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ABSTRACT

In this study, we prepared Bi;_xBaxFeO; MNPs (x =0.03,0.08,0.12) via arapid sol gel procedure to improve
heterogeneous photo-Fenton catalytic degradation of toluene under visible light irradiation. We found
that Ba-substitution in BiFeO3; magnetic nanoparticles (BFO MNPs) can play an important role in improv-
ing the photo-Fenton catalytic degradation of toluene from aqueous solution. Increasing the Ba doping
level up to 12%, greatly affect in iron redox cycling and oxygens vacancies as compared to pure BFO MNPs.
The iron redox cycling and existence of oxygen on the surface of Ba doped BFO had been affected by the
photo-Fenton process. The scavenger effect evident from the study results confirmed that the photo-
Fenton catalytic degradation of toluene from aqueous solution was mainly controlled by the formation
characteristics of hydroxyl radical (*OH) and also partially by the formation of other active species such
singlet oxygen (10;). The proposed radical reaction mechanism was also discussed. The degradation of
toluene was partial in the dark but almost complete under visible light irradiation by the photo-Fenton
catalytic degradation reaction. Bi;x Bax FeO3; (x=0.12) showed the highest photo-Fenton catalytic degra-
dation efficiency with a toluene removal of 98%, total organic carbon (TOC) and chemical oxygen demand

(COD) reduction of 85% and 94%, respectively, after 40 min of visible light irradiation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Volatile and flammable aromatic hydrocarbons such as benzene,
toluene, ethylbenzene and xylene have commonly been used in
solvents and exist in fossil fuels such as gasoline and petroleum
[1,2]. Long-term exposure to volatile organic compound (VOCs)
may cause serious problems such as a wide range of sensory irrita-
tion and acute or chronic diseases.

Various methods have been developed for eliminating VOCs
[3-5]. Among advanced oxidation processes, Fenton (Fe(II)/H,0;)
and photo-Fenton (Fe(Il)/H,0,/UV) reagents have been used in
a lot of wastewater purification processes due to their favorable
organic treatment efficiency [6]. However, homogeneously cat-
alyzed Fenton reactions require higher concentrations of aqueous
iron ions than the 2 ppm permitted by the European Community
Directives [7]. Thus, it has essential requirements for precipitation,
re-dissolution, separation and recovery of the iron species espe-
cially in industrial wastewater treatment due to a large amount
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of iron salts that are presented in the effluents. In heterogeneous
catalysis, ironis perched within the interlayer space of the catalyst’s
structure and can effectively generate hydroxyl radicals (*OH) from
the oxidation of hydrogen peroxide (H,0,), without iron hydroxide
precipitation under non-controlled pH conditions [8,9].

BiFeO3; magnetic nanoparticles (BFO MNPs) belong to the ABO3
type of compounds with a rhombohedral distorted perovskite
structure, which is a new visible-light photocatalyst for the photo
degradation of organic pollutants because of its narrowing band
gap energy (2.2 eV), magnetic property and excellent chemical sta-
bility [10-12]. Multi-ferroic BFO MNPs were used as a catalyst for
ultrasensitive fluorometric determination of hydrogen peroxide
and glucose [13]. BFO MNPs are able to catalytically activate H,0,
for the decomposition of organic pollutants in the dark, but their
catalytic ability for more resistant organic pollutants is rather weak
[14]. Thus, visible light irradiation can be utilized to improve the
catalytic ability of BFO MNPs [9,15]. However, the catalytic ability
of BFO MNPs was not enough to degrade more stable organic pollu-
tants, such as bisphenol A and methyl violet, from aqueous solution.
Therefore, it was necessary to improve the catalytic ability of BFO
MNPs by an in-situ surface modification using chelating agents such
as ethylenediaminetetraacetic acid (EDTA)[16,17]. Recently, it was
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reported that the BFO lattice undergoes a large structural distortion
even at a low concentration of Li doping [18]. It has been reported
that the substitution of Ca and Sr for Bi induced oxygen vacancies
and mixed Fe valences, which can play an important role in the
photocatalytic property of BFO MNPs [19,20].

In this study, we prepared Bi;.yBaxFeO3; MNPs with differ-
ent Ba2* jon-dopant levels (x=0.03, 0.08, 0.12) via a rapid sol
gel procedure to improve heterogeneous photo-Fenton catalytic
degradation of toluene under visible light irradiation. For the first
time, we found that Ba substitution in BFO MNPs greatly improved
the photo-Fenton catalytic degradation of toluene at a very weak
acidic medium, pH=5.5, due to greatly affect in iron redox cycling
and oxygens vacancies as compared to pure BFO MNPs. The iron
redox cycling and existence of oxygen on the surface of Ba doped
BFO had been affected after photo Fenton process. Finally, we found
that, singlet oxygen was partly exhibited roles in the photo-Fenton
catalysis process of toluene in addition to *OH, and relevant radical
reaction mechanism was also proposed.

2. Materials and methods
2.1. Chemicals

Bismuth nitrate (Bi(NOs3 )3 5H,0), iron nitrate (Fe(NO3)3-9H,0),
barium nitrate (Ba (NOs);), and H,0, from Fluka, ethylene glycol
(EG), isopropanol (IP), sodium azide (NaN3) and 1-4 benzoquinone
(BQ) from Merck, and toluene and ethanol from Aldrich were used
as received.

2.2. Catalyst preparation

To synthesize pure BFO MNPs, 25 mmol of Bi (NO3 )3-5H,0 and Fe
(NO3)3-9H,0 were dissolved in 65 mL EG. The mixture was stirred
for 40 min at 30°C to obtain a dark red sol. For the preparation of
Bi;_xBaxFeO3 (x=0.03, 0.08, 0.12), Bi (NO3)3-5H,0, Fe (NO3)3-9H,0
and Ba (NO3), were added to the EG at a molar ratio of 1-x: 1: x;
where x=0.03, 0.08 and 0.12 for 3%, 8%, and 12% Ba doped sam-
ples, respectively. Then, samples irradiated for 40 min at 30°C to
obtain other brownish red sols. Then, all samples were incubated
at 80°C to 20 h to remove the organic pollutants and to form xero-
gels. Finally, the powders were calcined at 500 °C for 1 h at a heating
rate of 6 °C/min to afford pure BFO and Ba doped BFO MNPs, respec-
tively.

2.3. Degradation experiments

This study focuses on the application of the photo-Fenton
catalytic degradation of toluene from aqueous solutions using
undoped and Ba doped BFO MNPs. Before irradiation, the suspen-
sion was magnetically stirred for 45 min in a dark place and then
irradiated for different time intervals at a fixed temperature of
25°C by using a water bath. The photo-Fenton catalytic degrada-
tion of toluene was carried out under the irradiation of a 55W
fluorescent lamp at a distance of 15cm with an emission peak
at 550 nm under continuous magnetic stirring. For photo-Fenton
catalytic degradation of toluene under visible light irradiation, pho-
tocatalyst powder (40- mg) and 0.6-65 mM H,0, were added into
100 mL of toluene solution (100mgL-') in a 250 mL Erlenmeyer
flask with an appropriate cap to stop evaporation of toluene solu-
tion during photodegradation process. After reaction completion,
the photocatalyst was easily separated from the solution by using
an external magnetic field. The concentration of the toluene solu-
tion was evaluated by measuring the intensity of the absorption

peak at 205 nm using a UV-vis spectrophotometer. The conversion
of toluene was defined as the following Eq. (1):

-C
0

Conversion = [CO ] x 100 (1
Where Co is the initial concentration of the toluene solution and C
is the concentration of toluene remaining in the solution after the
photocatalytic reaction.

Furthermore, a blank solution (without the photocatalyst) was
used in all experiments to evaluate the amount of toluene evapo-
ration. Toluene evaporation during the photo degradation process
was negligible when a cap was used

2.4. Characterization equipment

The crystalline structure was identified by using X-ray diffrac-
tion (XRD) (BrukerD8Advance) with monochromatic Cu Ko
radiation (A =1.5406 A). The samples’ morphology and size were
examined by transmission electron microscopy [(TEM, JEOL TEM
Model 2100)]. To analyze the chemical states of the constituents,
X-ray photoelectron spectroscopy (XPS) was conducted with a
Thermo Scientific Sigma Probe spectrometer with a monochro-
matic AlKa source (photon energy 1486.6eV), spot size 400 m,
pass energy 200eV and energy step size 1.0eV. A Genesis 10S
UV-vis spectrophotometer was used to obtain the absorbance of
toluene at Aax of 205 nm. The chemical oxygen demand (COD) test
was used to express the COD of toluene solution. The total organic
carbon (TOC) of the toluene solution was determined by TOC 500 A
(Shimazu, Japan).

3. Results and discussion
3.1. Characterization of the catalyst

3.1.1. XRD results

XRD patterns of as-prepared pure BFO and Ba doped BFO sam-
ples with varying content of Ba are shown in Fig. 1. All XRD peaks
corresponding to BFO perovskite structure with R3c space group
(JCPDS No. 86-1518), demonstrating that single crystalline BFO
MNPs phase. The rhombohedral structure of BFO MNPs does not
change appreciably with Ba doping, except increase in BiysFeOsg
impurity phases. From a small magnified section of XRD patterns in
the 20 range of 31-33, it is clear that the (104) and (110) peaks split
for pure BFO MNPs and it was merged into a single (110) peak, aris-
ing from the substitution of larger ionic radius of Ba2*(1.36 A) than
that of Bi3*(1.17 A). The calculated crystalline sizes using Scherer’s
formula were found to be 33. 23 nm, 31.7 nm and 30.1 nm for pure
BFO, Ba 8% —BFO and Ba 12%-BFO, respectively. Compared with
the pure BFO MNPs, with increasing the Ba doping content, the
crystalline size of Ba doped BFO slightly decreased, revealing the
structural distortion of BFO induced by the Ba doping.

3.1.2. XPS results

Further evidence for the quality and composition of the BFO
and Ba doped BFO MNPs was obtained from XPS studies. The sur-
vey spectra from 0 to 1000 eV for pure and Ba doped BFO MNPs as
shown in Fig. 2 confirm the presence of Bi, Fe, O and minor quanti-
ties of Ba for Bi;_xBaxFeO3 (x=0.03, 0.08 and 0.12), without traces
of any other impurities and with the exception of a small amount of
adsorbed carbon peak C 1s at 285 eV to calibrate the system. Fur-
thermore, in the pure BFO MNPs, the molar ratio of bismuth, iron
and oxygen is almost 1:1:3. However, in the Ba doped BFO MNPs
samples, the amounts of Ba identified by the XPS analysis were a
little less than those actually added in the synthesis. The detected
atomic fractions of Ba in Ba doped BFO MNPs were 2.8, 7.5 and 11.6
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Fig. 1. XRD patterns for Bi;_xFeO3; MNPs (x=0, 0.08, 0.12); insets show the patterns of the main peak near 32°in BFO and Ba doped BFO MPNs samples.
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Fig. 2. XPS survey spectra of Bi;_xFeO; MNPs (x=0, 0.03, 0.08, 0.12).

in at.%, which are slightly lower than those (3, 8 and 12%) actually
added in the synthesis, respectively.

To further measure the oxidation states of Fe and oxygen with
Ba doping, high resolution XPS spectral analyses of Fe 2Pz, were
performed for pure BFO and Ba doped BFO as shown in Figs. 3 and 4,
respectively. In the high resolution XPS of Fe 2ps); (Fig. 3), the bind-
ing energies of Fe 2p3, at 709.2 eV and 711.1 eV correspond to Fe2*
and Fe3*, respectively. The fitting results of the peaks for the valence
states of Fe ions revealed that the almost Fe3* exists in the structure
of pure BFO MNPs. As shown in Fig. 3b and ¢, Fe?* and Fe3* simul-
taneously existed in Bi;_yBayFeO3 MNPs (x=0.03, 0.08). However,
the high proportion of Fe?* to Fe3* species becomes remarkably
pronounced for these samples. However, the binding energy for
Fe 2p3j, was completely shifted from 711.1eV for the pure BFO
to 709.2 eV for the Ba doped BFO MNPs (x=0.12). The main rea-

son for the binding energy shift with conversion of Fe3* into Fe2*
after Ba doping is that the substitution of Ba2* for Bi3* sites in BFO
MNPs creates some defects due to their unequal electrical charge,
leading to the generation of some oxygen vacancies and Fe2* to
keep electrovalent equilibrium [21]. A clear change in the ratio of
Fe2* to Fe3* species after Ba substitution claimed that the photo-
Fenton catalytic activity of toluene mainly affected from Fe2*and
Fe3* species in Ba doped BFO MNPs.

Similar to Fe 2p3), the O 1s peak of pure BFO MNPs undergoes
clear variations after Ba substitution. As shownin Fig. 4, oxygen O 1s
spectra were fitted roughly with two peaks, O (I)and O (II). O (I) with
binding energies around 528.6 eV is the characteristic of lattice oxy-
gen, while O (II) with binding energies around 531.9 eV is mainly
related to the absorbed oxygen or defect-oxide [22]. At low level
of Ba doping (3%), high proportion of lattice oxygen at 528.6.0eV,
while low proportion of absorbed oxygen or defect-oxide are pre-
sented at 531.9 eV can be seen (Fig. 4b). The reduced proportion of
oxygen vacancies at the low concentration of Ba-substitution (3%),
is due to the filling the plausible vacant by volatilized Bi3* [21].
However, the proportion of oxygen vacancies was increased as the
Badopinglevel was further increased up to 12%. The main reason for
high proportion of oxygen vacancies with increasing of Ba doping
is due to the neutralization of the charges produced by substituting
BaZ* for Bi3* [21]. An increase in the number of surface vacancies
and defects due to Ba substantiation, rolled as active centers to
capture photo-induced electrons and accelerates the photo-Fenton
catalytic degradation of toluene with generation of further *OH.

XPS spectral analyses of Fe 2P3j, and O1s represented that with
the increase in Ba2* content at the Bi site, relative contribution of
Fe2* and oxygen vacancies increased. The maximum proportion of
Fe2*: Fe3* and oxygen vacancies can be observed in the 12% Ba
doped BFO MNPs.

3.1.3. TEM analysis

Fig. 5 shows morphological investigations of undoped and Ba
doped BFO MNPs using TEM. Nanoparticles of nearly spherical mor-
phology with high agglomeration has been observed for undoped
and Ba doped BFO MNPs, similar to the others reports [23]. High
agglomeration in BFO synthesized nanomaterials is related to high
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Fig. 3. Fe 2p lines of (a): BFO, (b): 3% Ba doped BFO, (c): 8% Ba doped BFO, and (d): 12% Ba doped BFO MNPs.

surface energy of nanoparticles [23] due to their high surface to
volume ratio and magnetic interactions [24]. The average particle
size obtained from TEM images for the undoped BFO sample was
around 15-20 nm. However, there is no obvious change in particle
size of 12% Ba doped BFO compared with the undoped BFO sample.

3.2. Decomposition of toluene

3.2.1. Effect of heterogeneous undoped and Ba doped BFO MNPs

The catalytic performance of undoped and Ba doped BFO MNPs
with various Ba doping level, in photo degradation of toluene in
the presence of H,0, is shown in Fig. 6. Only 1.5-2% degradation
was observed in the absence of the photocatalyst, either under dark
or visible light illumination. This indicates that physical adsorption
or photolysis were not effective for degradation of toluene, and the
presence of BFO MNPs or Ba doped BFO are necessary in the removal
process of toluene. After this step, solutions were stirred for 45 min
in the dark and then were placed in the presence of visible light
irradiation. During dark stirring for 45 min, partial degradation or
adsorption took place on the surface of BFO or Ba doped BFO MNPs
samples. In the presence of visible light irradiation, however, the
catalytic performance for all samples greatly increased in com-
parison with that in the dark. In the presence of visible light, the
amount of radical species generated from the H,0, decomposi-
tion was increased [9]. Also, the Ba doped BFO MNPs exhibited
higher photo catalytic degradation of toluene than the pure BFO
MNPs (59%). By 3% Ba doping, the toluene photo degradation was
increased to 70% as compared to pure BFO (59%). When the Ba dop-

ing was increased to 8 and 12%, toluene degradation efficiency was
significantly increased to 84 and 98%, respectively. However, there
was a slight decline in degradation degree with further increasing
the Ba content up to 15%. Thus, Ba loading of 12% showed higher
degradation rate than those of 3%, 8% and even 15% Ba loading.
There are some reasons to increase the catalytic degradation
of toluene with Ba doping. The perovskite structures are flexible
and allow a distortion or induce metastability with the existence
of an oxygen vacancy [25]. The presence of oxygen vacancies and
defects as active sites on the surface of Ba doped BFO MNPs can
accelerate the photo-Fenton catalytic degradation with generation
of further *OH [26]. Furthermore, oxygen vacancies and defects can
become active centers to capture photo-induced electrons, which
can improve the photo-Fenton efficiency of toluene in the visible
region [26]. The substitution of aliovalent elements such as SrZ*,
Ni2*, Ca2*, Ba*,ions [27,28], at the trivalent Fe-site or Bi-site in BFO
MNPs, can easily affect the number of holes or electron carriers and
oxygen vacancies, which are important intermediates in catalytic
degradation of organic pollutants [29,30]. Another reason for the
increased degradation with Badoping is because the recombination
of photo-induced electrons and holes can be effectively inhibited
during the photocatalytic reaction process. Ba doping brings many
new states of energy levels into BFO MNPs as compared with those
in BFO MNPs [31]. Thus, the charge separation process can be eas-
ily facilitated by minimizing the recombination of electron-hole
pairs via transferring of the photo-induced electrons onto the sur-
face of Ba doped BFO MNPs. The slight decrease in toluene removal
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Fig. 5. TEM images of (a) pure BFO MNPs (b) 12% Ba doped BFO MNPs.

at 15% Ba doping may be attributed to suppression of *OH due to
entrapment of conduction band electrons by the adsorbed Ba ions.

3.2.2. Photo-Fenton catalysis processes

The degradation of 100mgL-! toluene in aqueous solutions
under different conditions was performed by using 12% Ba doped
BFO as a photo-Fenton catalyst (Fig. 7). When the solution of toluene
in the presence of only H,0, (without 12% Ba doped BFO) was
irradiated under visible light for 60 min, little degradation was
identified. This indicated that toluene can be degraded so slightly,

directly by visible light irradiation in the presence of only H,05.
Hence, subjecting the toluene solution to visible light irradiation
cannot induce the photochemical dissociation of H,0, to active
species so much. When the toluene solution was stirred in the dark
for 45 min, partial degradation with opening or adsorption of the
aromatic ring took place on the surface of Ba doped BFO, leading
to the disappearance of some of the toluene peak. Partial degrada-
tion of toluene in the dark reveals the generation of polycarboxylic
acid intermediates with the opening of the aromatic ring in toluene
via activation of H,O, by restricting the amount of available *OH
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in the dark [32,33]. After 45 min in the dark, the toluene solution
was subjected to visible light irradiation for different interval times.
In the presence of visible light, the yield of Fe2* greatly increases
when Fe3* is complexed with carboxylic anion, such as oxalate ion
[44,45], which is formed in dark as an intermediate. The ferriox-
alate complex = Fe>*(C,04)3is highly photosensitive and itis used
as the basis of well-known chemical actinometer in photo-Fenton
reactions. The reduction of =Fe3* to =Fe?* through a photo-induced
charge transfer ligand to metal can occur over the ultraviolet-visible
region, as shown in Eqgs. (2)-(5) [34].

hv
=Fe’"(C,04); " =Fe?t +2G,0, + C,0;

C,0; — CO; +CO,
CO; + = Fe3(C,04)3~ —=Fe?* +CO, +3C,0,

= Fe?* 4+ H,0, = Fe3* + OH* + OH™

Thus, with increasing irradiation time, the specific absorption
peak of toluene during the dark period was gradually reduced and
finally disappeared after 35 min as shown in Eq. (6).

toluene + HO®* — intermediate — CO, + H,0 (6)
3.2.3. Mineralization efficiency

Fig. 8 shows that the variations of toluene degradation effi-
ciency, TOC and COD during the photo-Fenton catalytic degradation
after different visible irradiation times. The maximum toluene
degradation efficiency, COD and TOC reduction after 40 min of vis-
ible light irradiation were about 98%, 94% and 85%, respectively.
These results demonstrated the highly efficient mineralization of
toluene during the catalysis process.

3.2.4. Radical scavengers

Some radical scavenger experiments were designed to prove
the proposed mechanism of toluene degradation with *OH (Fig. 9).
When isopropanol (IP), a popular radical scavenger for *OH [35,36],
was added to the reaction solutions, the toluene photodegradation
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decreased by about 71%, indicating that *OH is an important active
radical intermediate involved in the photo-Fenton degradation of
toluene. This fact also indicates that the reaction with the scav-
enger was not be completely quenched by IP, representing *OH is
not the only species involved in toluene degradation. When 1-4
benzoquinone (1, 4-BQ) was added to the reaction solution as a
scavenger of superoxide radical (O,~*) [37], the photodegradation
efficiency of toluene was slightly decreased by about 1%. The pho-
todegradation efficiency of toluene was quenched about 29%, when
sodium azide (NaN3), a unique scavenger of singlet oxygen (10,)
[38], was used to the reaction solution. This is indicated that the
10, might be one of the active reaction intermediates in the photo-
Fenton catalytic degradation of toluene. Our results identified that
photo-Fenton degradation of toluene was mainly controlled by the
formation characteristics of *OH and also partially affected by the
formation of other active species such as 0(21). Radical scavenger
experiments and electron paramagnetic resonance spectroscopy
proved that, 0(21) played a key role in the photo-Fenton process of
Rhodamine B with Fe-Co Prussian blue analogue [30].

3.2.5. Proposed Fenton catalytic mechanism

Radical scavenger experiments demonstrated that 0(21) was
partly exhibited roles in the photo-Fenton catalysis process of
toluene in addition to *OH. Thus, the H,0, decomposition pro-
moted by undoped and Ba doped BFO by two possible reaction
pathways: (i) via *OH mechanism and (ii) via 0(21) reactions.

The Ba doped BFO MNPs is a narrow band gap photocatalyst.
Thus, in addition to the generation of polycarboxylic acid as inter-
mediates in dark and its effective role in the photo Fenton catalytic
degradation of toluene in the presence of visible light via decom-
position of H,0, to produce *OH (Egs. (2)-(5)), another path to
generate *OH can be promised. When BFO or Ba doped BFO is illu-
minated with visible light, electrons can move from the valence
band to the conduction band to give electron-hole pairs through
reaction (Eq. (7)). Then, the dissolved oxygen can be as a photo
generated electron scavenger to give 0O°; (Eq. (8)). Finally, the
photo-reduction of = Fe3* to = Fe?™ takes place on the surface of Ba
doped BFO MNOs under visible light according to Eqgs. (9) and (10)
[39]. Then, all of the formed = Fe?* on the surface of Ba doped BFO
MNPs can be reacted with H,0; to produce *OH (Eq. (5)) [39]. The
yield of =Fe2* production is greatly increased with Ba substitution
in BFO and also when =Fe3* is complexed with carboxylic anion
such as oxalate ions [40,41] that may be generated in the dark as
an intermediate. Finally, toluene can be oxidized by generated *OH
according to Eq. (6).

BadopedBFO + hv — BadopedBFO (e‘ + h+) (7)
BadopedBFO (e~ ) + 0, — BadopedBFO + 0°; (8)
0°;+=Fe’" »=Fe?" + 0, (9)
BadopedBFO (e‘) + = Fe>* = Fe?* + BadopedBFO (10)

In the second mechanism, !0, can also play a partial role in the
photo Fenton catalytic degradation of the toluene. Thus, the series
of reactions shown in Egs. (11)—(18), can also participate in the
photo-Fenton catalytic degradation of toluene under visible light,
as *OH does in Egs. (2)-(10).

Fe (IIl) + H,0, — Fe(II) + HOO® + H* (11)
HO* + H,0, — HOO" + H,0 (12)
HOO* — H* +0°; (13)
0°; +Ho* = 0 + HO~ (14)
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before photo Fenton process
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after photo Fenton process
(b)

Fe 2P3/2

E——
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Binding Energy (eV)

Fig. 10. High resolution XPS spectra of Fe 2ps, in 8% Ba doped BFO MNPs (a) before,
and (b) after catalytic degradation process.

HOO* + 0*; = 0" + HOO~ (15)
HOO* + HOO* = 0Y") + H,0, (16)
toluene + 0(21) — intermediate — CO, + H,0 17)
toluene + 0°*, — intermediate — CO; + H,0 (18)

In these equations =represents the sites on the solid surface.
These results are in agreement with previously obtained results, in
which singlet oxygen was identified by radical scavenger experi-
ments and electron paramagnetic resonance spectroscopy for the
photo-Fenton process of Rhodamine B with Fe-Co Prussian blue
analogue [30].

3.2.6. Iron redox cycling and oxygens vacancies after
photo-Fenton catalysis processes

The reduction of Fe3* to FeZ* species in 8% Ba doped BFO
MNPs during photo-Fenton catalytic reaction was clearly shown
in high resolution XPS spectra in Fig. 10a and b, in which, after
photo-Fenton catalytic process, the Fe3* proportion was somewhat
increased. It means that the excellent photo-Fenton catalytic activ-
ity of Ba doped BFO mainly starts from Fe2* and Fe3* species on the
surface of Ba doped BFO MNPs. This shift to higher binding energy
value for Fe 2p orbit as an evident of the transformation of Fe?* to
Fe3*, has been reported earlier to promote

the oxidation of the water contaminants, ethinylestradiol (EE)
and the model dye indigo carmine (IC) [42]. However, other study
represented the opposite process, in which Fe3* was reduced after
the Fenton reaction [43].

before photo Fenton process
~ (a)
3 O Is
N
2
wn
=)
3
=
p—
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Binding Energy (eV)
after photo Fenton process
- (b)
= O ls
<
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2
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e

526 528 530 532 534

Binding Energy (eV)

Fig. 11. High resolution XPS spectra of O 1s in 8% Ba doped BFO MNPs (a) before,
and (b) after catalytic degradation process.

Fig. 11a and b shows the high resolution XPS spectra of O 1s in
Ba doped BFO MNPs before and after catalysis process, respectively.
As shown in Fig. 11 b, the binding energy of the O 1s peak becomes
broader after photo-Fenton catalysis processes. This demonstrates
that the existence of oxygen on the surface of Ba doped BFO had
been affected by the visible light irradiation [30]. Furthermore, the
new peak at 712.6eV exhibited that the Fe-O species produced
on the surface of the nanoparticles during the photo-Fenton pro-
cess (Fig. 11b) [30,44]. The formation of new peak on the surface
of Ba doped BFO MNPs at 712.6 eV, can be assigned the increase in
contents of the Fe and O species during photo-Fenton process [43].

4. Conclusions

In this work, Bi;_xBayxFeO3 (x=0.03, 0.08 and 0.12) as visible-
light photocatalysts were successfully synthesized via a simple and
rapid sol-gel process. Then, the effect of Ba doping in BFO MNPs to
increase the heterogeneous photo-Fenton catalytic degradation of
toluene from aqueous solution was investigated. The great photo-
Fenton catalytic activities of Ba doped BFO MNPs at a very weak
acidic medium, pH=5.5, are related to the existence of highly iron
sites and abundant oxygen vacancies due to Ba loading, as com-
pared to pure BFO MNPs. Radical scavenger experiments revealed
the *OH as the main active species and 10, partly exhibited roles
in the photo-Fenton catalytic degradation of toluene from aque-
ous solution. The efficient redox cycling of iron species and oxygen
in the Ba doped BFO MNPs was deeply explored before and after
photo-Fenton catalysis processes. The best catalytic efficiency of
toluene with Bi; xBa x FeO3 (x=0.12) was 98% photo degradation,
94% TOC and 85% COD reduction, respectively, after 40 min of visible
irradiation at an initial pH of 5.5.
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