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a b s t r a c t
Bismuth titanate based photocatalytic materials with different Bi/Ti ratios were synthesized by 
citric acid-pyrolysis method and used for the treatment of dye wastewater containing tartar yel-
low (TA). X-ray diffraction, UV-Vis diffuse reflectance spectroscopy, scanning electron microscopy, 
Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy were used to analyze 
the performance of bismuth titanate based photocatalytic materials before and after the treat-
ment of wastewater. The results showed that Bi12TiO20 prepared at a Bi/Ti ratio of 12:1, a metal 
ion to citric acid substance ratio of 1:1 and a roasting temperature of 600°C had a high photo-
catalytic activity and was able to achieve a degradation rate of 96.18% for TA and conformed to 
the proposed first order kinetic equation. The vacancies and superoxide radicals are the main 
active substances in the photocatalytic degradation process. Bi12TiO20 (Bi/Ti = 12:1) has a loose and 
porous mesh structure with good crystallinity and a forbidden band width of 2.41  eV. Bi12TiO20 
(Bi/Ti  =  12:1) has excellent stability and is expected to provide theoretical basis and guidance 
for TA dye wastewater treatment industry.
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1. Introduction

Over the past 20 years, the dyestuff industry has grown 
rapidly in Asia, particularly in China, Korea and India. As 
of today, China is the world’s leading producer and exporter 
of dyestuffs, with annual dyestuff production reaching 
900,000 tons, accounting for over 70% of the total global pro-
duction of dyestuffs [1]. As one of the chemical industries 
with serious environmental pollution, the dyestuff industry 
brings economic benefits but generates a large amount of 
wastewater. Dyestuffs can be divided into natural and syn-
thetic dyes depending on their source. 70% of synthetic dyes 
are based on azo structures. Azo acid dyes usually contain 
sodium salts of sulphonic and phenolic groups and insoluble 

in water, with the azo group (–N=N–) being the typical molec-
ular structure possessed by these dyes [2]. Untreated dye 
wastewater discharged directly into water bodies can reduce 
water translucency, interfere with photosynthesis, thereby 
reducing dissolved oxygen levels and endangering aquatic 
life, causing serious environmental pollution problems and 
posing a health hazard [3]. Therefore, there is an urgent 
need for cost effective and environmentally friendly treat-
ment processes to solve this pollution problem.

Currently, effective methods for treating azo dye waste-
water include adsorption [4–10], coagulation [11], pho-
tocatalytic degradation [12–14], and membrane filtration 
[15,16]. Among them, photocatalytic degradation tech-
nology is a kind of green and sustainable technology that 
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causes oxidation or reduction reaction by light-induced car-
rier excitation, and the organic reaction is realized under 
photocatalytic reactor, which has attracted much attention 
because of its high efficiency, no pollution and low-cost 
[17–19]. And the semiconductor photocatalyst represented 
by TiO2 is a hot research topic in photocatalytic degradation 
technology for wastewater treatment. However, it greatly 
affects the photocatalytic activity due to its wide band gap 
and high hole-electron complexation rate [20], which usu-
ally needs to be modified. Bismuth-based catalysts have 
attracted the interest of researchers with their unique elec-
tronic structure and excellent visible light absorption abil-
ity. Among the new bismuth-based photocatalysts, BiOX 
(X = Cl, Br, I), Bi2WO6, BiVO4, Bi4Ti3O12, Bi12TiO20, Bi20TiO32, 
Bi2Ti2O7, Bi2Ti4O11 are regarded as promising photocatalysts, 
Bi4Ti3O12, Bi12TiO20, Bi20TiO32, Bi2Ti2O7 are commonly known 
as bismuth titanate compounds [21], bismuth titanate com-
pounds are composite oxides formed by the compound of 
Bi2O3 and TiO2, which have a small forbidden band width 
and excellent photocatalytic ability under visible light, giv-
ing them good potential for use in catalytic degradation. 
This study takes as its starting point the photocatalytic 
degradation of dye wastewater. In previous studies, bis-
muth titanate has often been used in photocatalyst stud-
ies, but few bismuth titanate series compounds have been 
prepared by altering Bi/Ti. In this paper, bismuth titanate 
series compounds were prepared by altering Bi/Ti using 
citric acid-pyrolysis and this was investigated around this 
point. In addition, reading through the extensive literature 
reveals that there are many different types of dye waste-
water, but almost no studies on tartar yellow (TA), which 
are very widely used and which are a non-negligible haz-
ard to the environment and humans, and are therefore 
used as the target pollutant in this study to investigate 
the optimum preparation conditions for bismuth tita-
nate, and its photocatalytic degradation performance and  
mechanism.

2. Experiments

2.1. Synthesis of bismuth titanate

Bismuth nitrate pentahydrate, tetrabutyl titanate, citric 
acid and tartaric yellow were purchased from China National 
Pharmaceutical Chemical Reagent Co. All chemicals were 
of analytical grade and the water used for the experiments 
was distilled water. According to the method proposed in 
the literature [22], the reactants bismuth nitrate pentahy-
drate (Bi(NO3)3·5H2O) and tetrabutyl titanate (C16H36O4Ti), 
weighed in stoichiometric ratios of 20:1, 16:1, 12:1, 8:1, 4:1, 
4:3 and 1:1, were added to a certain amount of citric acid 
(C6H8O7·H2O), put together into an agate mortar and grind 
well, put into a muffle furnace at 500°C for 10  min, took 
out the reaction product and grind it well, then the precur-
sor was ready. The precursor was then roasted at 600°C for 
3 h. After natural cooling and grinding, the Bi/Ti materials 
were obtained as 20:1, 16:1, 12:1, 8:1, 4:1, 4:3 and 1:1 bis-
muth titanate materials, respectively. In addition, the syn-
thesized materials with Bi/Ti of 12:1 were roasted at 450°C, 
500°C, 550°C, 600°C, 650°C and 700°C for 3 h to investigate 
the phase states of the bismuth and titanium compounds.

To investigate the effect of citric acid dosage, four groups 
of citric acid were weighed and numbered. The first group of 
citric acid was 2.4978 g, the second group of citric acid was 
2.9970 g, the third group of citric acid was 3.7463 g, and the 
fourth group of citric acid was 4.9951 g. The ratios of citric 
acid to the amount of metal ions present in the precursor 
were 1:1, 1.2:1, 1.5:1 and 2:1, respectively (note N1 as 1:1, N2 
is 1.2:1, N3 is 1.5:1 and N4 is 2:1). The bismuth titanate (12:1) 
material was prepared under the same conditions.

2.2. Characterisation of materials

X-ray diffractometry (XRD) was used to analyse the crys-
talline structure, phase type of the prepared photocatalysts 
under Cu target Kα radiation, a scan rate of 2°/min–1, a scan 
range of 5° to 90°, a voltage of 40 kV and a current of 40 mA 
(Bruker AXS D8 Advance, Germany). Surface elements and 
micromorphology of the materials were obtained by scan-
ning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDX) (ZEISS Gemini 300, Germany). UV-Vis 
diffuse reflectance spectroscopy was used to measure the 
light absorption properties of bismuth titanate in the range 
200–800  nm (Shimadzu UV-3600i Plus, Japan). Fourier-
transform infrared spectroscopy (FTIR) was used to analyze 
the chemical bonds and functional groups of the photocat-
alyst, the scanning number was 32 and the scanning wave 
number was 4,000–400 cm–1 (Thermo Scientific Nicolet iN10, 
USA). X-ray photoelectron spectroscopy (XPS) was used to 
analyze the element composition and chemical morphology 
of the surface of photocatalysis materials, the spectrum were 
calibrated to the C 1s peak at 284.8  eV (Thermo Scientific 
K-Alpha, USA).

2.3. Adsorption of materials

Bismuth titanate (0.1  g) was placed in TA solution 
(100 mL, 5 mg/L) and stirred in a dark oven for 30 min. 4 mL 
of the solution was taken every 5 min. After centrifugation, 
the absorbance of the TA solution was measured at 427 nm. 
The amount of TA adsorbed can be calculated using Eq. (1):

q
C C V
Wt

t�
�� �

	 (1)

where qt is the adsorption capacity at time t, mg/g; C is the 
initial concentration of TA solution, mg/L; Ct is the con-
centration of TA at time t, mg/L; V is the initial volume of 
TA solution, L; W is the weight of bismuth titanate, g.

2.4. Photocatalytic performance testing

Bismuth titanate (0.1  g) was placed in TA solution 
(100  mL, 5  mg/L) and stirred magnetically in a dark box 
for 30  min to achieve adsorption–desorption equilibrium 
between the catalyst and the reaction solution; the reac-
tion was then carried out under the irradiation of a xenon 
lamp (500 W) for 150 min, with 4 mL sampled every 30 min. 
The supernatant was then centrifuged and the absor-
bance of TA was measured using a UV-spectrophotometer. 
The absorbance at 427  nm was used to calculate the 
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concentration change of TA in the presence of the catalyst 
and to evaluate the catalytic ability of the photocatalyst.

The degradation rate of TA is calculated by Eq. (2):

� �
�

�
�C C

C
A A
A

t t 	 (2)

where η is the TA degradation rate, %; C is the initial con-
centration of TA solution, mg/L; Ct is the concentration of 
TA solution after light exposure time t, mg/L; A is the ini-
tial absorbance of the TA solution; At is the absorbance of 
the TA solution after light exposure time t.

3. Results and discussion

3.1. Structure, composition and microscopic morphology of 
bismuth titanate composites

The XRD of four ratios of bismuth titanate composites 
(Bi/Ti  =  20:1, 12:1, 1:1, 4:3) prepared at N1, roasting tem-
perature of 600°C is shown in Fig. 1. The diffraction peaks 
at 24.7°, 27.7°, 30.4°, 32.9°, 52.3°, 55.6°, 61.7° at Bi/Ti  =  20:1 
and Bi/Ti  =  12:1 correlate well with the cubic crystal sys-
tem (JCPDS NO. 78-1158) corresponding to the (220), (310), 
(222), (222), (321), (035), (611), (631) and (631) crystal planes 
of Bi12TiO20, respectively. In addition, no Bi20TiO32 material 
was found in the manually measured peaks, indicating that 
this method can be used for the synthesis of Bi12TiO20; for 
Bi/Ti = 4:3, mainly Bi4Ti3O12 and a small amount of Bi12TiO20 
in the cubic crystal system, with the diffraction peak at 
2θ  =  32.9° attributed to the (321) crystal plane of Bi12TiO20 
(JCPDS NO. 34-0097); When Bi/Ti = 1:1, the diffraction peak 
of the crystalline plane of the bismuth titanate material coin-
cides with the standard card JCPDS NO. 32-0118, and the 
peak shape is sharp, indicating that the material is Bi2Ti2O7. 
The above analysis results show that different bismuth tita-
nates can be synthesized by adjusting the molar ratio of Bi 
to Ti when using the citric acid-pyrolysis method to pre-
pare bismuth titanate materials. The citric acid-pyrolysis 

method can be used for the synthesis of Bi12TiO20, but not  
for Bi20TiO32.

In order to investigate the best conditions for the prepa-
ration of bismuth titanate compounds, Bi12TiO20 materials 
were prepared by varying the amount of citric acid and 
the roasting temperature. The XRD patterns is shown in 
Fig. 2a. The diffraction peaks of the material are in good 
agreement with the standard card JCPDS NO. 78-1158, and 
the Bi12TiO20 material is well crystallized, which indicates 
that the physical phase of the material is not affected by 
changing the amount of citric acid. The strongest intensity 
of the Bi12TiO20 diffraction peak at N1 indicates that Bi2O3 
and TiO2 can synthesize bismuth titanate to the greatest 
extent when Bi/Ti = 12:1, indicating that the addition of cit-
ric acid plays a key role in the preparation of bismuth tita-
nate, and citric acid reacts with metal ions in a complex, 

Fig. 1. X-ray diffraction patterns of four Bi/Ti preparations of 
bismuth titanate composites.

Fig. 2. (a) X-ray diffraction patterns of Bi12TiO20 prepared with different amounts of citric acid and (b) X-ray diffraction patterns 
of Bi12TiO20 prepared at different roasting temperatures.
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and then forms stable bismuth titanium citrate complexes. 
Fig. 2b shows the XRD patterns of Bi12TiO20 prepared at 
different temperatures. When the temperature was lower 
than 600°C, the material appeared the heterogeneous phase 
Bi2O3, and did not completely form Bi12TiO20; when the tem-
perature was greater than or equal to 600°C, the heteroge-
neous phase Bi2O3 disappeared and completely formed 
Bi12TiO20. Therefore, the higher the temperature, the better 
the degree of crystallization of bismuth titanate, which was 
beneficial to the formation of bismuth titanate.

The SEM microanalysis morphology and structure of 
four ratios of bismuth titanate (Bi/Ti  =  20:1, 12:1, 1:1, 4:3) 
are shown in Fig. 3. The material in Fig. 3a (Bi/Ti  =  20:1) 
has a ginger-like structure. The surfaces are all irregularly 
curved and loaded with small particles. In Fig. 3b, the pre-
pared Bi2Ti2O7 material particles are spherical or ellipsoidal 

in shape, with an unsmooth surface and severe agglomer-
ation. When Bi/Ti  =  4:3, the morphology of the material is 
polyhedral and lamellar with regular surface and serious 
agglomeration. Fig. 3d shows a reticulated porous structure 
of Bi12TiO20 material and arranged in flakes, with fibrous 
material and small particles attached to the surface of the 
material. The reticulated porous structure facilitates light 
harvesting, charge separation, utilisation of active sites and 
more exposed interface contact with reactants [23]. The 
Bi12TiO20 material prepared in Fig. 3 is well dispersed, while 
the remaining two materials show agglomeration. To fur-
ther determine the chemical composition, this is illustrated 
by an EDX spectrum, in Fig. 3e, in addition to the spectral 
peaks belonging to the elements C and O, there are also 
spectral peaks of Ti and Bi, which can confirm the successful 
synthesis of bismuth titanate by this method.
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Fig. 3. Scanning electron microscopy images of Bi/Ti = 20:1 (a), Bi/Ti = 1:1 (b), Bi/Ti = 4:3 (c), Bi/Ti = 12:1 (d) and energy-dispersive 
X-ray spectrum of Bi/Ti = 12:1 (e).
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The FTIR spectra of TA before and after adsorption 
are depicted in Fig. 4. Bi12TiO20 exhibits two dense peaks 
at 1,389.20 and 1,472.17  cm–1 that are assigned to the ν3 
vibrational mode of the TiO4 tetrahedral unit of Bi12TiO20. 

Asymmetric stretching vibrations of Ti–O–Ti occur at 
1,389.20 cm–1. while the 459.98, 525.66, 590.90 and 665.87 cm–1 
are all attributed to the Bi–O vibrational mode, correspond-
ing to the characteristic peaks of silica ferrite [24]. The 
stretching and bending vibrations of water occur at 3,423.50 
and 1,629.94  cm–1, respectively, the former correspond-
ing to the stretching vibration of the OH group attached 
to the titanium atom (Ti–OH) and the latter to the bending 
vibration of the OH in the water adsorbed in the sample 
[25]. The intensity of the vibrational bands of many groups 
changes or shifts slightly in position after the adsorption of 
TA by Bi12TiO20. The bands at 3,423.50, 665.87, 590.90 and 
459.98 cm–1 were shifted to higher bands at 3,439.37, 666.03, 
591.17 and 463.34 cm–1, respectively, and conversely, the peak 
at 1,472.17 cm–1 was shifted to a lower band at 1,469.57 cm–1. 
After the adsorption of Bi12TiO20 the shifts of the different 
active functional groups suggest that their epitope sites 
may interact with TA ions, but due to the small overall 
changes, physical adsorption played a dominant role in the  
adsorption process.

In order to study the composition and chemical state 
of the prepared bismuth titanate compounds, Bi12TiO20 was 
further analyzed by XPS measurement. The XPS measure-
ment spectrum of Bi12TiO20 powder is shown in Fig. 5a. XPS 
peak showed that the catalyst contained only Bi, Ti and O 
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Fig. 4. Fourier-transform infrared spectrum of Bi12TiO20 
(a) before and (b) after adsorption of tartar yellow.
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(d) Ti 2p XPS spectra of Bi12TiO20.
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elements and a trace amount of carbon. Fig. 5b–d illustrate 
the high-resolution XPS spectra of O 1s, Bi 4f and Ti 2p. 
With respect to the XPS spectra of O 1s in Fig. 5b, the peak 
at 530.05  eV should be attributed to the lattice oxygen O2− 
of the Bi–O band in Bi12TiO20. The peak at 528.86 eV belongs 
to the surface hydrocarbon group [26]. The two binding 
energy peaks centered on 158.34 and 163.26  eV in Fig. 7b 
were assigned to Bi3+. As shown in Fig. 5d, the position of 
double peak at 457.08 and 464.76 eV indicates that Ti exists 
in the form of Ti4+ in the composite. Consequently, the XPS 
results confirmed the successful preparation of Bi12TiO20.

3.2. Optical properties

The UV-Vis diffuse reflectance spectroscopy of the four 
materials are shown in Fig. 6. The main light absorption 
regions and light absorption edges of the four materials in 
Fig. 6a are in the visible range (390–780 nm). Bi12TiO20 mate-
rial absorbs visible light more intensely than the other two 
for Bi/Ti = 20:1 and Bi/Ti = 12:1, and there is a significant red-
shift phenomenon. The band gap of the composite can be 
calculated according to Eq. (3):

�hv hv� � � �� �1/n

gA E 	 (3)

where α is the light absorption index; h is the Planck con-
stant; v is the optical frequency; A is a constant; Eg is the 
band gap energy. The n value is determined by the opti-
cal transition type of the semiconductor (for direct leaps, 
n  =  1/2; for indirect leaps, n  =  2) [26]. Here, the prepared 
material n value can be specified as 2.

In Fig. 6b the forbidden band widths of the four materi-
als (Bi/Ti = 20:1, 12:1, 1:1, 4:3) calculated according to Eq. (3) 
are: 2.25, 2.41, 2.64, and 2.47 eV, all of which can absorb vis-
ible light. The content of Bi elements can adjust the rate of 
electron separation complex in photogenerated carriers 
[25], the higher the content of Bi elements, the smaller the 
band gap and the faster the rate of electron–hole separa-
tion complex in photogenerated carriers, which is more 
favourable to the absorption of visible light.

3.3. Adsorption

The molar ratio of Bi to Ti was continued at N1, roast-
ing temperature of 600°C, and seven different ratios of the 
materials were prepared to investigate their adsorption 
properties. As shown in Fig. 7, when the Ti content is con-
stant, the Bi content is greater than 12 or less than 12, and the 
adsorption capacity of the material is lower than 0.4 mg/g. 
When Bi content is 12, it shows the highest adsorption, which 
is mainly due to the loose porous network structure, which 
is conducive to the dispersion and adsorption of dye mole-
cules. When Bi/Ti = 1:1, Bi2Ti2O7 was formed, the adsorption 
capacity was enhanced, but the agglomeration was serious, 
which made the adsorption capacity not high. Bi/Ti  =  4:3, 
Bi4Ti3O12 and a small amount of Bi12TiO20 were formed, the 
irregular polyhedral and lamellar structure also made the 
adsorption capacity enhanced, but the agglomeration phe-
nomenon inhibited the adsorption capacity. The adsorption 
rates for all seven materials were fastest in the first 5  min, 
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slowing down with increasing contact time and eventually 
reaching adsorption–desorption equilibrium. The faster 
adsorption in the first 5 min is due to more adsorption sites 
being available in the early stages and the difficulty in occu-
pying the remaining sites due to repulsion between solute 
and phase in the later stages [27].

3.4. Photocatalytic performance

The effect of Bi/Ti on the degradation rate of TA was 
investigated by fixing N1, roasting at 600°C and adjusting 
Bi/Ti to 20:1, 16:1, 12:1, 8:1, 4:1, 4:3 and 1:1, respectively, and 
the results are shown in Fig. 8a. As can be seen from Fig. 8, 
the Bi12TiO20 material formed at Bi/Ti = 12:1 showed the high-
est degradation rate of TA after 150 min of light exposure, 
reaching 96.18%, and was much higher than the other six 
materials. Continuing to refine the molar ratio of Bi and Ti, 
fixing the Ti content and changing only the Bi content of 
the synthesized bismuth titanate, the photocatalytic effect 
of several other materials synthesized under Bi/Ti was not 
satisfactory, except for the bismuth titanate synthesized at 
Bi/Ti  =  12:1, where the degradation rate was 56.12% at Bi/
Ti  =  16:1 and only 40% at Bi/Ti  =  1:1. It indicates that the 
bismuth-titanium ratio is an important factor affecting the 
photocatalytic activity of bismuth titanate materials pre-
pared by the citric acid-pyrolysis method, and the best 
photocatalytic performance of Bi12TiO20 synthesized by this 
method was achieved at Bi/Ti = 12:1. Analysis in the study 
of Bi12TiO20 single crystals revealed that the crystal struc-
ture of non-doped Bi12TiO20 generally exhibited a non-che-
mometric ratio, with vacancies of Ti atoms above 10% and 
the presence of intrinsic point defects due to vacancies in 
the Ti atoms. Some of the vacant Ti4+ in the TiO4 tetrahedra 
are replaced by Bi3+, while generating a positive hole on the 
adjacent oxygen atom in the tetrahedra [28], and this pro-
duction of these holes also results in the strong absorption 
of Bi12TiO20 in the visible region. This is followed by the syn-
thesis of Bi4Ti3O12 and Bi12TiO20 coexisting bismuth titanate 
at Bi/Ti = 4:3, which degrades 64.41% of TA.

The pseudo-first-order kinetic was used to fit the 
kinetics of photocatalytic degradation of TA solutions by 

bismuth titanate synthesized with different Bi/Ti, which 
can be calculated using Eq. (4):

ln
C
C

kt
t

0�

�
��

�

�
�� � 	 (4)

where C0 is the TA solution after dark adsorption, mg/L; 
Ct is the concentration of TA solution after light exposure 
time t, mg/L; t is the time of light irradiation, min; k is the 
rate constant of the proposed primary reaction, min–1.

Fig. 8b shows the results of the fit. The degradation of 
TA by bismuth titanate synthesized with different Bi/Ti 
fits the pseudo-first-order kinetic equations. The k-value 
of Bi12TiO20 synthesised at Bi/Ti  =  12:1 was the largest at 
0.01983 min–1, with increasing or decreasing Bi content, the 
k-values of the synthesised bismuth titanate were smaller, 
proving that the photocatalytic effect on TA was not satis-
factory. It was further demonstrated that Bi/Ti was suit-
able for the best photocatalytic effect on TA when bismuth 
titanate was prepared by the citric acid-pyrolysis method.

Bi/Ti was 12:1, the roasting temperature was 600°C and 
the citric acid addition was changed to N1, N2, N3 and N4 
to investigate the effect of different citric acid dosages on 
the degradation rate of TA, the results are shown in Fig. 9a. 
In the preparation of Bi12TiO20, the metal ion to citric acid 
ratio of 1:1 resulted in the largest TA degradation rate of 
96.18%, while N2, N3 and N4 could only remove 78.87%, 
74.79% and 83.84%. Based on the XRD results, it shows that 
the N1 material has the best crystallinity. The effect of roast-
ing temperature on the degradation of TA of the material 
was investigated by fixing N1, Bi/Ti was 12:1 and varying 
the roasting temperatures of 450°C, 500°C, 550°C, 600°C, 
650°C and 700°C, respectively, and the results are shown 
in Fig. 9b. The Bi12TiO20 material prepared at the roasting 
temperature of 550°C already had good catalytic activity. 
When the roasting temperature was lowered, the photocat-
alytic activity decreased due to the incomplete formation 
of Bi12TiO20 in the first stage; the highest catalytic activity 
was obtained for the Bi12TiO20 material prepared at a roast-
ing temperature of 600°C; when the roasting temperature 
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continued to increase, the photocatalytic activity of the 
prepared Bi12TiO20 powder started to decrease, and only 
44.94% was obtained at 700°C. Therefore, the Bi12TiO20 
material prepared by roasting at 600°C for 3 h had the best 
reactivity. Comparing Fig. 2b, it can be found that the peak 
intensity of the XRD spectra of Bi12TiO20 becomes larger 
when the roasting temperature increases from 450°C and 
only the diffraction peak of Bi12TiO20 appears, and the pho-
tocatalytic activity of Bi12TiO20 is the highest at 600°C. This 
shows that the well-crystallised Bi12TiO20 material has a 
high catalytic activity.

To study the stability of Bi12TiO20 (Bi/Ti  =  12:1), it was 
washed, filtered and dried before use. Photocatalytic degra-
dation experiments were carried out under the same reac-
tion conditions (0.1  g of catalyst dosing and 5  mg/L of TA 
solution). Fig. 10 shows the excellent stability of this ratio 
of Bi12TiO20. The degradation rate of TA was still 92.99% 
after three repetitions, indicating that Bi12TiO20 was not 

deactivated and not easily photolyzed. The degradation rate 
of 87.60% after the fourth reuse was mainly due to the loss 
caused by the washing, filtering and drying steps during the 
reuse process, as well as some of the dye molecules causing 
adsorption on the Bi12TiO20 surface, resulting in the inability  
to desorb.

3.5. Photocatalytic mechanism

The mechanism of photocatalytic degradation of TA by 
Bi12TiO20 (Bi/Ti = 12:1) was investigated by the photocatalytic 
reaction of different radical trapping agents. The hydroxyl 
radical (•OH), superoxide radical (•O2

–) and hole (h+) were 
trapped by tert-butyl alcohol (TBA), p-benzoquinone (PBQ), 
and potassium iodide (KI), respectively [29,30]. Fig. 11 
shows that the degradation of TA by this material reached 
96.18% without the addition of trapping agents (i.e., blank 
experiment); the addition of TBA, PBQ and KI reduced the 
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degradation of TA to 78.26%, 72.12% and 10.19%, respec-
tively. The results indicated that the active substances that 
played an important role in TA degradation were h+ and •O2

–.
Based on the results of the above radical capture exper-

iments, the mechanism of photocatalytic degradation of TA 
by Bi12TiO20 (Bi:Ti  =  12:1) prepared by citric acid-pyroly-
sis was proposed. As shown in Fig. 12, under the irradia-
tion of visible light, the conduction band (CB) of Bi12TiO20 
(Bi:Ti = 12:1) is excited to produce photoelectrons (e–) and 
holes (h+) in the valence band (VB). h+ is a powerful oxide 
species that can directly participate in the degradation pro-
cess of TA, decomposing it into small molecule products 
[31]. In turn, e– reacts with dissolved oxygen in solution 
to form •O2

– and finally, the degradation of TA by Bi12TiO20 
(Bi/Ti  =  12:1) materials is enhanced by the synergistic 
effect of •O2

– and h+.

4. Conclusion

Three types of bismuth titanate with better performance, 
Bi12TiO20, Bi4Ti3O12 and Bi2Ti2O7, were successfully prepared 
by the citric acid-pyrolysis method at a ratio of 1:1 of metal 
ions to citric acid substance and a roasting temperature 
of 600°C.

The citric acid-pyrolysis method synthesized Bi12TiO20 
(Bi/Ti  =  12:1) has higher crystalline properties, a loose and 
porous mesh structure with a forbidden band width of 
2.41  eV, which is more favourable for the absorption of 
visible light.

The degradation of the dye TA by Bi12TiO20 (Bi/Ti = 12:1) 
was basically in accordance with the pseudo-first-order 
kinetic equations, and the degradation rate of the dye TA 
reached 96.18% after 150 min. The analysis of the photocat-
alytic mechanism showed that •O2

– and h+ played a major 
synergistic role in the photocatalytic degradation. The 
strong oxidation of h+ directly degraded TA to small mole-
cule products, while e– would react with dissolved oxygen 
in the solution to form •O2

–, which degraded TA to small 

molecule products. Experiments on the recycling of Bi12TiO20 
(Bi/Ti  =  12:1) have shown its stable performance and the 
feasibility of this method for the synthesis of Bi12TiO20 in 
dye wastewater treatment.
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