sites +SOs" +H"  (3b)

2HSOs — SO, +S0 +H,0  (4)

SO, +H,0 — SO, +HO  +H" (5)
S0,"/ SOs 7/ HO® + Organic pollutants - [...many steps...] >
CO, +H,0 (6)

Conclusions

In summary, BiFeO; microsphere has been successfully
synthesized by hydrothermal method. BiFeO; demonstrates
higher catalytic activity to activate PMS and results in SO4™~
and SOs"” under visible light and it can also accelerate the
degradation rate of RhB, which is nearly two times with the
presence of PMS than the rate in the system of only PMS itself.
The more PMS used, the faster reaction rate produced, the
ratio of rate constant is nearly equal to the ratio of specific
concentration of PMS. Higher reaction temperature is also

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Mechanism for RhB degradation by BiFeOs/PMS/Vis system

better for the degradation of RhB. A suitable mechanism is
suggested to explain the observed photocatalyzed degradation
of RhB. These results demonstrate that BiFeO3;/PMS behaves
as an efficient material in photocatalytic oxidation of organic
pollutants.

Experiment

Synthesis of BiFeO;

BiFeO; was fabricated by hydrothermal method. In a typical
synthesis, 0.1 mol Fe(NOs);-9H,0 and 0.1 mol Bi(NO3)3-5H,0
were used as raw materials and were dissolved in 15 mL of
distilled water, the amount of KOH was added as a mineralizer,
after stirring for half an hour, the brown suspension were
transferred into Teflon-lined stainless steel autoclave, the
autoclave was then sealed and heated at 200 ‘C for 6 h. After
cooling to room temperature naturally, the precipitates were
collected by vacuum filtration and washed with distilled water
until a pH of 7 was obtained. Then, the produced powder was
dried at room temperature.

Catalytic degradation experiments

Photocatalytic activities of the samples were evaluated by the
degradation of RhB with a 500 W xenon (Xe) lamp, which
positioned in a quartz cold trap with flowing cold water to
avoid overheat caused by lamp long time irritation. The cutoff
filters (A = 420 nm) were used to remove radiation below 420
nm. The degradation experiments were carried out in a
cylindrical Pyrex vessel (250 mL). The vessel with 200 mL RhB
(5 mg L'l) solution was put into the thermostatic oil bath
(increased to and kept at the reaction temperature) and kept
stirring for 30 min to insure the RhB solution reach the desired
temperature, then 0.2 g of BiFeO; was dispersed into RhB
solution and magnetically stirred in the dark for 30 min to
insure the adsorption—desorption equilibrium between the dye
and photocatalyst. A certain amount of PMS was added to the
reactor, and the lamp was turned on immediately to initiate
the photocatalytic oxidation reactions. Once PMS meets dye in
water, dye concentration will decrease quickly. The
concentration of RhB solution was monitored by measuring

This journal is © The Royal Society of Chemistry 20xx

the absorbance at 554 nm and taken the initial concentration
as Cy. After the elapse of a period of time, 4 ml of the solution
was taken and filtered by the 0.22 um membrane in order to
separate the catalyst powders from the solution, where the
instantaneous concentration of RhB was measured at different
time as C.

In the recycling experiments, the solution was deposited for
about one hour to avoid the loss of the catalyst and the
precipitate was centrifuged to collect the photocatalyst after
the added RhB was almost degraded. It was washed with
deionized water as well as ethanol for several times and then
dried at room temperature. Then the final products were
suspended in a fresh solution of RhB and PMS, followed by
RhB degradation as the second cycle. This process was
repeated as the third cycle.

To confirm the contribution of the oxidizing radical species,
ethanol (EtOH), t-butanol (t-BuOH) and 1,4-benzoquinone (BQ)
were employed as radical scavengers. Quenching experiments
were performed by adding the scavengers into the reaction
solution before the participation of PMS.

Catalyst characterization

The crystal structure of dried powders was characterized from
the X-ray powder diffraction (XRD) patterns using a Rigaku
D/MAX 2550 diffractometer with Cu Ka radiation (A = 1.5418
A). Scanning electron microscopy (SEM) images were taken by
a JEOL JSM-6700F microscope at 10 kV. The UV-Vis absorption
spectra of the samples were measured using TU-1901
ultraviolet / visible optical absorption spectrometry. UV-Vis
diffuse reflectance spectroscopic (DRS) studies were carried
out using a Shimadzu UV-3600 equipped with an integrating
sphere at the room temperature in air, and BaSO, was used as
the reference material.
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