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HIGHLIGHTS GRAPHICAL ABSTRACT

« Impure BFO as a heterogeneous
catalyst was more effective than pure
one.

« Complete degradation of phenolic
compounds was achieved by the solar
Fenton catalyst. e T T ey e ey
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« Nitro derivatives in 30 min and others P lar
in 60 min were completely degraded.

« Hydroxyl radical exhibited a major
role in degradation in dark and light.

« Surface active sites of the catalyst can
be recovered in the cyclic mechanism.
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techniques. The impure nanoparticles were more effective than pure one. The heterogeneous solar-
Fenton catalytic degradation of phenolic compounds was used for the first time. A complete degradation
of the phenolic compounds was achieved along with easy separation of the catalyst from the solution by
an external magnetic field. The limitations of Fenton reaction such as iron sludge and slow regeneration

ﬁ% V]'J"r’;d;;smuth forrite of Fe(Il) ions improved in this work. In the present work, a multivariate analysis has been used to assess
Ultrasound the conditions for obtaining complete degradation in terms of the oxidant and catalyst concentrations.
Phenolic compounds The response surface methodology (RSM) was performed to evaluate the effects of the two major factors
Solar-Fenton catalyst (amount of impure BiFeO; magnetic nanoparticles (BFO MNPS) and concentration of H,0,) during the
Solar light process. The effect of other variables such as initial concentration of phenol and initial pH was also exam-

ined. Partial oxidation of phenol took place at dark and a complete degradation was achieved at light in
60 min. The Fenton catalytic degradation mechanism was determined in dark and light. New reaction
sites can be generated on the solid surface by the conversion of Fe(lll) to Fe(Il) for the generation of
hydroxyl radical (OH-). The effect of different electron acceptors on the heterogeneous solar-Fenton
catalytic degradation of phenol was examined too. In addition, the solar-Fenton catalytic degradation of
derivatives of phenol such as 4-chlorophenol (4-CP), 2,4,6-trichlorophenol (2,4,6-TCP), biphenyl (BP),
4-nitrorophenol (4-NP), 2,4 dinitrophenol (2,4 DNP) and 2,4,6-trinitrophenol (2,4,6-TNP) was evaluated
for the first time. Phenol and its derivatives completely degraded under solar light irradiation by the
solar-Fenton catalyst in a short time with low concentration of H,0,.
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1. Introduction

Phenol and its derivatives widely used as raw materials in many
industries. They are important pollutants in aquatic environment
due to their toxicity, stability, carcinogenic and mutagenic poten-
tials [1]. Recently, removal of phenols from industrial wastewater
has generated considerable attention of the societies and attain
to a safety level (0.1-1.0 mg L™ 1) is difficult [2].

The advanced oxidation processes (AOPs), which can produce
oxidizing hydroxyl radicals (OH), have been proven to be an
efficient method for the degradation of organic pollutants [3,4].
Among AOPs, Fenton-based processes (Eq. (1)) have been encoun-
tering a notable development due to their favorable results [5]. In
this reaction, a mixture of H,O, and Fe?* in acidic solution
generates the OH- [6].

Fe** + H,0, + H" — Fe*" + OH" + H,0 1)

The photo-Fenton reaction combines light, Fe**, and H,0,. It can
also facilitate the production of OH- by a photochemical route
according Eq. (2) due to the decomposition of the photoactive
Fe(OH)?* species in mildly acidic solutions (pH 2.5-5) [7].

Fe(OH)*" + hv — Fe?" + OH' (2)

In these reactions, iron is cycled between the +2 and +3 oxida-
tion states, so Fe?* is not depleted and OH: production is limited
only by the availability of light and H,0, [8].

The Fenton reaction has high mineralization efficiency, inex-
pensive, easy in use, and environmental friendliness and also light
irradiation can improve the production of OH' by photo Fenton
reaction [9,10]. But, it has been reported that Fenton homoge-
neously catalyzed reactions requires concentrations of ca. 50-
80 mg L~! of iron ions in solution which is quite above the 2 ppm
permitted by the European Community Directives [11]. Thus, in
order to eliminate the iron ions from solution, precipitation and
re-dissolution, other processes are essential with the additional
operational costs. This limitation can be improved by development
of dark- and photo-Fenton reactions based on heterogeneous cata-
lytic systems that provide an easy separation and recovery of the
catalyst from the solution [12,13]. Furthermore, unlike homoge-
neous Fenton reaction which requires a strict control of pH around
2-3 for an excellent catalytic performance, immobilized Fenton
catalytic systems provide the possibility of working in a wider
pH range. The critical point of these reactions is the stability of
immobilized iron species to be leached out into the solution under
the typically acidic and strong oxidizing conditions in which Fen-
ton reactions occur. Todays, many efforts are currently performed
to design new photocatalysts with high resistance and allowing an
efficient use of the OH' due to the relative high cost of H,0,.

Nanosized iron oxides exhibit high catalytic activity because of
their large surface area, which potentially provides more active
sites for the generation of OH' [14-16]. Furthermore, bismuth fer-
rite (BiFeO3) with a rhombohedrally distorted perovskite structure
is a new important visible-light photocatalyst for the degradation
of organic pollutants because of its narrowing band gap energy
(2.2 eV) and excellent chemical stability [17-19]. This photocata-
lyst is completely different than photocatalysts such as CdS which
suffers from instability against the photo irradiation [20]. It was
found that BiFeO; magnetic nanoparticles (BFO MNPs) effectively
catalyzed the decomposition of H,O, into OH:, being confirmed
with electron spin resonance spin-trapping technique and other
probing techniques. The synthesis of BFO MNPs by various meth-
ods often is complex and performs at high temperature (800 °C)
which lead to impurity phases such as Bi;Os3, Fe;03, BiysFeOy,
BizFe409 and Bi36Fez4057 [2]—23]

Ultrasound was found to be more efficient for fabrication and
modification of nanosized materials because of acoustic cavitation
which is the formation, growth and collapse of the bubbles in
liquid [24,25]. Sono-synthesis of BFO MNPs with high photocata-
lytic activity in degradation of various azo dyes under solar light
irradiation was investigated in our lab [26-28]. Nanoparticles
synthesized with ultrasound had smaller crystallite size and higher
photocatalytic activity than the nanoparticles synthesized with
classical method [27].

The main purpose of this work is the assessment of impure BFO
MNPs as a new nanocomposite for the heterogeneous Fenton and
solar-Fenton catalytic degradation of phenolic compounds from
aqueous solutions. High energetic 254 nm UV radiation and UV
near visible irradiation (>313 nm) used by some authors [29-31]
has been replaced by solar light in this study, which represents a
significant advantage for the future application.

2. Experimental
2.1. Chemical and materials

Bismuth nitrate (Bi(NOs)3-5H,0), iron nitrate (Fe(NOs3)3-9H,0)
and ethylene glycol (EG) from Merck have been used without fur-
ther purification for the synthesis of impure BFO. Phenol and its
derivatives include 4-chlorophenol (4-CP), 2,4,6-trichlorophenol
(2,4,6-TCP), biphenyl (BP), 4-nitrorophenol (4-NP), 2,4 dinitrophe-
nol (2,4 DNP) and 2,4,6-trinitrophenol (2,4,6-TNP) from Merck
were used as pollutants. H,O, was purchased from Fluka. Ethanol,
isopropanol (IP) were analytical reagent grade and used without
further purification. Sodium persulfate (Na;S;0g) and potassium
bromate (kBrOs) were used as electron acceptors from Merk.

2.2. Preparation of impure BFO MNPs

In a typical procedure, 0.008 mol Bi (NOs3)3-5H,0 was sonicated
in EG for 15 min. After ultrasonic dispersion, a transparent solution
was formed and the temperature of solution was increased from 9
to 35 °C. The stoichiometric amount of Fe(NOs3)3-9H,0 was added
into the solution and the mixture was sonicated for another
5 min to obtain a brownish red sol at the same temperature. The
sample dried at 70 °C and a xerogel powder was formed. Conse-
quently, the remained powder was maintained at 400 °C for
0.5 h. Finally, the as-prepared sample washed with distilled water
and absolute alcohol for several times and dried at 70 °C.

2.3. Characterization and equipment

The crystalline structure was identified by X-ray diffraction
(XRD, Phlips PW1800) employing Cu Ko (/=1.5406A, 20=
10-70°). The magnetization of the nanoparticles was measured with
vibrating sample magnetometer (VSM, HH-20) operating at ambi-
ent temperatures. The light absorption ability of the sample was
analyzed by UV-vis diffuse reflectance spectra (DRS, MC-2530).
The absorption spectrum of phenol and its derivatives were mea-
sured using a UV-vis spectrophotometer (Unico 2800). Atomic
absorption spectrophotometer (AAS, Varian, spectra-110 880/
220-Australia Pty Ltd.) was used to determine the concentration
of the Fe and Bi ions in the solution during the phenol degradation.

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 impure BFO MNPs has been evaluated
in a heterogeneous dark Fenton and photo Fenton catalytic
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degradation of phenol and its derivatives from aqueous solution. In
this case, several Erlenmeyer flask containing 100 mL phenol
(50 mgL~1), 0.8 mM H,0, and 0.06 g of catalyst at pH 2.5 were
magnetically stirred in a dark place for 15 min. Then, the solutions
were perched on the shaker with mixing rate of 400 rpm for differ-
ent interval times under direct solar light radiation in consecutive
sunny days in May 2013 between 10 am and 3 pm (GPS coordi-
nates: N =36°18'41.6", E=59°31'54.2"). The temperature of the
solution was kept between 28 and 32 °C. At given interval times,
about 5 mL of suspensions sampled and separated from the solu-
tion with an external magnetic field. The mentioned conditions
were fixed for all experiments. The removal efficiency of phenol
was determined based on the absorption at 270 nm by UV-vis
spectrophotometer.

The removal efficiency (R (%)) was defined by the following
expression:

(R (%)) = <1 —é> x 100 3)
Ao
In this equation, Ap and A are the absorbance of phenol aqueous
solution at time 0 and t at Ayax = 270 nm, respectively.
Experiments under different pH were also performed to reveal
the role of pH on the photocatalytic activity of impure BFO MNPs.
The pH values were adjusted by adding HCI or NaOH.

3. Results and discussion
3.1. Characterization of the catalyst

The sono synthesis of pure BFO MNPs at calcination tempera-
tures of 400 °C for 0.5h and 500 °C for another 0.5h has been
reported in our recent work [27]. All the reflection peaks was read-
ily indexed to the pure rhombohedral structure of BFO MNPs
(Space group: R3c) with lattice parameters of a=b=5.576 A and
c=13.867 A, which were in good agreement with the literature
data (JCPDS 86-1518).

Based on the Bi,03;-Fe,03; phase diagram, BFO MNPs is incon-
gruently melting compound [32] and kinetics of phase formation
in the Bi,O3-Fe,;03 system can easily lead to the appearance of
impurities such as BiysFeO40 and BiyFe,Og [33]. Furthermore, slow-
ing down the heating rate and slow quenching to room tempera-
ture will lead to the some impurities that might be ascribed to
the decomposition of BFO during the slowly heating rate process
[32].

AS shown in Fig. 1, slowing down the heating rate and slow
quenching to room temperature when the sample was calcined
only at 400 °C for 0.5 h, led to other phases such as Bi,O3; and
Fe,03 in the diffraction patterns of BFO MNPs. These impurities
indicate partially reactions occurred at this calcination tempera-
ture. The sample obtained was brown-red in color and proportions
of BFO MNPs, Bi,Os and Fe,03 were 64%, 15% and 21%, respectively
and the cell parameters for impure BFO MNPs with space group
R3c were bigger than pure one (a = b = 5.589 and c = 13.894). These
lattice parameters were in reasonable agreement with those
reported in the literature (JCPDS 86-1518). The average crystallite
size obtained from the Debye-Scherrer formula for the impure BFO
MNPs was 32.86 nm.

The magnetic properties of the impure BFO MNPs were
measured by VSM at room temperature. Fig. 2 shows the variation
of magnetization (M) versus applied field (H). As shown in Fig. 2,
an obvious ferromagnetism (FM) property can be found with a
magnetic saturation of about 13.0 emu g~' at 300 K. A comparison
between pure and impure BFO MNPs shows that impure nanopar-
ticles exhibited higher magnetization than pure nanoparticles
(3.0emug™') [27]. This behavior can be related to the other
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Fig. 1. XRD pattern of impure BFO MNPs synthesized via ultrasound.
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Fig. 2. Magnetic hysteresis loops at room temperature.

impurities such as Fe;03 and the smaller crystallite size of nano-
particles [34].

3.2. UV-vis analysis

The optical absorption of the impure BFO MNPs synthesized via
ultrasound is presented in Fig. 3. The absorption spectrum shows a
strong photo absorption in the visible light region. The inset of
Fig. 3 shows the optical band gap energy of the nanoparticles by
using Tauc’s equation [35], and the calculated value is 2.2 eV which
is quite comparable with our previous reports [27]. Thus, the
synthesized nanoparticles have a potential application as an appro-
priate catalyst for degradation of the pollutants in the visible region.

3.3. Decomposition of phenol in dark and light

3.3.1. Pure and Impure

Two types of heterogeneous Fenton and solar-Fenton catalytic
degradation of phenol were compared with pure and impure
MNPs. At first, the solutions were magnetically stirred in a dark
place to attain maximum degradation and then, the experiments
were carried out under different times of solar light irradiation.
The results show that the impure BFO MNPs were more efficient
than pure one. The high activity of impure BFO MNPs can be attrib-
uted to the solar-Fenton reactions and photocatalytic reactions
occurring on the BFO MNPs and other oxides present in the impure
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Fig. 3. UV-vis DRS spectrum of impure BFO MNPs, the inset shows the band gap
energy.

one. In particular, the synergistic photocatalytic activity between
the three components can accelerate the formation of Fe(Il) site
in light.

Furthermore, other experiments on the heterogeneous photo-
Fenton catalytic degradation of organic pollutants demonstrated
that polymer films contain titanium oxide and iron oxide had syn-
ergistic photo catalytic activity at neutral pH [36,37]. Iron oxides
with two or more components exhibit unique chemical and phys-
ical properties. Chemically, the combination of two oxides exerts a
synergistic effect that outweighs the sum of the effects of all indi-
vidual components [38].

As the impure BFO MNPs with a synergistic effect of two or
more oxides were more efficient than pure one, therefore, the
whole experiments were performed with the impure BFO MNPs.

3.3.2. Phenol and H50, or phenol and catalyst

When the solution of phenol in the presence of H,0, or impure
BFO MNPs was irradiated by solar light for 60 min, in both cases, no
degradation of phenol was observed (Tables 1 and 2). Therefore,
phenol cannot be degraded directly by solar light in the presence
of H,0, or impure BFO MNPs, separately. On the other hand, the
photolysis (alone or combined with an oxidant, such as H,0,)
and photo catalysis with impure BFO cannot be effective for degra-
dation of phenol.

3.3.3. Phenol, catalyst, and H,0,
3.3.3.1. Catalyst and H,0, concentration. The optimum catalyst
loading and H,0, concentration are important parameter to ensure
the minimum use of them. Therefore, the removal efficiency of
phenol was examined in dark and solar light with different doses
of catalyst and H,0, concentrations at initial pH of 2.5. At first,
one variable was kept constant and the other was varied within
the experimental ranges (Tables 1 and 2). Second, two variables
changed with each other (Fig. 4).

As summarized in Tables 1 and 2, the removal efficiency of phe-
nol proceeded slowly in the dark place when one of the variables
(doses of catalyst or H,0, concentration) was constant and another
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one was varied during the process. The results show that only 13%
of phenol was degraded when the initial H,O, concentration was
fixed at 0.7 mM and the catalyst loading increased from 0.01 to
0.07 g. Similarly, 12% of phenol was degraded by increasing the
H,0, concentration from 0.02 to 1.0 mM with constant dosage of
the catalyst at 0.05 g. In the presence of solar light irradiation,
the extent of degradation efficiency of phenol was strongly
improved with increasing the catalyst loading or H,0, concentra-
tion. By increasing the catalyst dosage and H,0, concentration,
the amount of H,0, decomposition was increased and produced
more OH" for the degradation of phenol molecules. The higher
activity with light is attributed to the combination of nanophotoc-
atalysis and solar-Fenton-catalysis processes on the impure BFO
MNPs and other oxides.

Complete removal efficiency was obtained when the values of
each operational parameter were justified at the optimum values.
The response surface methodology (RSM) was developed as a func-
tion of the H,0, concentration and catalyst dosage while time of
irradiation was kept constant. This experimental design methodol-
ogy was carried out for impure BFO catalyst loadings (0.01-0.08 g)
and H,0, concentrations (0.02-1.12 mM) at first in dark and then
in the presence of solar light as shown in Fig. 4a and b.

In dark place, partial degradation of phenol was improved by
simultaneous increasing of H,O, concentration and catalyst dosage
(Fig. 4a). In the presence of solar light, phenol removal efficiency
increased quickly with increasing both variables and a complete
degradation of phenol was obtained using 0.06 g impure BFO MNPs
and 0.8 mM H,0, (Fig. 4b). The higher concentrations of H,0, and
catalyst from optimized values have led to a decrease in catalytic
performance.

The optimized value of catalyst (0.06) and H,0, concentration
(0.8 mM) were used for other experiments.

3.3.3.2. pH of medium. The pH of the medium is another important
parameter. It directly affects not only the photo-catalytic perfor-
mance, but also affects the OH' concentration in heterogeneous
solar-Fenton catalytic processes [39]. As shown in Fig. 5, under nat-
ural and basic media, the solar-Fenton catalytic efficiency over
impure BFO MNPs can be ignored. But with decreasing the pH from
5.5 to 2.5, the degradation efficiency greatly increased. Fig. 5 shows
that the maximum solar-Fenton catalytic degradation obtained at
pH = 2.5 without any change in the initial pH.

At acidic pH, the predominant iron sites is =Fe(H,0)5(OH)*" [or
simply =Fe(OH)?>*] which can absorbs solar light. Studies of the
photochemistry of =Fe(OH)?"* have shown that this species under-
goes a relatively efficient photoreaction to produce =Fe(Il) and the
OH' (Eq. (4)) [7].

=Fe(OH)*" ™ =Fe* + OH' (4)

In this case, solar-Fenton catalytic process not only forms
=Fe(Il), the major catalytic species in the Fenton catalytic reac-
tions, but also produces an additional OH- which is responsible
for the degradation of organic material [7].

Under alkaline conditions, a high-valence iron species
(=Fe(IV)=0, Eq. (5)) may be formed during the reaction [39,40].
It was confirmed that =Fe(IV)=0 species are less reactive than
OH' and cannot react with aromatic compounds [39].

Table 1

Effect of amount of catalyst on the Fenton catalytic degradation of phenol.
Catalyst (g) 0.0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Removal (%) (dark) No degradation 3.5 4.9 5.7 6.6 8.9 12.2 133
Removal (%) (solar light) No degradation 171 30.5 49.5 69.7 80.2 91.3 97.3
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Table 2
Effect of concentration of H,0, on the Fenton catalytic degradation of phenol.
H,0, (mM) 0.0 0.02 0.1 0.3 0.6 0.7 0.8 1.0
Removal (%) (dark) No degradation 3.2 4.4 5.1 54 7.2 111 121
Removal (%) (solar light) No degradation 13.2 25.2 36.2 55.2 723 86.3 95.2
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Fig. 4. 3D response surfaces of removal efficiency (a): dark and (b) solar light
(temp., 30 °C, initial pH = 2.5).

=Fe(Il) + H,0, — =Fe(IV) = 0 + H,0 (5)

In these equation, = represent the sites on the solid surface of
the impure BFO MNPS.

3.3.3.3. Initial concentration. The effect of initial concentration of
phenol was studied in the range of 40-100 mgL~! in 60 min of
irradiation. As shown in Fig. 6, the solar-Fenton catalytic degrada-
tion of phenol was only completed at 50 mg L~ and the degrada-
tion was reduced at higher and lower concentrations.

As shown in Fig. 6, solar Fenton catalytic degradation of phenol
was reduced to 46% with 25 mg L' catalyst. The oxidation of phe-
nol was mostly carried out by the OH' produced from the reaction

between H,0, and =Fe(ll). Therefore, the optimum concentration
of the reactants is necessary. In this case, the concentrations of
H,0, and =Fe(Il) are in excess compared to the phenol molecules.
Therefore, the OH' can produce H,0, with reaction by itself or can
be trapped as expressed by the following equations [41-43].

H,0, + OH' — HO, + H,0 (6)

(7)
8)

On the other hand, when the initial phenol concentration
increased from 50 mg L', the removal efficiency decreased. The
decrease in degradation rate at higher concentrations is attributed
to the phenol molecules in solution which are more than OH- and
=Fe(Il) species.

OH' + H02 — 0, +H,0

=Fe(Ill) + OH' — =Fe(Il) + OH"

3.4. Solar-Fenton catalytic degradation under optimum conditions

3.4.1. UV-vis spectroscopy

UV-vis absorbance spectra of phenol during solar-Fenton cata-
lytic degradation are shown in Fig. 7. The spectrum contains two
absorption bands centered at 270 and 225 nm, corresponding to
n — n* and © — 7* transitions. First, the phenol solution was stir-
red at dark from 15 to 120 min and similar partial degradation of
phenol was obtained in this range of time (Fig. 7). The Fenton cat-
alytic results showed the disappearance of phenol peaks after
15 min. The color of the solution changed from colorless to yellow-
ish after this time. These behaviors can be related to the formation
of polycarboxylic acid intermediates with opening the aromatic
rings in dark [44,45]. Then, the solution was placed under solar
light irradiation for different interval times. By increasing the irra-
diation time, the absorption peaks gradually reduced and finally
vanished within 60 min. Furthermore, the color of the solution
changed from yellowish to colorless after 60 min at light.

This behavior is consistent with the fast destruction of phenol
molecules. In the presence of solar light irradiation, the intermedi-
ates formed in dark can be degraded. The high TOC decay confirms
that the photo Fenton catalytic degradation can effectively degrade
the phenol molecules to CO, and H,0.

3.5. Possible degradation mechanism

3.5.1. In dark

The results show that H,0, in dark by contact with Fe(III) sites
available on the surface of impure BFO MNPs can initiate chain
reactions that leads to the formation of OH'. Under acidic medium,
the mechanism of the H,0, activation by impure BFO MNPs may
involve the following Egs. ((9)-(14)). At first, a complex between
=Fe(Ill) and H,0, being assigned as =Fe(IlI)H,0, is generated
on the surface of impure BFO MNPs (Eq. (9)). The generated species
(=Fe(1l1)H,0;) are converted to =Fe(Il) and HO;, species (Eq. (10)).
Furthermore, =Fe(Il) species can be generated on the surface of
impure BFO MNPs by reaction of generated HO; with =Fe(III)
(Eq. (11)). All of the formed =Fe(ll) species on the surface of
impure BFO MNPs can be reacted with H,0, to produce OH (Egs.
(12) and (13)). Then, the generated OH" attack to the phenol mole-
cules for partial degradation in dark (Eq. (14)). This mechanism is
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Fig. 7. UV-vis absorption spectra of phenol solution at different time of irradiations
at dark and solar light, (temp., 30 °C, concentration of H,0,=0.8 mM, dose of
catalyst = 0.06 g, initial pH = 2.5).

in accordance with the results in the literature [46-48], which iron
oxide could activate H,0, to produce OH'. This mechanism con-
firmed with electron spin resonance, spin-trapping and other tech-
niques too.

=Fe(Ill) + H,0, — =Fe(ll)H,0, 9)
=Fe(Ill)H,0, — =Fe(Il) + HO;, + H* (10)
=Fe(Ill) + HO; — =Fe(Il) + O, + H" (11)
=Fe(Il) + H,0, + H" — =Fe(lll) + OH" + H,0 (12)
=Fe(Il)Ly_1 + H,0, + H* — =Fe(Ill)L,_; + OH + H,0 (13)
OH' + phenol — Partial degradation of phenol (14)

The result demonstrates the restricted production of OH: by cat-
alytic dark-Fenton reactions at these particular conditions. Other
results confirmed that the formation of polycarboxylic acid inter-
mediates with opening the aromatic rings in dark [44,45].

In Eq. (13), L shows complexing agent or polycarboxylic acid
which linked to the surface of the catalyst.

3.5.2. In light

In this case, the yield of =Fe(ll) greatly increases when =Fe(lII)
is complexed with carboxylic anion such as oxalate [44,45] formed
in dark as an intermediate. The ferrioxalate complex Fe''(C,0,)3" is
highly photosensitive and is used as the basis of well known chem-
ical actinometer at acidic pH [49]. The reduction of =Fe(IIl) to
=Fe(Il), through a photoinduced ligand to metal charge transfer,
can occur over the ultraviolet and into the visible region according
to the reactions of (15)-(17) [50].

EFelll(C204)§7 E’) =Fe?* + ZCZOi_ + G0, (15)
C,0; — CO; +CO; (16)
CO; +=Fe"(C,0,)3 — =Fe*" + CO, +3C,02 (17)

In the presence of solar light irradiations, another possible
mechanism can be written in the form of the following Egs.
(18)—(23) [38]. This mechanism is a combination of solar-Fenton
catalytic reactions and photocatalytic reactions on the surface of
impure BFO MNPs. New reaction sites can be formed on the surface
of impure BFO MNPs by the photo-reduction of =Fe(III) to =Fe(lI).

The impure BFO is a narrow band gap photocatalyst. When it is
illuminated with solar light, electrons are promoted from the
valence band to the conduction band to give electron-hole pairs
through reaction (18). Then, the dissolved oxygen can act as a
photogenerated electron scavenger to give O; (19). The next
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reaction is a simple redox reaction in which O3 is oxidized to O,
and =Fe(Ill) is reduced to =Fe(Il) (20). Finally, the photo-reduc-
tion of Fe(Ill) takes place on the surface of impure BFO MNOs to
Fe(Il) under irradiation of solar light according to Eq. (21).

impure BFO + hv — impure BFO(e~ + h") (18)
impure BFO(e™) + O, — impure BFO + 05 (19)
0, +=Fe(Ill) — =Fe(Il) + 0, (20)
=Fe(lll) + impure BFO(e~) — =Fe(Il) + impure BFO (21)

The impure BFO MNPs with two or more components exhibited
more photocatalytic activity than pure one. The higher activity is
attributed to the solar catalytic reactions occurring on the BFO
MNPs and other oxides (reactions (18)-(21)). In addition, the com-
bination of three oxides reduce electron-hole pair recombination
(reaction (18)). On the other hand, combination of oxides exerts
a synergistic effect that outweighs the sum of the effects of all indi-
vidual components. Finally, the synergistic photocatalytic activity
between the three oxides can accelerate =Fe(Il) and OH' genera-
tion under the light [36-38].

Furthermore, H,0, can act as an electron acceptor to increase
the OH' concentration as given by the following reactions:

impure BFO(e™) + H,0, — OH' + OH™ + impure BFO (22)

H,0, + 0; — OH + OH™ + 0, (23)

Then, the whole =Fe(Il) species formed on the surface of the
solid can activate H,0, with solar-Fenton catalytic mechanism to
produce additional OH' in the solution, while themselves are oxi-
dized into =Fe(III) (Eqs. (12) and (13)). Finally, the new generated
OH' species can mineralize the carboxylic anion intermediates
which produced in dark place to CO, and H;0.

3.5.3. Confirming the mechanism

Some experiments were designed to prove the proposed mech-
anism of degradation. The effect of impure BFO MNPs in produc-
tion of =Fe(Il) active species was studied by two separate
experiments in the presence and absence of quencher under iden-
tical conditions (Fig. 8). After addition of IP (20 mM) as a scavenger
of OH- [51,52], the degradation of phenol was completely inhibited
even at dark. This implies that OH’ play a major role in the degra-
dation of phenol. The predominant oxidation route of IP (RCHOHR,
R=CHs) involves o-hydrogen abstraction and generating the

—— Omin

———- 60 min, no scavenger, solar light
60 min, Ar saturated, //

—— 60 min, IP, //

25 4

Absorbance

Wavelength (nm)

Fig. 8. UV-vis absorption spectra of phenol in the presence of different quenchers
under solar light, (temp., 30 °C, concentration of H,0, =0.8 mM, dose of cata-
lyst = 0.06 g, initial pH = 2.5, time of irradiation = 60 min).

RCOHR radical (Eq. (24)) [44]. In this case, the OH' produced in dark
and light react with IP and the degradation of phenol molecules
was completely inhibited according to the following reaction:

OH’ + RCHOHR — H,0 + RCOHR (24)

The results show similar behaviors at higher and lower dosage
of 0.06 g. Because in these cases, the total OH- produced in medium
trap with IP too. It was also reported that at lower concentrations
of IP, the following scavenging reactions become competitive:

OH' + H,0, — H,0 + HO; (25)

OH' + HC,0; — H,0 + C,0, (26)

The symbol HC,0, in reaction (26) is used to represent all of the
formed oxalate in dark. It is assumed that OH' can still attack
oxalate anions when it is coordinated with =Fe(III) in low concen-
tration of IP [44].

To understand the effect of oxygen, one experiment was con-
ducted without O,. In this case the result show that, the solar-
Fenton catalytic degradation of phenol was prohibited strongly
under Ar atmosphere, which means that O, has a major role in
solar-Fenton catalytic decomposition too (Fig. 8). Ferrous iron on
the impure BFO MNPs surface reacts with oxygen through a series
of one-electron transfer to produce hydrogen peroxide (Eqgs. (27)
and (28)). Then, H,0, ultimately reacts with ferrous iron on the
surface of impure BFO MNPs via the Fenton catalytic reaction to
produce an oxidizing intermediate of OH' (Eqs. (12) and (13)),
which then reacts with the contaminant and led to the complete
mineralization [44].

=Fe(Il) + 0, + H' — =Fe(lll) + HO, (27)

2HO; — H,0, + 0, (28)

Also, in the lack of O, molecules, the other reactions for the gen-
eration of OH" was also prohibited (Egs. (19), (20), and (23)).

The results proved that, OH' and O, molecules are important
species in the solar-Fenton catalytic degradation of phenol on the
solid surface of impure BFO MNPs.

Furthermore, the catalytic mechanism of BFO MNPs was inves-
tigated with Monte Carlo (MC) simulation and density functional
theory (DFT) calculations [53]. The MC simulations show that the
H,0, molecule tends to adsorb at the hollow site of BFO facets con-
stitute of four Fe atoms. The H,0, lies on the surface of BFO MNPs
facets with O—O bond parallel to the surface. In addition, DFT cal-
culations confirmed that the H,0, adsorption is a chemical adsorp-
tion process. Furthermore, the DFT geometry optimization results
showed that the O—O bond was elongated at the hollow sites with
Fe atoms interaction and thereby the O—O bond was significantly
weakened, corresponding to the generation of OH- at the hollow
sites. This result coupled with the results of the fluorescence prob-
ing technique and ESR results [53].

The results of some electron scavengers such as Na,S,0g and
kBrOs are summarized in Table 3. In the presence of these species
(0.005 g L), the solar-Fenton catalytic degradation of phenol was
reduced in the presence of Szng, but, it was increased with addi-
tion of the BrOj5 ions after 45 min of irradiation. The enhancement
of solar-Fenton catalytic degradation of phenol in the presence of
BrO; could be attributed to the formation of the BrO;, which is
very strong oxidizing species (Eq. (29)) [54]:

BrO; +2H" + eg — BrO; + H,0 (29)

But, in the case of S04, the SO,* was formed which is less reac-
tive than OH' (Eq. (30)) [55].

S,04% + e — SO, + SO, (30)
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Table 3
Effect of different electron acceptors on the solar Fenton catalytic degradation of phenol.
Electron acceptor H,0, Na,S,0g + H,0, kBrOs + H,0, Na,S,0g kBrOs
Removal (%) 91.2 783 100.0 No degradation No degradation

== (0 min, solar light
== 15 min, //
== 30 min, //

60 min, //

Absorbance

‘BP

2,4,6 TCP
o\,‘.\
Qs)&‘)

Fig. 9. UV-vis absorption spectra of CP derivatives and BP under solar light, (temp.,

30 °C, concentration of H,0, = 0.8 mM, dose of catalyst = 0.06 g, initial pH = 2.5).

=== () min, solar light
ws» 30 min, /

Absorbance

Fig. 10. UV-vis absorption spectra of NP derivatives under solar light, (temp., 30 °C,
concentration of H,0, = 0.8 mM, dose of catalyst = 0.06 g, initial pH = 2.5).

Furthermore, the SO,” may also react with water molecule and
photo-generated electron to produce more sulfate ions as follows:

SO, +H,0 — OH' +S0% + H" (31)

SO, +e —S0; (32)

In addition, the SO~ can react with hole and OH' to produce
SOy .

S02” +h{; — SO, (33)

SO2 + OH — SO, + OH™ (34)

It should be mentioned that when S,052 and BrO; without H,0,
were used, the photo Fenton catalytic degradation of phenol was
completely stopped (Table 3).

3.6. Stability and reusability of the BFO MNPs

The results show that impure BFO MNPs were stable and active
under visible light irradiation during the photocatalytic degrada-
tion process. No leaching of Fe and Bi ions from impure BFO MNPs
was detected during the phenol degradation at pH = 2.5 by AAS.
The high chemical stability of impure BFO MNPs was further con-
firmed by FT-IR measurements on the catalyst before and after the
phenol degradation too (not shown). The FT-IR results show that
the surface of the used catalyst was the same as that of the fresh
one.

3.7. Degradation of some derivatives of phenol

The solar-Fenton catalytic degradation was tested with some
derivatives of phenol such as 4-CP, 2,4,6-TCP, BP, 4-NP, 2,4 DNP
and 2,4,6-TNP. At first, the removal of phenolic compounds was
examined in the dark for 15 min. The dark Fenton catalytic degra-
dation of phenolic compounds can be preceded by cleavage of ben-
zene rings to produce polycarboxylic acid intermediates. Then, the
solutions were irradiated by solar light and the results are pre-
sented in Figs. 9 and 10. The absorption peaks of phenolic com-
pounds were decreased in intensity by increasing the irradiation
times and were completely vanished in relatively short time. The
results show a complete degradation for nitro derivatives of phenol
in 30 min, while for other derivatives longer times were required.
The shorter time of degradation in nitro derivatives might be
attributed to the adsorption of visible light for the excitation.

4. Conclusion

In this work, an impure BFO MNPs as a novel stable nanocom-
posite with a FM order and small crystallite size was prepared suc-
cessfully by ultrasound. For the first time, the solar light was used
in the heterogeneous photo-Fenton catalytic degradation of pheno-
lic compounds for overcoming the limitation of the Fenton reaction
in water treatment applications. The impure BFO MNPs with small
crystallite size provide more active sites for the generation of OH-
than pure one. The degradation of phenol and its derivatives were
carried out through the dark and solar-Fenton catalytic approach.
Partial degradation in dark and a complete degradation of phenolic
compounds was obtained under solar light irradiation with 0.06 g
of impure BFO MNPs and low concentration of H,0; (0.8 mM). The
synthesized magnetic nanoparticles can be effectively separated
with an external magnetic field without any formation of the sec-
ondary metal ion pollutants during the process. The complete solar
Fenton catalytic degradation of nitro derivatives was achieved in
30 min, while for other derivatives longer times were required.
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The OH' and O, molecules were important species in the solar-
Fenton catalytic degradation of the selected pollutants. The strong
H,0,-activating ability of impure BFO MNPs showed promising
applications in the oxidative degradation of organic pollutants.
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