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a b s t r a c t
A series of Bi–Ti composited photocatalysts with different molar ratio of Bi/Ti (0.01:1(1%), 0.02:1(2%), 
0.04:1(4%), and 0.05:1(5%)) and calcination temperature (400°C, 500°C, and 600°C) were prepared 
by sol-hydrothermal method. The properties of as-prepared photocatalysts were characterized by 
X-ray powder diffraction, scanning electron microscopy, transmission electron microscopy, X-ray 
photo-electron spectroscopy, Brunauer–Emmett–Teller, and ultraviolet–visible diffuse reflection 
spectroscopy. The selected photocatalyst (Bi-Ti-4%-600°C) was prepared under Bi/Ti molar ratio of 
4% and calcination temperature of 600°C. Experimental variables during photocatalytic degradation 
were optimized for catalyst dosage, solution pH, initial bisphenol A (BPA) concentration, coexisting 
anions, and light source wavelength. Under optimal conditions of 1.0 g L–1 catalyst, pH 3, 30 mg L–1 
initial BPA concentration, the degradation rate of BPA could reach up to 100% at 150 min under vis-
ible light irradiation. Compared with self-made pure TiO2 and commercially available P25, Bi-Ti-4%-
600°C displayed an excellent photocatalytic activity for BPA degradation. Bi-Ti photocatalyst had a 
smaller crystal size, larger specific surface area, stronger visible light absorption ability, and lower 
band gap energy than self-made pure TiO2. Four intermediates of BPA degradation were identified 
and a possible degradation pathway was proposed.
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1. Introduction

Endocrine disrupting chemicals (EDCs), divided into 
four categories including natural compounds, pharmaceu-
ticals, environmental pollutants, and chemicals related to 
industry, are emerging chemical contaminants that mimic 
or block the activity of natural hormones in humans and 
wildlife, thereby disrupting their reproductive system 
[1,2]. Several kinds of EDCs have been found in surface 
water, groundwater, runoff, landfill leachate, and even 
drinking water [3]. Bisphenol A (BPA), is widely used as an 

intermediate material for the production of polycarbonates, 
epoxy resins, and unsaturated polyester [4,5]. As a typical 
EDC, it suffers from many adverse effects, that is, brain 
development, sexual differentiation, behavior and immune 
function, and can continue to offspring, metabolic disorders 
in humans or animals [6,7]. Till now, researchers have devel-
oped various technologies to eliminate BPA in solution, such 
as biodegradation, sonochemistry, photo chemistry, physical 
adsorption, and advanced oxidation process [8,9]. However, 
several problems, that is, high toxicity of intermediate prod-
ucts, high treatment cost, and low degradation efficiency, 
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have not been completely solved [10]. Therefore, efficient 
techniques for the decomposition and removal of BPA in 
water are required immediately.

Recently, using semiconductor photocatalysts to degrade 
pollutants has given rise to widespread attention [11]. 
Among various semiconductor photocatalysts, TiO2-based 
photocatalysts are widely adopted due to their good chemi-
cal and thermal stability, non-toxicity, low cost, and high pho-
tocatalytic properties under UV irradiation [12]. However, 
due to the wide band gap, TiO2 can only absorb UV light 
[13]. Exploiting novel and efficient photocatalyst, therefore, 
has been extensively urgent. Bismuth-based semiconductor 
photocatalysts, such as Bi2WO6, Bi2O2CO3, Bi2MoO6, BiOX 
(X = I, Br, Cl), have attracted great attention recently, due 
to their high-efficiency visible-light response for the envi-
ronmental treatment, and water splitting [14–17]. Many 
researchers have prepared photocatalysts of TiO2 composited 
with Bi by sol-gel, hydrothermal, and emulsion electro-
spinning methods, such as Bi2WO6/TiO2, BiOCl/TiO2, BiOI/
TiO2, Bi2S3/TiO2, BiVO4/TiO2, etc. [18–22]. The generation 
of heterogeneous structure by Bi oxide coupling TiO2 can 
effectively expand the absorption of the visible light region 
and reduce the energy gap, which can form the electron–
hole trapping, prolong the carrier lifetime, and inhibit the 
recombination of electron and hole, thereby enhancing the 
efficiency of photocatalytic degradation of pollutants under 
visible light irradiation [23,24].

In this study, a series of Bi2O3–TiO2 nano-composites 
with different molar ratio of Bi/Ti (0.01:1(1%), 0.02:1(2%), 
0.04:1(4%), and 0.05:1(5%)) and calcination temperature 
(400°C, 500°C, and 600°C) were prepared by sol-hydrothermal 
method. X-ray powder diffraction (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy 
(TEM), X-ray photo-electron spectroscopy (XPS), Brunauer–
Emmett–Teller (BET), and ultraviolet–visible diffuse reflec-
tion spectroscopy (UV-Vis DRS) was used to characterize 
the as-prepared composites. The photocatalytic degradation 
of BPA by Bi2O3–TiO2 nano-composites under different 
variables, that is, catalyst dosage, solution pH, initial con-
centration of BPA, coexisting anions, and light source 
wavelength, were optimized. The degradation efficiency of 
selected Bi2O3–TiO2 composite was evaluated compared with 
the pure TiO2 and commercially available P25. Stability of the 
selected Bi2O3–TiO2 composite was also studied. Moreover, 
the intermediate products were identified, and a prelim-
inary reaction pathway was proposed. The results of this 
study could provide an environmentally friendly Bi2O3–TiO2 
photocatalyst for efficient removal of BPA.

2. Materials and methods

2.1. Chemicals

BPA (>99.0%), bismuth nitrate pentahydrate (Bi(NO3)3· 
5H2O), tetrabutyl titanate, and sodium salt (NaCl, NaHCO3, 
and Na2SO4) were purchased from Aladdin Industrial 
Corporation (Fengxian, Shanghai, China). Acetonitrile 
(HPLC grade) was obtained from Fisher Scientific (NJ, USA). 
All other reagents were purchased from Beijing Chemical 
Works (Beijing, China), and were all of analytical grade and 
used without further purification.

2.2. Preparation of Bi-Ti composites

The nano-composites of Bi-Ti-a-600°C and Bi-Ti-4%-b 
were prepared, where “a” and “b” represent the Bi/Ti molar 
ratio (1%, 2%, 4%, and 5%) and calcination temperature 
(400°C, 500°C, and 600°C), respectively. The Bi-Ti-a-600°C 
composites were prepared as follows: solution A was pre-
pared by slowly pouring 10 mL tetrabutyl titanate (98.0 wt%) 
into 5 mL glacial acetic acid (99.0 wt%), subsequently the 
mixture was poured simultaneously into 40 mL anhydrous 
ethanol (99.7 wt%), and stirred by a magnetic mixer at 
350 rpm for 120 min at room temperature. Solution B was 
prepared by dissolving a given amount of Bi(NO3)3·5H2O 
in 50 mL deionized water under 40 kHz ultra-sonication 
for 30 min, and then stirred at 120 rpm by a magnetic mixer 
for 2 h. Solution B was added dropwise to solution A. The 
light-yellow transparent sol was obtained after mixing at 
400 rpm for 5 h. The resulting sol was transferred into a 
Teflon recipient inside of stainless steel autoclave reactor. 
The hydrothermal treatment was conducted at 150°C for 
12 h. The obtained precipitates were dried at 120°C and then 
calcined in air for 3 h at 600°C. For Bi-Ti-4%-b composites, 
the preparation procedures were the same as that of Bi-Ti-
a-600°C, except that the Bi/Ti molar ratio was constantly 
kept at 4% and the calcination temperature changed from 
400°C, 500°C to 600°C. The pure TiO2 sample was also pre-
pared by the same method as Bi-Ti-a-600°C without adding 
Bi(NO3)3·5H2O.

2.3. Experimental study

In the photocatalytic degradation experiment, a certain 
amount of photocatalyst was added into 250 mL BPA solu-
tion with different concentration in a cylindrical glass 
container which was surrounded by water cooling device. 
Subsequently, the samples were collected at different time 
intervals, and filtered through the BHLM syringe filters of 
size 0.22 μm. In the light source system for photocatalytic 
reaction, a 300 W Xe lamp (CEAULIGHT, CEL-HXF300E7) 
was set 12 cm above the surface of reaction solution. A 400 
nm cut-off filter (UVIRCUT400) and reflectors (UVREF) 
were used to adjust the light of wavelength, which can 
obtain the visible light (400 nm < λ < 780 nm) and UV 
light (200 nm < λ < 400 nm). The visible light intensity 
was 280 mω cm–2 measured by a digital light power meter 
(CEL-NP2000-2). In order to study the effect of photolysis 
and catalysts adsorption of BPA, the control experiment 
was carried out without light source and catalyst. In addi-
tion, the photocatalytic efficiency of selected Bi-Ti composite 
was compared with pure TiO2 and commercially available 
P25 (Degussa, Germany) under visible light irradiation.

2.4. Characterization of Bi-Ti nano-composites

The crystal phase composition of prepared Bi-Ti com-
posites was determined by Rigaku SmartLab X-ray diffrac-
tometer using Cu-Kɑ radiation in the region 2Ɵ = 10°–80°. 
In order to study the surface composition and binding 
energy of samples, XPS (Quantera SXM, PHI, Japan) was 
used. The size, morphology, and microstructure of the as-pre-
pared Bi-Ti composites was determined by HRTEM (JEM 
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2100F) and FE-SEM (SU-8010, Hitachi, Germany) with energy 
dispersive spectroscope (EDS). The UV-Vis DRS of Bi-Ti com-
posites were measured using Hitachi U-3900 spectrometer. 
BET surface area and pores size distribution of the samples 
were measured by N2 adsorption analyzer (TriStar II 3020M).

2.5. Analytic methods

BPA was analyzed by HPLC (1260 LC, Agilent, USA), 
in which C18 column (Waters, XBridge, 4.6 mm i.d. × 250 
mm length, 5 μm) was employed. A UV-Vis detector was 
used and the detection wavelength for BPA was 278 nm. 
The mobile phase was ultrapure water/acetonitrile (50:50, 
v/v) and the flow rate was 1 mL min–1.The mineralization 
degree was detected by a total carbon analyser vario TOC 
cube (Elementar, Germany). The intermediates produced 
during the BPA degradation were identified using a Q 
Exactive (Thermo Fisher) equipped with an electrospray 
ionization (ESI) source and operated in the positive (ESI+) 
and in the negative (ESI-) electrospray ionization mode. 
The spray voltage (+) was 3.5 kV, the spray voltage (–) was 
3.2 kV, and capillary temperature was 320°C.

3. Results and discussion

3.1. Optimization of photocatalytic activity for BPA degradation

3.1.1. Effect of Bi/Ti molar ratio

The effect of Bi/Ti molar ratio (1%, 2%, 4%, and 5%) and 
calcination temperature (400°C, 500°C, and 600°C) of Bi-Ti 
composites on BPA degradation efficiency was investigated, 
the result is displayed in Fig. 1. As indicated, the degrada-
tion efficiency of BPA persistently increased as the reaction 
prolonged. When the Bi/Ti molar ratio was 4%, the photo-
catalytic degradation efficiency for BPA was the highest, 
reaching up to 88% (Fig. 1(a)). The calcination temperature 
of prepared Bi2O3–TiO2 composites also played an important 
role in degrading BPA, more specifically, the degradation 
efficiency of BPA increased with the increase of calcination 
temperature (Fig. 1(b)). The higher calcination temperature 
rendered higher crystallinity and reduced the band gap, 
which made it more efficient to utilize photons and form 
electron–hole pairs, thus enhancing the photocatalytic effect 
[25]. In the following sections, we chose Bi-Ti-4%-600°C as an 
efficient composite, based on which the degradation rate of 
BPA of other experimental variables was further investigated.

3.1.2. Effect of Bi-Ti-4%-600°C dosage

The dosage of Bi2O3–TiO2 composite (Bi-Ti-4%-600°C) 
on the degradation efficiency of BPA is displayed in Fig. 2. 
When the dosage of composite was 0.5 g L–1, the degrada-
tion efficiency of BPA within 180 min was lower than that of 
1.0 and 1.5 g L–1. When the dosage increased up to 1.5 g L–1, 
the increased turbidity of the solution led to the increase of 
light scattering, which was not conducive to the propaga-
tion of light. Thus, the photocatalytic degradation efficiency 
of 1.0 g L–1 was higher than that of 1.5 g L–1 within 90 min. 
Lower dosage of Bi-Ti-4%-600°C provided relatively few 
active sites, which ultimately affected the adsorption and 
degradation of BPA.

3.1.3. Effect of solution pH

It can be seen from Fig. 3 that the degradation efficiency 
of BPA decreased with the increase of solution pH. When the 
solution pH was 3.0 or 6.8, the BPA degradation efficiency 
could both reach 100% when the reaction time surpassed 
150 and 180 min, respectively. The higher the acidity was, 
the faster the degradation rate was. When the solution pH 
was 11, the ability of the catalyst surface to adsorb BPA 
was inhibited by the action of the electrostatic repulsion, 
leading to the decrease of the photocatalytic efficiency. It was 
reported that since the effect of protonation on the surface of 
TiO2, the surface groups were positively charged, which pro-
moted the effective separation of photo-generated electrons 
and holes, and improved the photocatalytic efficiency [26].

3.1.4. Effect of initial concentration of BPA

Fig. 4 shows the effect of different initial concentration 
of BPA on the photocatalytic degradation by Bi-Ti-4%-600°C 
composite. It is obvious that the photocatalytic degradation 
efficiency decreased with the increase of the initial concen-
tration of BPA solution, due to the increase of intermediate 
products induced by the increase of the initial concentration 
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Fig. 1. Effect of Bi/Ti molar ratios (a) and calcination temperature (b).
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of BPA. Since the number of intermediate products adsorbed 
onto the surface of the catalyst became larger, it inhibited the 
production of oxygen-containing active substances on the 
catalyst surface, resulting in the decreased photocatalytic 
efficiency of BPA [27].

3.1.5. Effect of inorganic anions

There are many inorganic anions in natural water, which 
coexist with organic pollutants. The presence of inorganic 
anions will affect the photocatalytic degradation of pollut-
ants [28]. Fig. 5 shows the effect of the presence of inorganic 
anions in the solution on the BPA degradation efficiency. 
Three kinds of inorganic anions exerted inhibitory effect, 
and the inhibition degree was as following: HCO3

– > Cl– > 
SO4

2–. As known, HCO3
– is a free radical scavenger, which 

can directly quench of hydroxyl radicals on the catalyst 
surface. In addition, Cl– and SO4

2– can react with photogene-
rated holes on the catalyst surface to form free radicals with 
low oxidation activity, thereby reducing the efficiency of 
photocatalytic degradation of BPA.

3.1.6. Effect of light source wavelength

The wavelengths of the excited light source were adjusted to 
200–400 nm, 400–780 nm, and all optical spectrum by using 
different kinds of filters. The effect of different light source 
wavelengths on the photocatalytic degradation of BPA is 
depicted in Fig. 6. Under the condition of solar spectrum, 
the BPA degradation efficiency was the highest, reaching up 
100% at 60 min. While under the conditions of UV (200–400 
nm) and visible light (400–780 nm), the degradation effi-
ciency reached 100% at 90 and 180 min, respectively. It can be 
inferred that at relative low wavelength energy (400–780 nm), 
the photocatalytic degradation efficiency could be improved 
by prolonging illumination time. Therefore, the catalyst 
prepared in this study had broad spectrum applicability and 
high efficiency.

3.2. Comparison of prepared Bi-Ti-4%-600°C with other catalysts

BPA is a relative stable contaminant under visible 
light irradiation without catalyst as indicated in Fig. 7. In 
the absence of light irradiation, the curve of adsorption of 
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Bi-Ti-4%-600°C reflected that the catalyst has an obvious 
adsorption and degradation effect on BPA within 30 min. 
When the reaction time was 60 min, the solution gradually 
reached the adsorption equilibrium. Under visible light 
irradiation, about 88% of BPA could be degraded by Bi-Ti-
4%-600°C within 120 min, showing a superior catalytic 
reaction compared with P25 and self-made TiO2. Therefore, 
Bi-Ti-4%-600°C could be used as photocatalysts to efficiently 
degrade BPA under visible light irradiation.

The comparison of as-prepared composite with TiO2-
based photocatalysts reported from other literatures for BPA 
degradation was made (Table 1).It was indicated that the 
Bi2O3–TiO2 nano-composite prepared in this study was to the 
reported TiO2-based photocatalysts under optimal conditions 
of visible light irradiation.

3.3. Characterization of the prepared Bi2O3–TiO2 composites

3.3.1. XRD patterns of the prepared Bi-Ti-4%-600°C

The XRD patterns of self-made pure TiO2 and Bi-Ti-4%-
600°C are shown in Fig. 8. It was found that only anatase 

crystal phase presented in the Bi-Ti-4%-600°C. The diffrac-
tion peak of bismuth oxide was not observed due to the 
low content of bismuth. According to the XRD results, the 
average crystal size of the Bi-Ti-a-600°C composites was cal-
culated by the Scherrer formula (Table 2). The particle size of 
Bi-Ti-a-600°C composites decreased significantly compared 
with TiO2, which indicated that bismuth oxide in TiO2 parti-
cles inhibited the crystal phase growth of TiO2 during calci-
nation process. Furthermore, peak intensities at 38.66° (112), 
62.28° (213), and 76.25° (301) decreased and disappeared 
gradually. However, the particle sizes increased with the 
increase of Bi/Ti molar ratio, because of the newly formed 
Bi-O-Ti heterojunction interface between bismuth oxide and 
TiO2 crystal. Crystal aggregation can be expected due to 
increased average particle size. Therefore, both the calcina-
tion temperature and Bi content influenced the particle size 
and crystallinity.

3.3.2. XPS of prepared Bi-Ti-4%-600°C

Fig. 9 shows the XPS of Bi-Ti-4%-600°C, it can be 
seen that the sample was composed of Ti, Bi, and O. As 
shown in Fig. 9(a), there were two strong peaks at 458.5 
and 464.1 eV assigned to Ti 2p3/2 and Ti 2p1/2 in the high- 
resolution spectra, indicating that the valence state of Ti 
in Bi-Ti-4%-600°C was 4+, and there was no peak assigned 
to Ti3+ and Ti2+. This finding was consistent with the result 
of Yap et al. [42]. In Fig. 9(b), the Bi 4f7/2 peak at 159.3 and 
Bi 4f5/2 peak at 164.7 eV revealed that the main valence of 
Bi was 3+ [43], corresponding with the value of pure Bi2O3 
in other report [23,44]. The high resolution O 1s spec-
trum shown in Fig. 9(c) depicts peak at 529.6 eV, which 
belong to the oxygen of TiO2 [45]. In summary, it could 
be inferred that the coexistence of Bi2O3 and TiO2 in the 
heterostructure catalysts.

In combination with XRD and XPS analysis, it was found 
that Bi did not enter the TiO2 lattice. When the amount of Bi 
doped was lower than the optimum value, the Bi-O-Ti het-
erogeneous crystal increased gradually with the increase of 
doped content. The formation of Bi-O-Ti crystal phase inhib-
ited the lattice growth of TiO2, resulting in the formation of 
a large surface area composite. As the content of Bi-O phase 
deposited on TiO2 increased, carrier trapping traps were 
formed to promote separation of photo-generated electrons 
and holes, resulting in an enhanced photocatalytic effect. 
However, excess Bi-O could aggravate charges recombina-
tion process.

3.3.3. Morphology of prepared Bi-Ti-4%-600°C by SEM/TEM

As indicated in Fig. 10(a), uniform particle size of Bi-Ti-
4%-600°C was observed, and the average diameter of such 
composite was about 12–13 nm, according to the TEM image 
in Fig. 10(b). The results were in agreement with the XRD 
analysis in Table 2. From the FE-SEM images in Fig. 10(c), 
it could be inferred that these particles were soft-agglom-
erates, which could be separated by ultra-sonication. EDS 
analysis in Fig. 10(d) also confirmed the presence of Bi, C, 
Ti, and O elements of Bi-Ti-4%-600°C composite, and the 
corresponding contents were 1.2, 9.2, 28.0, and 61.7 wt%, 
respectively.
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3.3.4. BET surface area analysis of prepared Bi-Ti-4%-600°C

The N2 adsorption–desorption isotherms and pore distri-
butions of Bi-Ti-4%-600°C are shown in Fig. 11. According 
to the IUPAC classification, the adsorption–desorption iso-
therms can be ascribed into type IV with hysteresis loops of 
type H1 at relative pressure of 0.7 < P/P0 < 1.0, indicating the 
mesoporous structure existed [46]. The specific surface area 
for Bi-Ti-4%-600°C was 69.7 m2 g–1 with mesopores ranging 
from 6.0 to 19.0 nm, along with pore volume of 0.255 cm3 g–1 
and pore width of 12.4 nm, meanwhile the average pore 
width was about 14.3 nm. The formation of mesoporous 

structure of Bi-Ti-4%-600°C might be ascribed to the aggrega-
tion of particles, which could facilitate light scattering.

3.3.5. UV–Vis diffuse reflectance spectra of prepared 
Bi-Ti-4%-600°C

In order to clarify the energy band structure after Bi 
doping, UV-Vis DRS of Bi-Ti-4%-600°C sample is displayed 
in Fig. 12. Compared with pure TiO2, a gradually red shift 
of the absorption spectra was observed after Bi doping with 
the increasing amount of Bi (Fig. 12(a)). The band gap of the 

Table 1
Comparison of as-prepared composite with reported TiO2-based photocatalysts for BPA degradation

No Catalyst Preparation method Reaction condition BPA degradation 
efficiency

References

1 TiO2/wood charcoal 
composites

Dip-sol-gel UV irradiation, BPA concentration: 20 mg L–1, 
catalyst dosage: 0.5 g L–1, reaction time: 18 h

80.08% [29]

2 N-F-TiO2 Sol-gel Visible irradiation, BPA concentration: 50 mg L–1, 
catalyst dosage: 0.2 g L–1, reaction time: 4 h

61.2% [6]

3 TiO2-MoS2-RGO Hydrothermal UV irradiation, BPA concentration: 10 mg L–1, 
catalyst dosage: 0.5 g L–1, reaction time: 5 h

62.4% [30]

4 Cu-TiO2 nanorods Microwave-assisted 
sol-gel/chemical 
reduction

UV and visible irradiation, BPA concentration: 
10 mg L–1, catalyst dosage: 1.0 g L–1, reaction 
time: 2/3 h

Nearly 100% [31]

5 CN-TiO2 Solvothermal UV irradiation, BPA concentration: 0.02 mg L–1, 
catalyst dosage:0.5 g L–1, reaction time:2 h

95% [32]

6 TiO2-RGO Liquid-phase 
deposition

UV irradiation, BPA concentration: 10 mg L–1, 
catalyst dosage: 0.5 g L–1, reaction time: 15 min

95% [11]

7 Ag3PO4/TiO2 Not mentioned Solar, UV and visible irradiation, BPA 
concentration: 220 μg L–1, catalyst dosage: 
0.25 g L–1, reaction time: 2–3.5 min

100% [33]

8 FeOOH/Fe2O3-TiO2 Hydrothermal Solar/visible irradiation, BPA concentration: 
30/20 ppm, catalyst dosage: 0.1/1.0 g L–1, 
reaction time: 1 h

About 50% [34]

9 RGO/TiO2/ZnO Hydrothermal UV/visible irradiation, BPA concentration: 
10 mg L–1, catalyst dosage: 0.5 g L–1, reaction 
time: 3 h

99.7%/94.9% [35]

10 F-TiO2-RGO Hydrothermal UV irradiation, BPA concentration: 5 mg L–1, 
catalyst dosage: 1.0 g L–1, reaction time: 2 h

87.66% [36]

11 N-B-TiO2 Hydrothermal Solar irradiation, BPA concentration: 1 μM, 
catalyst dosage: 0.4 g L–1, reaction time: 2 h

100% [37]

12 TiO2/TNTs Alkaline 
hydrothermal

UV irradiation, BPA concentration: 5 mg L–1, 
catalyst dosage: 0.2 g L–1, reaction time: 1 h

91.2% [38]

13 TiO2-x/rGO Hydrothermal-
calcination

Visible irradiation, BPA concentration: 2.5 mg L–1, 
catalyst dosage: 1.0 g L–1, reaction time: 1 h

91.0% [39]

14 ZnFe2O4/TiO2 Non-aqueous phase Visible irradiation, BPA concentration: 10 mg L–1, 
catalyst dosage: 1.0 g L–1, reaction time: 30 min

90% [40]

15 Ni-TiO2 Microwave-assisted 
sol-gel

Visible irradiation, BPA concentration: 10 mg L–1, 
catalyst dosage: 1.0 g L–1, reaction time: 210 min

100% [41]

16 Bi2O3–TiO2 Sol-hydrothermal Visible irradiation, BPA concentration: 30 mg 
L–1, catalyst dosage: 1.0 g L–1, pH 3.0, reaction 
time: 150 min

100% This 
study
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Bi-Ti-4%-600°C was 2.89 eV shown in Fig. 12(b), calculating 
from the plot of [(αhν)1/2] vs. the photo energy (hν). The result 
showed that the Bi/Ti molar ratio had influenced on the band 
gap energy. Due to the different band edges of TiO2 and 
Bi2O3, the potential difference was generated on the interface 
of the composite [23]. It can be expected that it is easier to 
transfer the photo-generated electrons and holes under vis-
ible light irradiation. Therefore, Bi-Ti-4%-600°C could effec-
tively extend the absorption threshold of such composite to 
the visible light region.

3.4. Stability of Bi-Ti-4%-600°C during BPA photodegradation

The stability and reusability of Bi-Ti-4%-600°C was 
tested. At the end of each photocatalytic experiment, the 
selected Bi-Ti-4%-600°C was filtrated, washed, and dried at 
70°C for 12 h to be prepared for the next use. Five photo-
catalytic experiment cycles were conducted. As shown in 
Fig. 13(a), the degradation efficiency of BPA after five cycles 
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Fig. 8. XRD patterns of the prepared Bi-Ti-4%-600°C.
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Fig. 9. High-resolution XPS spectra of Bi-Ti-4%-600°C. (a) Ti 2p, (b) Bi 4f, and (c) O 1S.

Table 2
Physicochemical properties of the synthesized catalysts

Samples TiO2 Bi-Ti-1%-600 Bi-Ti-2%-600 Bi-Ti-4%-600 Bi-Ti-5%-600
Crystallite sizea (nm) 41.4 11.6 12.8 13.0 15.9
Band gap energyb (eV) 3.07 3.02 2.97 2.89 2.90

aDetermined from XRD patterns.
bCalculated using the Tauc plot method.
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Fig. 10. TEM images (a) and (b), FESEM images (c), and EDS spectrum of Bi-Ti-4%-600°C (d).
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of reaction marginally decreased from 93% to 92%, 90%, 87%, 
and 86%, respectively. Because of the loss of Bi-Ti-4%-600°C 
in the washing and recycling process, the degradation rate 
decreased slightly. Barely no change of the XRD patterns was 
observed after cyclic degradation experiments (Fig. 13(b)), 
indicating its stability was good. Therefore, the photodegra-
dation of BPA using Bi-Ti-4%-600°C was stable and recyclable.

3.5. Reactive species and possible mechanism

In order to explore the degradation mechanism of BPA 
by Bi-Ti-4%-600°C, the trapping test was conducted to deter-
mine the active species. Isopropyl alcohol (IPA) is usually 
used as a scavenger of·OH in the reaction, disodium ethylene 
diamine tetra acetate (EDTA) and benzoquinone (BQ) is used 
as scavengers of h+ and •O2

–, respectively [47–49]. As shown in 
Fig. 14, the inhibition effect of the addition of IPA and BQ to 
photocatalytic degradation was obviously greater than that 
of EDTA, indicating that both •OH and •O2

– played dominant 
roles in photocatalytic degradation of BPA.
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(inset: pore distribution).
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Fig. 13. Recycling of the Bi-Ti-4%-600°C composite (BPA solution 
concentration: 30 mg L–1, 250 mL; catalyst dosage: 1.0 g L–1; 
visible light irradiation for 180 min) (a), and XRD diffractograms 
of Bi-Ti-4%-600°C (i) before photocatalytic experiment, and 
(ii) after photocatalytic experiment) (b).
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3.6. Mineralization and the degradation products/intermediates

Fig. 15(a) shows the mineralization of BPA during pho-
tocatalytic degradation by Bi-Ti-4%-600°C within 180 min, as 
measured by TOC concentration. The TOC decreased grad-
ually with the increase of reaction time. When the reaction 
was 180 min, the degradation rate of TOC reached 75%.This 
phenomenon showed that the Bi-Ti-4%-600°C had a better 
mineralization of BPA. However, according to the previous 
research results, the removal efficiency of BPA could reach 
100% when the visible light irradiated at 180 min. Therefore, 
the intermediate products were formed during photocata-
lytic degradation of BPA. The intermediate products formed 
during photocatalytic degradation at 180 min were identified 
as P1, P2, 4-isopropanolphenol, and hydroquinone. Table 3 
lists the chemical formulas and fragments (m/z) of four inter-
mediate products, of which 4-isopropanolphenol and hydro-
quinone were also found in other reports [27,50].

The possible BPA degradation pathway of Bi-Ti-4%-600°C 
was proposed (depicted in Fig. 15(b)). Specifically, first, the 
superoxide radicals (•O2

–) or hydroxyl radical (•OH) acted as 
the dominant active substance to attack the benzene ring of 
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the BPA to form P1 and P2. Second, the methyl group was 
cracked to form 4-isopropanolphenol. It further converted 
into hydroquinone. These produced aromatic intermediates 
were oxidized aliphatic compounds, such as formic acid, ace-
tic acid, and finally mineralized into CO2 and H2O through 
the ring rupture reaction [27,50,51].

4. Conclusion

A series of Bi2O3–TiO2 composites were prepared by 
sol-hydrothermal method. The photocatalytic degradation of 
BPA of Bi2O3–TiO2 composites was evaluated and optimized. 
The main conclusions of this work were as following:

• Bi-Ti photocatalyst with Bi/Ti molar ratio of 4% and 
the calcination temperature of 600°C displayed the best 
performance. Compared with self-made pure TiO2 and 
commercially available P25, Bi-Ti-4%-600°C displayed an 
excellent photocatalytic activity for BPA degradation. 
The prepared Bi-Ti-4%-600°C exhibited better crystal-
linity, smaller particle size, higher specific surface area, 
lower band gap energy and stronger visible light absorp-
tion capacity.

• Under the optimal conditions of catalyst dosage of 
1.0 g L–1, initial BPA concentration of 30 mg L–1, pH 3, the 
degradation rate of Bi-Ti-4%-600°C reached 100% at 150 
min under visible light irradiation.

• The intermediate products of P1, P2, 4-isopropanolphe-
nol and hydroquinone were identified, the possible BPA 
degradation pathways were proposed.

• In our future research, we will prepare more novel 
materials by using Bi-Ti composites immobilized on the car-
bon-based adsorption medium, aiming to achieve a higher 
BPA removal efficiency through collaborations of photo-
catalytic activity and adsorption, in addition to the recovery 
of the nano-scale photocatalytic materials potentially.
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