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a b s t r a c t
The photocatalytic process of TiO2/H2O2/UV, first, was applied to degrade tetrabromobisphenol A 
(TBBPA) in aqueous system. Under the optimal conditions, the degrading efficiency of TBBPA reached 
99.3% after 150 min when 120 W UV (0.42 mW/cm2), 3% H2O2, and 400 mg/L of 500°C-calcined TiO2. 
During the photocatalytic degradation process, hydroxyl radicals (·OH) were considered to be the 
main reactive oxidative species involved in attacking TBBPA, and bromide ions generation with the 
conducting reaction. Moreover, five intermediates were detected by liquid chromatography–mass 
spectrometry, and a photocatalytic degradation pathway was proposed. The combination with excel-
lent efficiency for TBBPA provided a potential technology for the treatment of TBBPA-contaminated 
wastewater or environments.
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1. Introduction

Brominated flame retardants (BFRs), for the purpose of
fire prevention, are widely used in epoxy resins, polyester res-
ins, phenolic resins, and polycarbonate products (as reactive 
flame retardants), and they are present in styrene plastics, 
polypropylene, and polyethylene terephthalate as additive 
flame retardants among other materials [1]. Because of good 
thermal stability and largest BFR in terms of production, 
tetrabromobisphenol A (TBBPA) has drawn a lot of attentions 
of researchers throughout the world. It has been widely 
detected in the water, sediment, sewage sludge, landfill leach-
ate, and atmosphere in vivo [2,3]. Toxicology test showed that 
TBBPA harmed to aquatic animals and plants, such as algae 
and fish, exhibits definite toxicities [4,5]. With the widespread 
use of TBBPA and its negative impact on human health, the 
sources and transformation effecting on humans cannot be 
ignored. The main toxicity manifests are liver and kidney tox-
icity [6–8], cytotoxicity [9,10], immune system toxicity [11], 

nervous system toxicity [12,13], endocrine toxicity [14,15], and 
so on. Due to the similarity in structure between TBBPA and 
thyroxine (thyroxin, T4), more and more scholars believe that 
TBBPA is a potential endocrine disruptor [2,16].

Considering the stable structure of TBBPA, conven-
tional treatment methods are not effective. Current studies 
on TBBPA mainly focus on physical adsorption, pyrolysis, 
oxidation degradation, microbial degradation, and advanced 
oxidative degradation. They are adsorbed through humic 
acid, tidal soil, and other adsorption mechanisms. Their 
microbial degradation includes aerobic degradation, anaer-
obic biodegradation, and aerobic–anaerobic degradation, in 
which the microbial species are mainly bacteria and fungi. 
The pyrolysis degradation methods mainly include ZnO 
pyrolysis [17,18] and Sb2O3 pyrolysis [19] in a supercritical 
hydrothermal solution. The oxidative degradation materials 
include ZnO, PbO, Cu2O [20], photodegradation [21], 
MnO2  oxidation [22], and so on. The most common meth-
ods used in oxidative degradation are UV degradation, 
 microwave-assisted degradation, ultrasonic degradation, 
ozone degradation, and photocatalytic degradation. 
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TiO2 is a stable and non-toxic photocatalyst that exhib-
its a strong degradation as a photocatalyst for a variety of 
persistent contaminants, as well as has great potential to con-
taminant management. It is widely believed that the degra-
dation mechanism of TiO2 is governed by the theory of direct 
hole oxidation. The electron–hole band mechanism is based 
on the crystal structure of the material. Anatase TiO2 has a 
band gap of 3.2 eV under UV excitation. When the photon 
irradiation energy is higher than the band gap energy, the 
valence band electrons absorb the photon energy and tran-
sition to the conduction band to form a hole in the conduc-
tion band, leaving a positively charged valence band. This 
hole is then filled with an electron again through oxidation. 
However, the oxidative properties of TiO2 are not internally 
derived. Ultraviolet irradiation in contact with a TiO2 sus-
pension causes an electron/hole pair to migrate to the sur-
face of the TiO2 particles. The TiO2 particle surface comes in 
contact with O2, H2O, H2O2, and other electron acceptors that 
can accept light generated electrons through adsorption. This 
causes a redox reaction to occur, with H2O and other parti-
cles around the electron acceptor forming a hydroxyl radical 
(·OH). The TiO2 surface holes and hydroxyl radical act as a 
strong oxidant that can degrade organic materials adsorbed 
on the TiO2 surface. Prior to using TiO2 as a catalyst, it is nec-
essary to prepare nanoscale TiO2. Various methods for pre-
paring nanotitanium dioxide are divided into physical and 
chemical methods, physical methods including plasma and 
mechanical crushing method; chemical methods including 
hydrothermal method [23], microemulsion method, homoge-
neous precipitation [24], and sol–gel method [25–27]. During 
the process of preparing nanoscale TiO2, calcination at each 
stage can lead to grain growth and aggregate formation, so 
each stage should be strictly controlled [25]. In addition, 
the manufacturing process produces sulphate ions (ammo-
nium sulphate-based) that are adsorbed on the TiO2 sur-
face and inside pores, impeding contact with the reactants 
at the surface, thereby reducing the activity of the reaction. 
Considering sulphate is one of the main factor inhibiting the 
activity of nanosized TiO2, the content of sulphate should be 
controlled in nanoscale TiO2 production. Sulphate present in 
a process using nano-TiO2 catalysts is most likely to be in the 
form of sulphate ions. Therefore, it is important to explore 
the role of sulphate ions in the degradation of TBBPA using 
nano-TiO2 [28].

In this study, a sol–gel method was used to prepare TiO2, 
which was then calcined at eight different temperatures: 
200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 800°C, and 900°C. 
The physical properties of the TiO2 catalyst were character-
ized using X-ray diffraction (XRD). As well known, the major 
deficiencies of the TiO2 based on photocatalytic technology 
are fast electron/hole recombination and relatively low quan-
tum yields. Therefore, this work attempted to improve the 
deficiencies through the addition of H2O2 and to explore the 
optimal reaction conditions in a TiO2/H2O2/UV combined 
process. Moreover, optimal condition was determined by 
series experiments containing H2O2 (1.5%–6.0%) and pre-
pared TiO2 concentration ranged from 100 to 500 mg/L under 
UV (40–120 W) irradiation. Finally, we investigated the trans-
formation of hydroxyl radicals, analyzed the generation of 
bromide ions, degrading products during reaction process, 
then derived the degradation pathways of TBBPA. The 

purpose of this study was to try to develop new and effective 
TiO2 photocatalytic technologies to manage TBBPA.

2. Materials and methods

2.1. Chemicals

TBBPA (99% purity) was purchased from Sigma 
Chemical Co. (St Louis, MO, USA) and considered to be the 
target compound. TBBPA was dissolved in acetone to cre-
ate a stock solution (100,000 mg/L), followed by membrane 
filtration to remove impurities. It was then diluted into the 
medium to obtain desired concentrations. All of the solvents 
(including acetone and methanol) used in this study were 
high-performance liquid chromatography (HPLC) grade 
and were purchased from Merck Company (Darmstadt, 
Germany). Other chemicals used for the medium were of 
analytical grade and purchased from Sigma Chemical Co. (St 
Louis, MO, USA). High quality water was prepared using a 
Nanopure UV deionization system, Barnstead/Thermolyne 
Co. (Dubuque, IA, USA).

2.2. Preparation and characterization of nano-TiO2

In this study, the sol–gel method was used to prepare 
TiO2 powder. The prepared powder exhibited uniform 
distribution, good dispersion, and high purity, and the sol-
vent was easily removed at a later stage in the calcination 
process to reduce impurities in the samples. The preparation 
process is as follows: 17 mL of tetrabutyl titanate was added 
to 40 mL of absolute ethanol then stirred rapidly to form a 
homogenous solution (solution 1); 10 mL of anhydrous ace-
tic acid and 5 mL of distilled water was added to 40 mL of 
absolute ethanol (solution 2) with a stir bar and placed on 
a magnetic stirrer; the solution was transferred to a separa-
tory funnel and added dropwise with stirring to solution 
2, and stirring continuously for 2 h. The liquid dropped 
approximately 1 drop per second; after the addition, the solu-
tion was allowed to stand at room temperature to allow the 
gel to form, followed by drying in an oven at approximately 
105°C. The dry gel was ground with a mortar into a pow-
der. Next, the powders were calcined for 3 h using a muffle 
furnace at 200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 800°C, 
and 900°C, respectively. XRD (Rigaku D MAX 2200 VPC) was 
used to characterize the eight TiO2 powders obtained at dif-
ferent calcining temperatures. The XRD patterns were used 
(Cu Kα radiation) at a scanning voltage of 30 kV, a current 
of 30 mA, a scanning angle of 10°–80° 2θ with a step size 
of 0.04° 2θ, and a scanning rate of 1°/min. The morphology 
and structural properties were analyzed by scanning electron 
microscopy (SEM, Merlin, Zeiss, Germany).

2.3. Batch experiment design

Several series of batch experiments were conducted with 
the nano-TiO2 powders describe above. The TiO2 concentra-
tions of the first round of preparations for the 500°C- and 
900°C-calcined powders were 200 mg/L. The initial con-
centration of TBBPA was 10 mg/L, and the ultraviolet lamp 
power was 40 W. The series of experiments was designed 
to explore the impact of different conditions (TiO2 concen-
tration, UV-lamp intensity, and H2O2 concentration) on the 
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nano-TiO2 degradation of TBBPA. Experimental process was 
as follows: the concentrations of the reaction catalyst (500°C- 
and 900°C-calcined TiO2 powders) were 200, 300, 400, and 
500 mg/L, respectively; the initial concentration of TBBPA 
was 10 mg/L; the ultraviolet lamp power were 40, 80, and 
120 W, respectively. The intensities of UV lamp 40, 80, and 
120 W reaching the reactor solution were 0.28, 0.38, and 0.42 
mW/cm2, respectively. Hydrogen peroxide (1.5%, 3%, 4.5%, 
and 6%) was added to the 500°C- and 900°C-calcined TiO2 
reaction systems, respectively. Sulphate catalyst under two 
conditions (anhydrous sodium sulphate) content was: 0.1, 
0.5, 1.0, 1.5, and 2.0 mg/L. All samples firstly were stirred in 
the dark for 30 min to allow for uniform contact between the 
catalyst and the contaminant. The UV lamp was turned on 
to start the reaction, and a sample was taken every 30 min 
within 150 min. Finally, all samples were filtered through 
a 0.22 μm membrane into the HPLC for quantitative detec-
tion of the TBBPA. In all experiments, the reaction vessel is 
treated in a four-step process to avoid contamination by first 
washing in an acidic solution, immersing in an ultrasonica-
tor, cleaning with distilled water, and drying.

2.4. Detection of TBBPA

After filtration through the 0.22 μm filters (Merck, 
Germany), the TBBPA was analyzed with a HPLC (Shimadzu 
LC-20AT, Kyoto, Japan) equipped with a photodiode array 
detector (SPD-M20AV) and a VP-ODS column (150 × 4.6 mm, 
5 μm). The column was operated at 35°C. A mixture of water 
and methanol (20:80) at a flow rate of 0.8 mL/min was used as 
the mobile phase in an isocratic elution mode. The injection 
volume was 20 μL for all of the solutions, and the detection 
was performed at a wavelength of 209 nm.

2.5. Generation of 2,5-dihydroxy benzoic acid (·OH)

The hydroxyl radical (·OH) is the core of the photocat-
alytic reaction and acts as an oxidizing agent to produce a 
radical TBBPA after TiO2/H2O2 by UV irradiation. The deg-
radation rate directly affects the level of its production, and 
the process of measuring the reaction-generated ·OH concen-
tration is particularly important. In this paper, a salicylic acid 
(2-hydroxybenzoic acid) scavenger was used to indirectly 
measure the hydroxyl radicals by detecting the produced 
2,5-dihydroxy benzoic acid (2,5-DHBA). The reaction mecha-
nism is given as follows:

 (1)

To obtain the transformation of hydroxyl radical, 
a 500°C-calcined TiO2 suspension at a concentration of 
400 mg/L was prepared with an initial concentration of sal-
icylic acid of 1 mmol/L; the UV lamp power was 120 W, the 
content of hydrogen peroxide was 3%, the mobile phase ace-
tic acid–sodium acetate was a concentration of 50 mmol/L, 
and the pH was adjusted to 4.9. Next, it was placed on a 
magnetic stirrer, and the sample was stirred in the dark for 

30 min. The UV lamp was turned on to start the reaction, and 
the samples were taken at time intervals of 15, 30, 45, 60, 75, 
90, and 105 min. Last, the samples were filtered through a 
0.22 μm membrane into a HPLC for quantitative detection.

2.6. Generation of bromide iron (Br–)

TiO2 was prepared from the 500°C-calcined powder 
at a concentration of 400 mg/L. The initial concentration of 
TBBPA was 10 mg/L, and the ultraviolet lamp power was 
120 W. 3% hydrogen peroxide was added. The eluent was 
made from a solution of sodium carbonate, ultrapure water, 
and sulphuric acid. The samples were left in natural light and 
stirred for 30 min until the catalyst was uniformly dispersed 
in the solution to be sure of uniform degradation in the sam-
ple. The UV lamp was turned on to start the reaction, and 
samples were taken every 30 min. The bromide was analyzed 
by using an ion chromatography (IC) with the model of 733 
(Metrohm, Herisau, Switzerland).

2.7. Degradation pathway

Because of the excellent analytical qualities of liquid chro-
matography–mass spectrometry (LC–MS), it is widely used 
for qualitative studies of material characteristics. This arti-
cle uses the LC–MS to analyze the degradation products of 
TBBPA for qualitative purposes, to further analyze its charac-
teristics and the degradation mechanisms, and to derive the 
TBBPA degradation pathways using the mass spectrograms 
of the degradation products of TBBPA.

We measured TiO2/H2O2 TBBPA degradation during the 
reaction in the reactor at 10, 20, 30, 45, 60, 90, 120, and 150 min 
to detect the Br– and degradation products. The bromide was 
analyzed by using an IC with the model of 733 (Metrohm, 
Herisau, Switzerland). Samples for degradation detection 
were extracted by chloroform and n-hexane (1:1). After puri-
fication and dried by liquid nitrogen, the remains were dis-
solved in acetone. The injection volume was 20 L. The proce-
dure was performed on an Agilent 1100 HPLC coupled to an 
Agilent 6120 quadrupole mass spectrometer (MS) equipped 
with Zorbax Eclipse XDB C18 column (150 mm × 2.1 mm, 
5 μm particle size) with the temperature of 35°C, using 90:10 
mixture of methanol (phase A) and water (phase B) as mobile 
phase at a flow rate of 0.2 mL/min. MS detection performed 
on a triple quadrupole analyzer equipped with an electro-
spray ionization source in the negative ion mode.

3. Results and discussion

3.1. Characterization of nano-TiO2

In this study, the sol–gel method was used to produce 
different nano-TiO2 powders at different temperatures, and 
the powders were characterized by SEM (Fig. S1) and XRD 
(Fig. 1). As seen, from Fig. 1, for samples calcined at tem-
peratures ranging from 200°C to 600°C, TiO2 anatase was 
the dominant structure in the resulting powders; at a cal-
cination temperature of 700°C, the resulting TiO2 powder 
was a mixed crystalline phase of anatase and rutile; at 800°C 
and 900°C, complete conversion to rutile was detected. The 
two crystalline TiO2 phases of anatase and rutile can be seen 
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from the above XRD, in which the 500°C-calcined samples 
are mainly anatase TiO2; at 700°C, a mixed crystal form is 
present. TiO2-calcined at 900°C is mainly rutile. Generally, 
anatase has a greater photocatalytic activity than rutile [29]. 
Because the rutile structure has a smaller band gap energy 
than anatase (rutile phase 3.0 eV and anatase 3.2 eV), it hin-
dered the oxygen reduction reaction in the anatase phase. 
The crystal lattice has more defects and forms a disloca-
tion network, resulting in more oxygen vacancies that can 
capture electrons. The rutile phase is the most stable form 
of TiO2, with a better crystallization state; there are fewer 
structural defects to trap electrons, thereby accelerating the 
surface electron–hole pair recombination rate, reducing its 
photocatalytic activity. The anatase crystal plane (010) in 
the degradation of some organic materials (such as cyclo-
hexane) has a symmetrical structure allowing for the effec-
tive absorption of organic materials. In the heat-treatment 
process resulting in the anatase to rutile transformation, a 
sharp irreversible dehydroxylation reaction occurs at the 
surface of TiO2 occurs, and the surface hydroxyl groups of 
trapped holes are required to generate hydroxyl radicals 
and absorb oxygen (to capture electrons) and organics.

3.2. Degradation of TBBPA by the combination of UV/TiO2/H2O2 
processes

From the earlier test, we selected two typical crystalline 
forms catalyzed by UV, namely, 500°C- and 900°C-calcined 
TiO2, respectively, to test the effects on TBBPA degradation. 
After 150 min treatment, the degradation efficiencies of 500°C- 
and 900°C-calcined TiO2 were 46.7% and 29%, respectively. 
Compared with the control, which showed that there is nearly 
no degradation of 10 mg/L TBBPA (9.1% after 150 min) without 
any treatment in aqueous system, while treatment catalyzed 
by TiO2 demonstrated significantly better degradation capac-
ity. Only UV irradiation, addition of H2O2, and catalyzed by 
TiO2 under UV, TBBPA degradation efficiencies were enhanced 
in different extent (Fig. 2). After the addition of hydrogen per-
oxide to 500°C-calcined TiO2, the catalyst performance rate 
improved significantly compared with the control (degrada-
tion efficiencies of TBBPA increased from 9.1% to 96%). The 
reaction proceeded for 90 min and tended to be stable, and the 
sample TBBPA was completely degraded, with a degradation 
rate as high as 91.9% (Fig. 2). For TiO2-calcined at 900°C treat-
ment with the addition of hydrogen peroxide, the degradation 
rate was slow, showing that the process was inhibited.

In general, the degradation efficiency addition of TiO2-
calcined at 500°C was consistently better than TiO2-calcined 
at 900°C including different condition of TiO2 concentra-
tion, UV-lamp intensity, and addition concentration of H2O2 
(Fig. 3). The degradation efficiency of 400 mg/L TiO2-calcined 
at 500°C was better than other addition concentration (includ-
ing 200, 300, and 500 mg/L). It may be because of low TiO2 
concentration (200 and 300 mg/L) possessed lower specific 
surface area, and high concentration protect UV irradia-
tion decreased the TBBPA degradation efficiency [30]. With 
the UV-lamp intensity increased, the TBBPA degradation 
efficiency sharply increased (120 W > 80 W > 40 W). In the 

 

Fig. 1. XRD patterns of nano-TiO2 prepared using the sol–gel 
method and then calcining at different temperatures (A and B).
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Fig. 2. Comparison of removal capability of 10 mg/L TBBPA at dif-
ferent conditions. Addition of TBBPA to aqueous system: without 
treatment (control); under UV irradiation (40 W); addition of 
H2O2 (1.5%); catalyzed by 500°C- and 900°C-calcined TiO2 under 
UV irradiation (200 mg/L; 40 W); treated by combination of UV/
TiO2/H2O2 processes (200 mg/L 500°C-calcined TiO2; 40 W; 1.5%); 
treated by combination of UV/TiO2/H2O2 processes (200 mg/L 
900°C-calcined TiO2; 40 W; 1.5%).
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presence of a hydrogen peroxide content of 1.5%, the degra-
dation rate was 61.1%, which was higher than the other three 
for TiO2-calcined at 900°C. After increasing the concentration 
of hydrogen peroxide, TiO2-calcined 900°C for TBBPA degra-
dation was inhibited, and the differences in the degradation 

curve are significant, showing an overall flat curve as the con-
tent of hydrogen peroxide increased. The decreasing trend of 
the hydrogen peroxide degradation efficiency is presented in 
Fig. 3(f). After performing the calculation to determine the 
maximum degradation rate of TBBPA from the different H2O2 
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Fig. 3. Degradation of TBBPA by UV/TiO2/H2O2 process under different combination ((a) 500°C-calcined TiO2 with different concen-
trations of TiO2; (b) 900°C-calcined TiO2 with different concentrations of TiO2; (c) 500°C-calcined TiO2 with different intensity of UV 
lamp; (d) 900°C-calcined TiO2 with different concentrations of intensity of UV lamp; (e) 500°C-calcined TiO2 with different concentra-
tions of H2O2; (f) 900°C-calcined TiO2 with different concentrations of H2O2).
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concentrations using the two different crystal forms of nano-
TiO2, we find that the H2O2/UV degradation efficiencies of 
TBBPA increase initially, then gradually decreases as the pro-
cess continues. This may be because a certain amount of H2O2 
can act as an electron acceptor to produce electrons in pho-
tocatalysis, prompting the reaction to produce a higher vol-
ume of hydroxyl radicals (·OH). However, when adding an 
excess of H2O2, this may decrease the available light causing 
the efficiency to decline slightly. The reason for this decline 
may be that excess of H2O2 will become an ·OH quencher at 
the consumption point during the reaction. The ·OH in the 
photocatalytic reaction is a key oxidant, and reducing the 
amount of ·OH has a direct effect on the degradation process, 
resulting in a decreased degradation rate [31]. Based on the 
results above, it could be concluded that the optimal condi-
tions are 400 mg/L TiO2-calcined at 500°C addition of 3% H2O2 
irradiated by 120 W UV lamp. In the verification experiment, 
initial TBBPA concentration of 10 mg/L was degraded 99.3% 
after 150 min under these conditions.

Sulphate ion effect on the degrading process catalyzed by 
the TiO2 [28]. It may be that a certain concentration of sulphate 
ions in the solution make it possible to change the settling 
properties of the catalyst TiO2 and can reduce its agglomer-
ation or coagulation effect, allowing it to remain suspended 
in the solution and increasing the degradation efficiency 
(Fig. S2). The main reason for this is that when the concen-
tration of sulphate reaches a saturation point, it may have 
adsorbed to the TiO2 powder surface and pores, affecting and 
hindering the TiO2 adsorption contact with TBBPA and even 
reducing the chance that the TBBPA hydroxyl radical is oxi-
dized. It may have reduced the activity of the reaction, thereby 
reducing the efficiency of the degradation reactions [32].

3.3. Degradation metabolism

Based on the previous conclusions, when H2O2 was 
added to 500°C-calcined TiO2, the degradation rate signifi-
cantly increased, while the 900°C-calcined TiO2 degradation 
decreased. Thus, the degradation products of this article of 
the analytical process were chosen for the 500°C-calcined 
TiO2/H2O2/UV combination to understand the details of 
hydroxyl radical formation, TBBPA debromination and spe-
cific types of degradation products derived through a spe-
cific degradation pathway or mechanism.

3.3.1. Transformation of TBBPA and generation of ·OH

·OH is the core of the photocatalytic reaction and acts as 
an oxidizing agent to produce a hydroxyl radical of TBBPA 
after TiO2/H2O2/UV irradiation. The degradation rate is 
directly affected by the level of its production, and the  process 
of  measuring the reaction generated. The ·OH  concentration 
is particularly important. In this paper, a salicylic acid 
 scavenger in the reaction of 2,5-DHBA was used to indi-
rectly measure how many hydroxyl radicals were  produced. 
Fig. 4(a) shows that in the TiO2-only catalyst  degradation 
experiments, TBBPA and the TiO2/H2O2/UV combination of 
TBBPA degradation are relatively similar. In the first 75 min, 
the reaction rates are faster, with more 2,5-DHBA production, 
and after 75 min, the reaction rate begins to slow down. The 
TiO2/H2O2 combined rates at each time point were higher 

than the yield only in the presence of TiO2 under UV, which 
indirectly indicates that the TiO2/H2O2/UV combination pro-
duces a relatively high yield of hydroxyl radicals. After 105 
min, the TiO2/H2O2/UV combination resulting in 2,5-DHBA 
was 120.70 mg/L (yield 78.4%), which was higher than the 
yield of TiO2 93.43 mg/L (60.7% yield), with a yield improve-
ment of 29.2%. From the trend curve, it is obvious that 
hydroxyl radicals were produced within the first 75 min and 
gradually decreased after that. Researchers proposed that the 
reaction time would increase as the hydroxyl radicals further 
react with the degradation products [32–35].

Previous experimental results also showed that the deg-
radation rate of TBBPA under various conditions rapidly 
increases with time before gradually slowing down and 
finally stabilizing. This conclusion is consistent with the 
trend curve of 2,5-DHBA, which indicates the amount of the 
reactants chosen to produce hydroxyl radicals must comply 
with this rule.

3.3.2. Transformation of TBBPA and generation of Br-

Although TBBPA is widely used for its high content of bro-
mine atoms (58.9%), and the bromine atom source TBBPA is 
toxic, a measurement of the pathway of the reaction of the bro-
mide ions may indirectly indicate the pros and cons regarding 
the yield of the reaction system to the TBBPA debromination 

 
Fig. 4. The generation of hydroxyl radical (a) and bromide ions (b).
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detoxification efficacy. Thus, in this experiment, only experi-
ments detecting the bromide ion species were conducted for 
the TiO2 catalyst degradation of TBBPA and the TiO2/H2O2/
UV combination for TBBPA degradation. The reaction rate 
from the TiO2/H2O2/UV combination and the resulting rapid 
increase in the bromide ion content, can be seen in Fig. 4(b) 
within the first 90 min. Then, from 60 to 150 min, the reaction 
rate slows down, gradually approaching the maximum yield; 
the reactions of TiO2 and TiO2/H2O2/UV are similar to the reac-
tion process at each time point, but the bromide ions gener-
ated by the former were lower than by the latter. TiO2/H2O2/
UV combination resulted in a bromide ion maximum yield of 
4.23 mg/L (debromination rate: 71.8%) which is higher than 
the yield of TiO2 of 3.78 mg/L (debromination rate: 64.2%), 
such that the debromination rate increased by 11.9%.

TBBPA has one of the highest bromine contents of all 
BFRs, which is the source of its toxicity. The purpose of 
TBBPA degradation is to remove bromine atoms, and then 
the benzene ring is eventually completely degraded by 
TBBPA via oxidation. Therefore, the bromine ion yield can 
indirectly indicate the performance of the TBBPA degrada-
tion system and its effective detoxification ability. The trend 
in the graph follows the requirements of this experiment, 
namely, to capture the hydroxyl radicals mentioned earlier. 
The reaction rate increases rapidly at first, then gradually 
slows down, and finally becomes stable. A higher final yield 
bromide ion, debromination of 71.8%, indicates that the TiO2/
H2O2/UV reaction system has obvious advantages in terms of 
the removal of bromide ion [36,37].

3.4. Degradation product and pathway of TBBPA removal by 
nano-TiO2

The total number of ions and a time-varying curve was 
measured to obtain the various mass to charge ratios using 
mass spectrometry (Fig. S3). Components were measured by 
chromatography with a constant flow into the MS and mass 
scanning with continuous data collection. Each scan obtained 
a spectrum, and the ionic strength was determined by adding 
each spectrum to obtain the total ion current intensity. Then, 
ionic strength as the ordinate and time as the abscissa plotted 
to obtain the total ion chromatogram [38]. In this study, by 
detecting the TiO2/H2O2/UV combination ion current degra-
dation of TBBPA over different timeframes, the whole process 
of degradation, including intermediates, could be observed. 
As seen from Fig. 5, after the start of the reaction (from 10 
to 150 min), TBBPA was largely degraded, indicating that 
the effect of the TiO2/H2O2/UV combination on TBBPA can 
yield a relatively high degradation efficiency. In previous 
studies, the major degradation products are dibromo prod-
uct of bisphenol A, bromine bisphenol A, bisphenol A, tribro-
mophenol, dibromo phenol, and bromophenol [39].

The ion current determined from the spectrum anal-
ysis showed that in this reaction the degradation process 
produced five types of degradation products (Fig. S4). 
It can be concluded that TBBPA finally formed opened 
loop after the gradual debromination until the degra-
dation of small molecules is eventually completed. In 
this study, four detected intermediates have been found 
in previous studies. 2,6-Dibromo-4-(2-hydroxypropan-
2-yl)phenol, 2,6-dibromo-4-(hydroxymethyl)phenol, 

2-(3,5-dibromo-4-hydroxyphenyl)-2-methylpropanoic acid, 
and 2,4-dihydroxybutanoic acid have been detected in another 
oxidation process in previous descriptions [40]. It is different 
from the oxidative process in the catalytic system comprised 
of iron(III)-tetrakis(p-sulfophenyl)porphyrin, KHSO5, and 
humic acids [41]. The degradation pathway is mainly divided 
into two paths (Fig. 6). The first path is the degradation of 

 

Fig. 5. Total ion chromatogram of the degradation products at 
different sampling times: (A) 10 min; (B) 20 min; (C) 30 min; 
(D) 45 min; (E) 60 min; (F) 90 min; (G) 120 min; and (H) 150 min.

 

Fig. 6. The proposed degradation pathway of TBBPA.
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the benzene ring of TBBPA in one side, which is first oxi-
dized open loop, then debrominated until a bromine phe-
nol is formed. Ultimately, the open loop occurred. The other 
degradation pathway is the direct debromination of TBBPA 
based on the completion of bromine oxide ring opening, and 
eventually, which is completely degraded. The following is 
a detailed analysis of the degradation process. The results of 
this study are similar to those of previously described [42].

4. Conclusions

The combined TiO2/H2O2/UV photocatalytic process was 
applied to treat TBBPA. The sol–gel method was used to 
produce different nano-TiO2 powders at different tempera-
tures (200°C–900°C in the interval of 100°C), XRD analysis 
revealed that 500°C-calcined samples show most effective 
degradation to TBBPA, which are mainly anatase TiO2. The 
photocatalytic process in an aqueous system was optimized 
with UV (40–120 W) irradiation, H2O2 (1.5%–6.0%), and TiO2 
(100–500 mg/L). The degradation efficiency of TBBPA under 
optimal conditions (120 W UV, 3% H2O2, and 400 mg/L of 
500°C-calcined TiO2) was 99.3% after 150 min. Hydroxyl rad-
icals (·OH) were the main reactive oxidative species involved 
in attacking TBBPA. Bromide ions increased with the con-
ducting reaction. Five intermediates of TBBPA were detected 
by LC–MS, and a degrading pathway was proposed based on 
the products information.
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Supplementary information

1. Influence by SO4
2–

Sulphate ion effect on the catalytic process by the 
TiO2 [43]. They are mainly from the preparation process to 
produce effective nano-TiO2 catalysts and other raw mate-
rials and the tetrabromobisphenol A (TBBPA) wastewater 
[44]. The influence of sulphate ions on TiO2 for the 500°C 
treatment is reflected in the last 30 min, a lower degradation 
rate occurs for each period, and the overall presentation indi-
cates inhibited degradation reactions (Fig. S2(a)). However, 
inhibition from the sulphate ions on the performance of the 
900°C treated TiO2 was not significant (Fig. S2(b)); the deg-
radation efficiency of each period is more consistent, which 
may be a result of sulphate ion bonds reducing the agglom-
eration of the catalyst, increasing its suspension properties 
in solution [45,46]. To study the effects of sulphate ions on 
the TBBPA degradation efficiency in a TiO2/H2O2/UV com-
bined process, this experiment was selected, monitored, and 
treated at different sulphate concentrations and reaction 
conditions to determine the 500°C–900°C nano-TiO2 TBBPA 
degradation effectiveness. Fig. 3(c) clearly shows that the 
influence of sulphate ions on TiO2 for the 500°C treatment is 
reflected in the last 30 min, a lower degradation rate occurs 
for each period, and the  overall presentation indicates inhib-
ited degradation  reactions. However, inhibition from the 
sulphate ions on the  performance of the 900°C-treated TiO2 
was not significant (Fig. 3(d)); the degradation efficiency of 
each period is more consistent, which may be a result of sul-
phate ion bonds reducing the agglomeration of the catalyst, 
increasing its suspension properties in solution, such that it 

has a more uniform contact with the reactants. Different con-
centrations of sulphuric acid are calculated to determine the 
presence of the TiO2 degradation TBBPA maximum degra-
dation rate, and we find different concentrations of sulphate 
ions for 500°C TiO2 photocatalytic inhibition because the 
TBBPA degradation rate increases with the concentration of 
sulphate. The results show first an increasing trend and then 
a decreasing trend in 1.0 mg/L when the maximum degrada-
tion rate reached 63%, indicating that the concentration of sul-
phate had a minimal impact; the degradation rate of 0.1 mg/L 
at 51.7% is a minimum; and the effect of sulphate is maxi-
mized. It also shows the impact of the sulphate ions on 500°C 
TiO2/H2O2 in which the sulphate concentration is increased 
after it first decreases. The sulphate for the 900°C TiO2 pho-
tocatalytic properties plays a role in promoting the TBBPA 
degradation rate, in which it increased with increasing con-
centration of sulphate and then showed a decreasing trend. 
Likewise, it also shows that sulphate ions in 900°C TiO2/H2O2 
have an effect. The sulphate concentration is increased after it 
first decreases. At 1.5 mg/L, the maximum degradation rate is 
77.2%, the largest role in promoting the degradation rate can 
be seen for 2.0 mg/L at a 58.8% minimum.

2. Degradation kinetics

In the TiO2/H2O2/UV combination for TBBPA degradation 
experiments, LC–MS was applied to analyze the degradation 
products and proposed degrading pathway. Total ion chro-
matogram sampling at different times and the intermediate 
mass spectrum are shown in Figs. S3 and S4, respectively.

Fig. S1. SEM image of nano-TiO2.
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Fig. S2. Degradation of TBBPA by UV/TiO2/H2O2 process influenced by different concentrations of SO4
2– ((a) 500°C TiO2 and (b) 900°C 

TiO2).

Fig. S3. Total ion chromatogram of the TBBPA products sampling at different times: (A) 10 min; (B) 20 min; (C) 30 min; (D) 45 min; 
(E) 60 min; (F) 90 min; (G) 120 min; and (H) 150 min.
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Fig. S4. The mass spectrum of degradation product.


