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ABSTRACT

Tetrabromobisphenol A (TBBPA), a widely used brominated flame retardant, could nega-
tively affect various aspects of mammalian and human physiology, which triggers effective
techniques for its removal. In this work, the degradation characteristics of TBBPA in
heterogeneous UV/Fenton reaction catalyzed by titanomagnetite (Fe;_,TiyO,) were studied.
Batch tests were conducted to evaluate the effects of titanomagnetite dosage, H,0,
concentration and titanium content in magnetite on TBBPA degradation. In the system
with 0.125 g L ™! of Fe, 0, Tig 9504 and 10 mmol L~* of H,0,, almost complete degradation of
TBBPA (20 mg L™ %) was accomplished within 240 min UV irradiation at pH 6.5. The titanium
incorporation obviously enhanced the catalytic activity of magnetite. As shown by the XRD
and XANES results, titanomagnetite had a spinel structure with Ti*' occupying the octa-
hedral sites. On the basis of the degradation products identified by GC-MS, the degradation
pathways of TBBPA were proposed. TBBPA possibly underwent the sequential debromi-
nation to form TriBBPA, DiBBPA, MonoBBPA and BPA, and @-scission to generate seven
brominated compounds. All of these products were finally completely removed from
reaction solution. In addition, the reused catalyst Fe, 0,Tig0504 still retained the catalytic
activity after three cycles, indicating that titanomagnetite had good stability and reus-
ability. These results demonstrated that heterogeneous UV/Fenton reaction catalyzed by
titanomagnetite is a promising advanced oxidation technology for the treatment of
wastewater containing TBBPA.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

circuit boards, insulated wires and various polycarbonate
plastics (Kitamura et al.,, 2002). Due to its extensive usage,

Tetrabromobisphenol A (TBBPA) is one of the most important TBBPA has been detected in various environmental matrices,
brominated flame retardants (BFRs) widely used in printed including sediment (Voordeckers et al, 2002), biological
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matrices (Cariou et al., 2005), water (de Wit, 2002), air and dust
(Abdallah et al., 2008). Previous studies have confirmed that
TBBPA is a toxic and persistent compound which can be an
endocrine disruptor and seriously affect the development of
brain, bone and thyroid hormone systems after a long-term
exposure (Birnbaum and Staskal, 2004). Therefore, it is
necessary and significant to develop effective techniques to
remove TBBPA from the contaminated environment.

In the last decades, several biological and non-biological
techniques have been applied in TBBPA degradation. In both
aerobic and anaerobic conditions, TBBPA can be degraded by
microorganisms with a mean half-life of about two months,
suggesting the arduousness of TBBPA degradation by biolog-
ical methods (Ronen and Abeliovich, 2000). Comparatively,
non-biological approaches can achieve a higher degradation
rate. Thermal treatment is a traditional method for TBBPA
decomposition (Barontini et al., 2004), but it would produce
polybrominated debenzo-p-dioxins (PBDDs) and dibenzofu-
rans (PBDFs) with higher toxicity during the combustion and
pyrolysis processes (Soderstrom and Marklund, 2002). TBBPA
also can be oxidized by some transition metal oxides. Lin et al.
(2009) revealed that about 50% of TBBPA can be degraded
within 5 min by birnessite (3-MnO,), but no debromination
was observed. In addition, more than 90% of TBBPA was
oxidized by a Fe-porphyrin/KHSOs catalytic system at pH 8.0,
and debromination was still not observed (Fukushima et al.,
2010). As debromination is a vital step to decrease TBBPA
toxicity (Ronen and Abeliovich, 2000), it can be seen that the
above non-biological methods were not so effective or envi-
ronmental friendly. In contrast, photolytic degradation has
been considered as a promising technique for TBBPA degra-
dation, due to its capability of achieving debromination and
prevalence in the atmosphere and water medium (Chignell
et al., 2008). Horikoshi et al. (2008) reported that TBBPA at
the concentration of 0.1 mmol L' could be completely
debrominated and degraded by alkaline TiO, under 120 min
UV radiation, but no discussion on the reaction mechanism
was presented in their publication. Nevertheless, knowledge
regarding the photo degradation of TBBPA is still rather
limited, especially in aspects of degradation pathways and
mechanism (Han et al., 2008), which no doubt hinders the
application of photolytic degradation in TBBPA removal.

Recently, the heterogeneous Fenton reaction was found
available for TBBPA degradation. Luo et al. (2011) revealed that
TBBPA was completely degraded in Fenton-like oxidation
catalyzed by synthetic Fe—Ag bimetallic nanoparticles under
ultrasound radiation. But this kind of prepared catalysts was
self-designed and hardly found in the nature, which certainly
was uneconomic for its application due to the great
consumption wasted during its synthetization. By contrast,
with strong catalytic activity, excellent environmental
compatibility and universality on the earth surface, magnetite
has been considered as an ideal catalyst in heterogeneous
Fenton reaction (Ngomsik et al., 2005; Yang et al., 2009a). Our
recent studies demonstrated that some magnetite group
minerals (e.g. titanomagnetite and V-Ti incorporated
magnetite) are effective in degradation of organic dyestuff
through heterogeneous Fenton reaction (Liang et al., 2010a;
Yang et al., 2009b). Moreover, the introduction of ultraviolet
light into Fenton system can obviously improve the pollutant

degradation (Muruganandham and Swaminathan, 2004),
which has been extensively used in environmental engi-
neering (Wang et al,, 2003). However, to the best of our
knowledge, there is no report on the degradation of TBBPA
through heterogeneous Fenton or UV/Fenton reaction cata-
lyzed by magnetite group minerals (e.g. titanomagnetite).

Hence, in the present study, the degradation of TBBPA
through heterogeneous UV/Fenton reaction catalyzed by
synthetic titanomagnetite was investigated, with emphasis
on the catalytic activity of titanomagnetite, mechanism of
titanomagnetite catalyzing TBBPA degradation, degradation
pathway of TBBPA, and catalyst reusability. Ultraviolet light
was introduced to improve the bioavailability of the degra-
dation system. Therefore, this study is of great significance for
developing the application of magnetite group minerals in the
UV/Fenton reaction for TBBPA degradation and helpful for us
to well understand the environmental fate of TBBPA in the
nature.

2. Materials and methods
2.1. Preparation of magnetite samples

Tetrabromobisphenol A (97%) was purchased from Alfa Aesar.
Bisphenol A (99%) was obtained from Sigma-—Aldrich. Meth-
anol and hexane in ACS certified grade were obtained from
Merck while Toluene also in ACS certified grade was provided
by Honeywell Burdick & Jackson. The other chemicals and
reagents were of analytical grade and used as received.

Fe;0,4 and titanomagnetite samples (Fe; xTixO4, 0 < x < 1.0)
were prepared by a precipitation—oxidation method and its
preparation procedure has been described in detail in the
literatures (Liang et al., 2010b; Yang et al., 2009a). All the
magnetite samples were ground and passed through a 200-
mesh sieve.

2.2. Characterization of magnetite samples

The contents of Fe and Ti in the synthetic samples were
analyzed on Varian Vista ICP-AES (Inductively Coupled
Plasma Atomic Emission Spectroscopy). Based on the chem-
ical analysis results, the chemical formulae of synthetic
magnetite samples were labeled as Fe;04, Fepg0Tio 2004,
Fe, 54Tio 4604, Fes 29Tio 7104 and Fe, 0, Tig 0504, respectively. The
synthetic samples were characterized by powder X-ray
diffraction (PXRD), BET specific surface area, transmission
electron microscope (TEM) and X-ray absorption near-edge
structure (XANES) spectra. The characterization details are
provided in Text A.1 in Supplementary material.

2.3. Heterogeneous UV/Fenton degradation

TBBPA degradation through heterogeneous UV/Fenton reac-
tion was carried out in a home-made photo-reactor with a 6 W
UV-light tube (1 = 365 nm). The mixture of water and meth-
anol (3:2, v/v) was used as solvent to increase the solubility of
TBBPA in water. Our preliminary study has confirmed that
methanol has no obvious inhibiting or facilitating effect on the
degradation process. The 20 mg L' of TBBPA was used to
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simulate the wastewater containing high concentration of
TBBPA. After adding titanomagnetite (0.5 g L~%) into the TBBPA
solution, the suspension was stirred for 60 min in dark to
make the particles and TBBPA well dispersed and achieve the
adsorption equilibrium for TBBPA on the catalyst. The degra-
dation was initiated by simultaneously adding H,O, and
turning on the UV-light. At given intervals, the reaction solu-
tion was sampled for TBBPA concentration analysis and
intermediate products identification. The detailed experi-
mental procedures are complementarily provided in Text A.2.

The TBBPA concentration was analyzed by a Shimadzu LC-
20A High Performance Liquid Chromatography (HPLC), and
the degradation intermediate products were identified by
a Shimazu QP2010 plus Gas Chromatographic Mass Spec-
trometry (GC-MS). The leaching Fe ions concentration during
degradation was analyzed on a PE-3100 Flame Atomic
Absorption Spectrophotometer (FAAS). The detailed instru-
ment conditions are shown in Text A.3. In addition, the solid
catalyst was recycled after degradation and ready for XRD and
XANES characterizations and reusability test.

To investigate the contribution of homogeneous UV/Fen-
ton process catalyzed by the leaching Fe ions on the TBBPA
degradation, experiments in two homogeneous systems UV/
FeSO4/H,0, and UV/Fe,(SO4)s/H,0, were also carried out.
Additional experiment details are described in Text A.2.

3. Results and discussion
3.1. Characterization of magnetite samples

Fig. 1 shows that the XRD patterns of the synthetic samples
well correspond to the standard card of magnetite (JCPDS: 19-
0629), indicating that the synthetic samples have well crys-
tallized spinel structure. Table 1 displays the lattice parameter
(a0), BET surface area and particle size of Fes ,TiyO4. The
lattice parameter ao of all the titanomagnetite samples is

Intensity

x=0.98-after

J
I
N
-

JCPDS: 19-0629 (3")

400 (511) 440y  (533)
aiy 0 Lzzzﬁl w22y, G 620y (622
10 20 30 40 50 60 70 80

20/degree

Fig. 1 — X-ray diffraction patterns of the synthetic
Fes_,Tiy04 (0 < x < 1.0) samples.

Table 1 — Lattice parameters, BET surface areas and
particle sizes of the Fe;_,Ti,O4.

Sample ag/m Surface  Average Particle size
area /m? g~ ! particle distribution/nm
size/nm
Fe304 0.8392 19 82 34-245
Fe, g0Ti02004 0.8371 38 67 36—164
Fe,54Tip4604 0.8362 50 58 25—-118
Fe, 29Tip 7104 0.8364 58 56 27-94
Fe, 0oTip0g04 0.8365 57 55 31-85

smaller than that of Fe;04. Moreover, with the increase of
titanium incorporation, the specific surface area gradually
increases while the particle size decreases.

The TEM images of the catalyst samples are shown in Fig. 2.
Fe;0, grows well in an octahedral shape which is the classical
morphology of well crystallized magnetite. And more than
90% of particles are in size of 30—200 nm with the average size
at 82 nm. With the increase of titanium content, the average
particle size decreases and the size distribution becomes
narrow (Table 1).

The catalytic activity of transition metal substituted
magnetite is strongly dependent on the nature of
substituting cations, the valences and distribution over the
tetrahedral and octahedral sites (Lee et al., 2008). Herein,
XANES characterization was carried out to probe the valence
and occupancy of titanium in the synthetic titanomagnetite
samples. From previous study (Simon et al., 2007), the
intensity and energy position of the pre-edge peak are quite
sensitive to the valence of absorbing atoms, which also is
a fingerprint to distinguish tetrahedral coordination from
octahedral one. The left panel of Fig. 3 displays the normal-
ized Ti K-edge XANES spectra of Fe;_,TiyO4 and Ti reference
compounds. The pre-edge curves for both rutile («-TiO,) and
anatase (y-TiO,) show three peaks (respectively labeled as A,
B, and C in the right panel of Fig. 3). The curve profiles for
both rutile and anatase are quite different from that of Ti foil.
The perturbation A, related to the shake up and shake off
process, derives from an exciton band or a transition from 1s
to 1tyg. And perturbations B and C are originated from the
transitions from 1s to 2t,; and from 1s to 3eg in an octahedral
field, respectively (Liu et al., 2003a; Pickup et al., 2008). From
previous studies, the intensity variation of these three pre-
edge peaks is mainly related to the changes in the distor-
tion of the octahedral TiOg unit (Liu et al., 2003a; Simon et al.,
2007). And peak B should become more intense and shift to
lower energy when the coordination of titanium changes
from sixfold to fourfold. Moreover, peak C is quite sensitive
to the distortion degree, ascribed to the energy minimization
of structure. Its intensity increases with the increase of
distortion degree around the absorbing atom site (Pickup
et al., 2008). For titanomagnetite, the intensity of pre-edge
peaks increases with the increase of titanium content.
Especially for perturbation B, this peak on the curve of
Fe, 02Tip 9804 is more intensive than that of Fe, 9;Tig 0304. But
the pre-edge feature of all the titanomagnetite samples is
still in low intensity. Moreover, from the left panel of Fig. 3, it
is obvious that intensity and position of the absorption edge
for Fe; ,TiO4 are respectively identical to those of ilmenite
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Fig. 2 — TEM images of the synthetic Fe;_,Ti O, (0 < x < 1.0) samples.

(FeTiOs) with octahedral Ti*". This indicates that titanium
cations in titanomagnetite have the valence of +4 and limit
to the octahedral sites, which are consistent with results of
the previous studies (Pearce et al., 2010; Wechsler et al.,
1984). Furthermore, the low intensity of peak C suggests
the low distortion degree around the titanium cations,
ascribed to the small difference in ionic radius between Ti*"
(60.5 pm) and Fe* (65 pm) in octahedral sites (Gasmi et al.,
2009; Liu et al., 2003b). This is in accordance with the slight
decrease in lattice parameter a, (Table 1).

In titanomagnetite, the valences of iron are +3 and +2
(Yang et al., 2009a). Based on the principle of electrovalence
equilibrium (Pearce et al., 2010), when Ti*" substituted partial
Fe*" in magnetite structure, same amount of Fe*" would be
changed to Fe?*. But when Ti*" substituted Fe*" without Fe?"
generation, the electrovalence equilibrium was balanced by
producing oxygen vacancy and structural defect compensa-
tion (Liu et al., 2008; Moura et al., 2006).

x=0.98-after
x=0.98
x=0.71
x=0.46
x=0.20
x=0.03
Ilmenite
a-TiO,
y-TiO,

Ti foil

i

Normalized absorption

4950 4975 5000 5025 5050 4960 4970 4980
Energy (eV)

Fig. 3 — XANES spectra of Fe;_,Ti,0, (0 < x < 1.0) and Ti
reference compounds.

3.2 TBBPA degradation in different catalytic systems

To investigate the catalytic activity of titanomagnetite for the
UV/Fenton degradation of TBBPA, series of contrast experi-
ments were carried out. As shown in Fig. 4, the concentration
of TBBPA did not obviously decrease in the presence of
Fey 02Tip0s04 alone. It indicated that TBBPA was hardly
adsorbed on the titanomagnetite surface, because the
removal of TBBPA in Fe; Tig 9504 system mainly depended on
the adsorption on Fe, 0,Tip0304. The low adsorption may be
ascribed to the fact that TBBPA was a hydrophobic compound
while titanomagnetite surface was hydrophilic. Similarly, no
significant decrease in the TBBPA concentration was observed
in the Fe; 05Tip0g04/H,0, system. It may be attributed to the
slow reaction between =Fe! on magnetite surface and H,0,
under near neutral pH condition, and the insufficient *OH
radical generation. The high generation rate of *OH radicals
shown in Eq. (1) was obtained only under acid pH condition

100
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T 401 . .
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) + il i "
0¥ ¥ 2 =) ¥ 2 *
0 60 120 180 240
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Fig. 4 — TBBPA degradation in different systems (TBBPA:
20 mg L™, H,0,: 10 mmol L™, Fe, ,Tio.0s04: 0.50 g L7,
Fe**: 20 mg L™, 500 mL, pH: 6.5, 25 °C).
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(De Laat and Gallard, 1999). Moreover, the insufficient *OH
radicals were easily scavenged by H,0, (Eq. (2)) (Perez et al.,
2002), so the generated *OH were not enough to diffuse into
the bulk solution to degrade TBBPA (Kwan and Voelker, 2002).
Besides, the low TBBPA adsorption on magnetite surface also
led to its difficult degradation.

=Fe' 4+ H,0, > =Fe™ + *OH + OH ,k; =63 M 's ! (1)

*OH + H,0, — HOS + H,0,k, =2.7 x 10’ M *s7? (2)

Compared to Fe; 0,Tip9g04/H,0;, system, UV/H,0, system
showed more effective in the degradation of TBBPA. Approx-
imately 75% of TBBPA was degraded after 240 min UV irradi-
ation in UV/H,0, system. The degradation of TBBPA by UV/
H,0, was attributed to the attack of *OH radicals generated by
photolysis of H,0, as shown in Eq. (3) (Chen and Zhu, 2007).
Previous studies have also reported the higher efficiency of
UV/H,0, system than heterogeneous Fenton system in the
degradation of other organic pollutants (Anipsitakis and
Dionysiou, 2004; Zhang et al., 2007).

H,0, + hv — 2°OH 3)

When titanomagnetite (Fe; 0,Tio0s04) Was introduced to
the UV/H,0, system, the degradation efficiency of TBBPA was
significantly enhanced. More than 97% of TBBPA was
degraded after 240 min UV irradiation. Such enhancement
was attributed to the fact that the generated Fe™ (Eq. (1)) on
the titanomagnetite surface under UV irradiation (365 nm)
could be effectively reduced to Fe with concomitant
production of *OH radicals (Eq. (4)) (Tryba et al., 2009; Utset
et al., 2000). The regenerated Fe' can further participate in
the Fenton reaction to produce *OH radicals (Eq. (1)). Such
recycle enhanced the *OH radical production and made the
UV/Fenton system display efficient catalytic activity for the
degradation of TBBPA.

=Fe 4 H,0, + hv — =Fe' + 2°0OH (4)

Compared to the UV/Fe; ,Tip9504/H,0, system and UV/
H,0, system, the UV/TiO, system exhibited weaker cata-
lytic activity towards the degradation of TBBPA, and only
about 58% of degradation was obtained after 240 min UV

radiation.
To investigate the possibility that the observed catalytic

activity of titanomagnetite was caused by the Fe leaching
from the catalyst, the concentrations of Fe ions in the solution
of UV/Fe; 0,Tip0804/H,0, system was tracked (Fig. A.1). It was
observed that the concentration of dissolved Fe ions was
proportional to the reaction time (left panel of Fig. A.1), and
a logarithm relationship between the dissolved Fe ions
concentration and magnetite dosage can be seen in the right
panel of Fig. A.1. Furthermore, the concentrations of dissolved
Fe ions in reaction solutions increased from 3 to 20 mg L™ * as
the catalyst dosage increased from 0.125 to 1.0 g L' after
240 min reaction.

Owing to the obvious Fe leaching from catalyst in this
study, it was not clear whether the homogeneous UV/Fenton
reaction was responsible for the fast degradation of TBBPA or
not. Therefore, two homogeneous systems of UV/FeS04/H,0,
and UV/Fe,(S04)s/H,0, were performed (Fig. 4). The initial iron
concentrations in both systems were chosen at 20 mg L™,
according to the maximum Fe leaching amounts during the
UV/Fenton degradation of TBBPA by Fe, 0,Tio 9504 (right panel
of Fig. A.1). As shown in Fig. 4, in the UV/Fey(SO4)s/H,0,
system, around 78% of TBBPA was degraded after 240 min
reaction, which was comparable to that of UV/H,0, system
without titanomagnetite (77%), suggesting that the contribu-
tion of dissolved Fe*" ions to the TBBPA degradation in UV/
H,0, system was negligible. It may be due to the fact that Fe"
reacted slowly with H,0, to generate HO3 radicals with lower
activity than °OH radicals (Eq. (5)). However, the lower
degradation percentage of TBBPA (66%) was obtained in the
UV/FeS04/H,0, system (77%). The lower efficiency of this
homogeneous UV/Fenton system was probably related to the
fact that the titrimetric addition of H,0, in our study may
result in locally high concentration of H,0,, which could
induce the *OH radical scavenging effect (De Laat and Gallard,
1999; Zepp et al., 1992). Especially, the highly oxidative *OH
radicals generated from the fast reaction between Fe?" and
H,0, (Eq. (6)) could quickly react with H,O, to form the weaker
oxidative HOj radicals Eq. (2), leading to the slow degradation
of TBBPA. It should be noted that the scavenging effect would
be negligible in UV/Fe,(S04)3/H,0, system, since the reactivity
of Fe** with H,0, was very low (Eq. (5)), thus less radicals
could be scavenged by H,0,.

Fe®* + H,0, — Fe*™ 4+ HO3 + H", k3 = 0.02 Mt s7? (5)

Fe?* + H,0, — Fe*" 4 *OH + OH ™, ks =58 M 157! (6)

These results indicated that the contribution of the
homogeneous UV/Fenton reaction catalyzed by dissolved Fe
ions at near neutral pH can be ignored. The fast degradation of
TBBPA was mainly dominated by the heterogeneous UV/
Fenton reaction catalyzed by titanomagnetite.

Under these tested conditions, all the degradation
processes were well fitted with the pseudo-first-order rate
kinetic law (Eq. (7)) (Liang et al., 2010b), with correlation
coefficients higher than 0.95 (Fig. A.2).

—In (C¢/Co) = Rappt @)

where Cy and C; are the TBBPA concentrations at the initial
time and reaction time t, respectively, mg L%, Rapp is the
apparent pseudo-first-order rate constant, min—*.

The obtained kqp, were 0.015, 0.0063, 0.0058, 0.0039, 0.0034,
1.8 x 107* and 9.2 x 107> min ' for the systems of UV/
Fe.0,Tio0804/Hz02, UV/H,0,, UV/Fey(SO4)s/H,0, UV/FeSO./
HQOz, UV/TIOz, Fez_ogTio_ggoql/I‘IQOQ and F62_02T10_9804, respec-
tively. The catalytic activity on the degradation of TBBPA
in the above systems obeys the following order: UV/
Fe; 05Tip 9804/H,0, > UV/H,0, > UV/TiO, > Fe,,Tipog04/
H,0, > Fej 0, Tio.9804. TBBPA could not be degraded efficiently
in the Fe, ¢,Ti 9g04/H,0, system, while the introduction of UV
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Fig. 5 — Effect of Fe, ¢,Tip 9504 loading (A) and H,0, dosage (B) on the degradation of TBBPA (C, = 20 mg 1™, H,0, (A),

10 mmol L™ % catalyst (B), 0.50 g L™ *, 500 mL, pH = 6.5, 25 °C).

greatly improved its degradation. As titanomagnetite was
a common mineral with great reserve, the combination of UV
and Fenton process should be an efficient and economic
technology.

3.3. Parameters for UV/Fenton degradation of TBBPA
catalyzed by titanomagnetite

3.3.1. Effect of titanomagnetite dosage

The effect of titanomagnetite (Fe 0,Tio.9g04) dosage ranging
from 0 to 1.0 g L~! on TBBPA degradation was investigated
under the optimal reaction conditions (pH 6.5, 10 mmol L*
H,0,, 20 mg L~! TBBPA, and 240 min UV irradiation). As
shown in Fig. 5A, TBBPA degradation percentage increased
from 77% to 99% when titanomagnetite dosage was
increased from 0 to 0.125 g %, indicating the highly catalytic
activity of titanomagnetite in the TBBPA degradation.
However, with the catalyst dosage up to 1.0 g L%, the TBBPA
degradation efficiency decreased by 86%. The decline in the
degradation of TBBPA may be ascribed to the fact that the
turbidity of suspension in the presence of excessive catalyst
would decrease the penetration of UV-light, resulting in
a loss of available radiation via light scattering (Vicente et al.,
2009). Consequently, the generation of effective photons was
decreased and then the photo-catalytic activity was reduced
(Bangun and Adesina, 1998). Furthermore, previous studies
have reported that the excessive catalysts were hydroxyl
radical scavengers (Eq. (8)), and hence reduced the amounts
of generated *OH radicals in the system (Malik, 2004; Neyens
and Baeyens, 2003).

Fe?" 4 *OH & Fe*' + OH~ (8)
3.3.2.  Effect of Hy0, concentration

The effect of H,0, concentration ranging from 0 to
20 mmol L' on the TBBPA degradation in the presence of
titanomagnetite (Fe;0,Tioes0s) and UV irradiation was
studied. Compared to control system in the absence of H,0,,
the addition of 10 mmol L~ H,0, resulted in an increase in

degradation of TBBPA (Fig. 5B). It may be attributed to that
H,0, can inhibit the recombination of electron—hole pair and
its photolysis can produce *OH radicals for TBBPA degradation
(Egs. (3) and (9)) (Chong et al., 2010). However, with the H,0,
concentration up to 20 mmol L™, the degradation efficiency of
TBBPA significantly decreased. This phenomenon can be
explained by the fact that excess H,0, can react with *OH
radicals to form HO3 radicals (Eqg. (2)). As mentioned above, the
oxidation potential of HO3 radicals is much lower than that of
*OH radicals (Chong et al.,, 2010; Daneshvar et al., 2003;
Ramirez et al., 2007), and it can react with *OH radicals and
consequently decrease the degradation efficiency of TBBPA
(Chen et al., 2010).

H,0, + e~ — *OH + HO~ )

3.3.3. Effect of titanium incorporation

The UV/Fenton degradation of TBBPA catalyzed by synthetic
titanomagnetite with different titanium contents was shown
in Fig. 6. Under the tested conditions, all the degradation
processes were well fitted with the pseudo-first-order rate
kinetic law (Eq. (7)), with correlation coefficients higher than
0.95. The obtained kg, for UV/H,0, and UV/Fenton systems
catalyzed by Fe3Oq, Feyg0Ti0 2004, Fe254Tio 4604, Fe229Ti07104
and Fe, 02Tip 0804 is 0.0061, 0.0065, 0.0084, 0.0070, 0.0011 and
0.015 min *, respectively. It was observed that kg, basically
increased with the increase of titanium content in magnetite,
suggesting that titanium incorporation played an important
role in strengthening the catalytic activity of magnetite in UV/
Fenton reaction. There are two possible reasons for this
positive effect. One is that the isomorphism substitution of
Ti** for Fe®** in magnetite could create some defects and
dislocations in magnetite structure due to their unequal
valence, resulting in the formation of oxygen vacancies and
Fe®* reduction to Fe?* to keep electrovalent equilibrium
(Pearce et al., 2010). The other one is that Ti*" on the titano-
magnetite surface can be reduced to Ti** under the UV irra-
diation and oxygen vacancies were simultaneity produced
(Eqg. (10)) (Anpo et al., 1999; Liu et al., 2003a).
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Fig. 6 — The kinetics process of TBBPA degradation in UV/
Fenton reaction catalyzed by Fe;_,Ti 04 (0 < x < 1.0). Inset:
The kinetics process fitted by pseudo-first-order rate law
(TBBPA: 20 mg L™ %, H,0,: 10 mmol L™, catalyst: 0.50 g L™ %;
500 mL, pH: 6.5, 25 °C).

2Ti** + 02~ + hu — 2Ti%" + (1/2)0, + AV (10)

where AV is anion vacancy.

Itis known that these oxygen vacancies and defects are the
active sites for the generation of *OH radicals and the regen-
eration of Fe?" which can further accelerate the Fenton
degradation reaction (Jing et al, 2004; Li et al., 2005a,b).
Therefore, titanium substitution in magnetite was able to
promote the TBBPA degradation by enhancing the reduction
of Fe*" to Fe?" and the generation of *OH radicals.

Nevertheless, there was an unexpected decline in catalytic
efficiency for Fe, 54Tio 4604, While compared with Fe, goTio.2004
(Fig. 6). This phenomenon is probably related to the substitu-
tion extent of Fe3* by Ti*" in the octahedral sites. It has been
established that the catalytic activity is mainly dependent on
the octahedral cations, as the octahedral sites are almost
exclusively exposed at the surface of the spinel structure
(Ramankutty et al., 2002). As an inverse spinel mineral,
magnetite has the structure of Fe®'(Fe®t, Fe®"), O, As
mentioned above, when Ti** substitutes partial Fe*' in
magnetite structure, the same amount of Fe3* is changed to
Fe?* to keep electrovalence equilibrium. Furthermore, for
Fe;_xTixO4, when the substitution extent x was below 0.50, the
electron transfer promoted by UV irradiation predominately
between Fe?* and Fe* in octahedral sites (Pearce et al., 2010).
Herein, the electron transfer between Fe?" and Fe*' mainly
occurs on face-shared and edge-shared octahedral. But when
the substitution extent x is close to 0.5, nearly all the Fe*" in
octahedral sites are substituted by Ti*" or changes to Fe?" and
no octahedral sites are occupied by Fe*! (Pearce et al., 2010),
which could greatly weaken the electron transfer between
Fe?" and Fe*' on edge-shared octahedral sites. Although the
more Ti*" can generate more oxygen vacancies, it is possibly
insufficient to cover the weakening effect of the electron
transfer, resulting in the slightly weaker catalytic activity of
Fe, 54Tl 4604 than that of Fe, goTig 2004.

While the substitution extent x was higher than 0.5, Ti in
octahedral sites can efficiently block the electron transfer
between Fe®’" and Fe®' and the intervalence transition
between Fe?* and Ti*" dominates (Eq. (11)) (Burns, 1981; Seda
and Hearne, 2004). Both of them may contribute to the gradual
increase in catalytic activity of titanomagnetite for substitu-
tion extent higher than 0.5.

Ti*" + Fe?" — Ti*" + Fe3" (11)

3.4. Identification of products and reaction mechanism
in methanol/water

There were twelve degradation products of TBBPA identified
by GC-MS, assigned as Products 1-12, respectively. Except
Product 5, the other products were tentatively identified by
comparing with identified products from the degradation of
TBBPA reported in published literatures due to the lack of
authentic standards. In addition, the mass spectrum of TBBPA
was used as reference to interpret the fragmentation pattern
of products. Table 2 exhibits the mass spectra data of all
products, including the molecular structures and character-
istic fragment ions. The Products 1—4 were identified as tri-
bromobisphenol A (TriBBPA), dibromobisphenol A (DiBBPA,
two isomers), and monobromobisphenol A (MonoBBPA),
respectively, by comparing their mass spectra with those of
products from the transformation of TBBPA identified in
literatures (Barontini et al., 2004; Blazso et al., 2002). Product 5
was identified as bisphenol A (BPA) by the authentic stan-
dards. Product 6 was tentatively identified as phenol, since it
had the identical mass spectrum to that of phenol reported by
Borojovich and Aizenshtat (2002) and Hornung et al. (2003),
with a molecular ion (M*) at m/z 94 [100, M*] (relative inten-
sity, %, and formula of assigned ion fragment) and fragment
ion atm/z 77 [15.2, (M — OH)"]. Products 7—10 were tentatively
identified as 4-isopropylene-2,6-dibromophenol (7), 4-(2-
hydroxyisopropyl)-2,6-dibromophenol (8), 4-isopropyl-2,6-
dibromophenol (9), and 2-(2,4-cyclopentadienyl)-2-(3,5-
dibromo-4-hydroxyphenyl) propane (10), respectively, by
comparison with published mass spectra data (Barontini et al.,
2004; Eriksson et al., 2004; Hornung et al., 2003; Lin et al., 2009).
The identification of above Products 1—10 has been described
in detail in Text A.4 of the Supplementary material. In addi-
tion, Products 11 and 12 had the same molecular weight (m/z
430) and similar fragmentation pattern (shown in Text A.4) but
with different retention times, suggesting that they might be
isomers. According to the analysis of their mass spectra
(Fig. A.3), they were tentatively identified as dibromo-4-[2-(4-
hydroxy phenyl)] isopropoxy benzoic acid. Due to lack of
authentic standards, their substituent position of bromines
was uncertain.

On the basis of the identified products, the degradation
pathways of TBBPA under heterogeneous UV/Fenton process
were proposed (shown in Fig. 7). It is well accepted that the
heterogeneous UV/Fenton process is based on the reaction of
°OH radicals which can destroy organic pollutants efficiently
(Litter, 1999). As shown in Fig. 7, the proposed reaction
mechanisms for the degradation of TBBPA involved two
different pathways (Schemes 1 and 2), corresponding to the
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Table 2 — Mass spectra data of intermediate products.

Product Retention Molecular Fragmentation ions Proposed Structure
time (min) weight
1 27.64 465 450, 370, 291, 210 Br
CH;
DALY
CH;
Br : Br
2 23.03 386 371, 291, 211 CH,
a
- CH; oo,
+ Br} + Br}
3 26.05 386 371, 290, 211 o o
4 21.24 308 293, 278, 212, 197 CH,
o~ Lo
CH,
Br
5 10.59 228 211, 196, 181, 105 CH,

CH;
6 8.04 9 77
OH
7 9.66 292 277,212,196, 132 B
H
CH,
Br
8 11.62 310 293, 212,132,91
Br, C|H3
Ho%}T_OH
e CH,
9 1221 294 279,214, 199, 184, 104 B
CH;
/
HO CH
CH;
Br
10 17.90 358 343, 293, 262, 198, 183 B
CH,
HO C
e CH,
11 26.17 430 416, 401, 385, 335, 320, 275, 212, 133 .
+ Br, CH3
[ _\\
N
12 26.48 430 416, 401, 356, 339, 320, 275, 241, 196 |
HO c—o—@—cooa b
=
——f
' Br, CH;

a Products 2 and 3 are isomers.
b Products 11 and 12 are isomers. The uncertain substituent positions of bromines are displayed in dotted boxes.
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two possible sites for the attack of *OH radicals on the TBBPA
molecule. In Scheme 1, the generated *OH radicals may attack
the C—Brbond of TBBPA and lead to debromination of TBBPA to
form TriBBPA, DiBBPA, MonoBBPA and BPA. The sequential
debromination pathway of TBBPA often occurred in the
reductive degradation of TBPPA by anaerobic bacteria and
zero-valent metals (Barontini et al., 2004; Blazso et al., 2002;

Br
UV/Fenton

o + o o O on g
Debromination

e

Br

Scheme 1: Debromination processes

Ronen and Abeliovich, 2000). Although Eriksson et al. (2004)
had found the photochemical degradation of TBBPA via Tri-,
di- and monoBBPA as well as BPA were not detected. Xu et al.
(2011) have investigated TBBPA degradation by BiOBr under
simulated light irradiation and reported that the debromina-
tion of TBBPA was concomitant with hydroxylation to yield
tetrahydroxylated BPA. Horikoshi et al. (2008) have found the

CH,

CH,

(Ko + mo—{ AL )—om
CH,

Br Br

CH,
% o
(1, MW=465) (2,3, MW=386)
CH, CH,
O OH +HO0H + HBr
cn, cH,
(4, MW=307) (5, MW=228)

Br Br
CH,
UV/Fent
Scission
CH,
Br Br ‘@,,
< 3—0.
(R3) Br
-Br
Br Br Br
CH, |CH1 CH,
HO HO C—OH H CH @—OH
CH CH,
Br ; Br CH, Br '
(7, MW=292) (8, MW=310) (9, MW=294) (6, MW=94)
Br CH, Br
, +/—\ Substitution |
£ (|: + T O R Debrommatmn - COOH
Br CH; Br
(R4) (11,12, MW=430)
Br Br Br CH
CH, | 2
a0 Yo ——= 0=
CH, l
Br Br Br CH
(10, MW=358)

Scheme 2: Decomposition and transformation processes

Fig. 7 — Proposed reaction schemes for TBBPA degradation in UV/Fenton reaction (The uncertain substituent position of

bromines was displayed in dotted boxes).
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formation of bromine ions from TBBPA degradation in UV-
irradiated alkaline aqueous TiO, dispersions, while they did
not identify the degradation products of TBBPA and cannot
examine the debromination mechanism. To our knowledge,
this is the first report of sequential debromination of TBBPA
taking place in the heterogeneous UV/Fenton reaction.

In addition to sequential debromination, TBBPA may
undergo (-scission (cleavage between one of the
benzene rings and the isopropyl group) by oxidation of
°OH radicals to yield a cationic intermediate R1 and a
radical R2 (Scheme 2A). R1 may be transferred to 4-
isopropylene-2,6-dibromophenol (7), 4-(2-hydroxyisopropyl)-
2,6-dibromophenol (8), 4-isopropyl-2,6-dibromophenol (9)
through deprotonation, substitution and hydrogenation
reactions, respectively. This pathway has been extensively
reported in the oxidative degradation of TBBPA by *OH radi-
cals, UV-light, and singlet oxygen (Barontini et al., 2004;
Eriksson et al., 2004; Lin et al., 2009). Due to *OH radicals are
nonselective, they can react directly with intermediates of
TBBPA. Radical R2 may be transformed into phenol (Product 6)
via debromination by the oxidation of *OH radicals. Product 9
contained an active benzyl carbon—hydrogen bond which was
easily attacked by *OH radicals (Guo et al., 2003), so it may be
further oxidized to form intermediate Product R4 followed by
coupling with R1 to yield isomeric Products 11 and 12 (Scheme
2A). Product 10 has been detected in the photodegradation of
TBBPA by Eriksson et al. (2004), while its production mecha-
nism has not yet been clearly studied (Scheme 2B) and the
further study is needed to uncover the possible mechanism.

The concentrations of these detected products were
semiquantitatively determined by comparing their relative
peak area response to that of TBBPA. The results showed that
after 240 min reaction, the debromination products including
TriBBPA, DiBBPA, MonoBBPA and BPA accounted for about
42.5% of the production of products, and there remained 57.5%
products probably originated from the 8-scission process and
its correlative chain reactions. It suggested that both of the
debromination and g-scission reaction were the dominant
TBBPA degradation pathways in UV/Fenton reaction catalyzed
by titanomagnetite. It is worth mentioning that the amounts
of all products initially reached a maximum and subsequently
decreased to undetected level with the reaction time, sug-
gesting that heterogeneous UV/Fenton reaction catalyzed by
titanomagnetite can provide fast and complete degradation of
major intermediate products of TBBPA.

3.5. Reusability of titanomagnetite

Undoubtedly, reusability is an important factor for the appli-
cation of catalyst in economic perspective. Fig. A.4 shows the
TBBPA degradation in UV/Fenton reaction catalyzed by
Fep 02Tip0s04 after three recycles. It can be seen that the
reused catalyst Fe; 0,Tio 0504 still retained the catalytic activity
as efficient as the first cycle, and more than 90% TBBPA was
degraded in the third run. Although there was some Fe dis-
solved during the reaction, it did not negatively affect the
catalytic activity of titanomagnetite in several cycles. In
addition, the analysis of XRD and XANES also confirmed the
chemical stability of catalysts Fe;,Tip0g04 during the three
recycles (Figs. 1 and 3). It was observed that the spinel

structure and titanium coordination environment of the
reused catalysts Fe, 0,Tip 050 were almost the same as that of
the fresh catalysts after 240 min of reaction (Figs. 1 and 3).
These results demonstrated that titanomagnetite as catalyst
has good stability and reusability.

Some catalysts with high efficiency in the TBBPA degrada-
tion have been reported in literatures, such as Fe-porphyrin/
KHSOs (Fukushima et al., 2010), Fe—Agbimetallic nanoparticles
(Luo et al., 2011), Mesoporous BiOBr microspheres (Xu et al.,
2011), while they are often expensive and cannot be reused
without loss of catalytic activity. Titanomagnetite, which are
ubiquitously presentin the environment and readily available,
can overcome these drawbacks. Furthermore, titanomagnetite
as heterogeneous catalysts exhibited a higher catalytic activity
towards the UV/Fenton degradation of TBBPA, compared to the
traditional homogeneous Fenton reaction, UV/TiO, reaction
and UV/H,0, reaction (Fig. 4). Hence, titanomagnetite may be
a promising heterogeneous catalyst applied to the removal of
TBBPA from wastewater due to its low cost, high efficiency, and
high reusability. Furthermore, it may play an important role in
the environmental fate of TBBPA, contributing to the abiotic
transformation of this pollutant in the presence of naturally
occurring H,0, and UV-light.

4, Conclusions

This study demonstrated that the titanomagnetite as
heterogeneous catalysts had strong catalytic activity for the
UV/Fenton degradation of TBBPA. The effects of experi-
mental parameters (i.e., catalyst dosage, H,O, concentra-
tion, and titanium content) on the degradation of TBBPA
have been evaluated in batch experiments. The fastest
degradation of TBBPA occurred under the optimal condi-
tions with 0.125 g L™ of Fe, 0,Tip.0s04, 10 mmol L~* of H,0,
and 240 min UV irradiation. The introduction of Ti*"
significantly improved the catalytic activity of magnetite.
Based on the identification of products by GC-MS, the
degradation pathways of TBBPA were proposed, which
mainly involved debromination to form TriBBPA, DiBBPA,
MonoBBPA and BPA congeners and g-scission to generate
seven brominated products. All of these products were
finally completely removed from reaction solution. More-
over, titanomagnetite showed excellent stability and reus-
ability in heterogeneous UV/Fenton reaction. Heterogeneous
UV/Fenton reaction catalyzed by titanomagnetite may be
a novel and promising approach for the treatment of
wastewater containing TBBPA and homologous persistent
organic pollutants.
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