
Introduction

With the rapid development of industrialization and 
urbanization, dye wastewater has contributed up to 20% 
of global wastewater, causing serious environmental 
issues due to their properties of persistence and toxicity 
[1-4]. Consequently, a number of approaches have been 
developed to treat dye wastewater, such as electro-

oxidation, ozonating, ion-exchange, membrane filtration, 
microbial degradation, etc. [5-7]. However, these 
techniques are either costly or inefficient. Recently the 
photocatalytic process has been developed to degrade 
the organic pollutants completely or generate harmless 
compounds with the aid of a light source, and it has 
been proven that it is an efficient way to mineralize a 
variety of dyes in wastewater with a limited cost [8-10]. 

TiO2 was known as an excellent photocatalyst that 
can be excited to generate electron/hole pairs under light 
illumination (UV or solar), producing a strong oxidant 
of ·OH at its surface with an excellent degrading ability 
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toward most organic pollution [11]. Heteropolyacid 
(HPA), which possessed unoccupied W 5d orbit, could 
capture quickly the electrons of TiO2’s conduction 
band in order to overcome the drawbacks of TiO2 (i.e., 
recombination of the generated electron and hole). 

The photocatalytic synergistic effects between HPA 
and TiO2 have been confirmed toward different dye 
wastewater [12]. In addition, due to the unique pseudo-
liquid phase structure of HPA, dye solution could flow 
through in the catalysts, resulting in sufficient contact 
between dye molecules and active sites on the catalysts 
[13]. Therefore, HPA-TiO2 catalyst is an ideal candidate 
for the removal of dye wastewater. 

Currently, research on the photocatalytic degradation 
of organic pollutants are commonly based on a 
monocomponent solution focusing on optimizing its 
effectiveness, including catalyst loadings, calcination 
temperature, morphology, solution pH, initial 
concentration, etc. [14-18]. However, the practical 
dye wastewater usually contains multiple dyes with 
different structures and physiochemical properties 

Table 1. LD50 values of the dyes

Dye type Tested organisms LD50 (mg/kg)

RhB Rats 89.5

MO Rats 60.0

ARS Rats 70.0

MG Rats 275.0

Fig. 1. Self-designed quartz reactor. Inset: a) Infrared filter spectrum, b) Xenon lamp (purple) and sunlight (red) spectrum.

Fig. 2. Direct photolysis of RhB, MO, ARS, and MG, and their adsorption and photocatalytic degradation on TiO2/H3PW12O40 film.
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Table 2 Comparison of RhB, MO, MG, and ARS degradation utilizing various catalysts

Catalysts Dyes Irradiation Percentage Reference

CdS nanoring
10 mg

RhB 
50 ml

1.0×10-5 mol·L-1

300 min
55 W fluorescent lamp 

Visible light
70% [24]

Bi2MoO6/g-C3N4
50 mg

RhB 50 ml
1.0×10-5 mol·L-1

360 min
300 W Xenon lamp

Visible light
72% [25]

Gd-TiO2
10 mg

RhB 10 ml
1.0×10-5 mol·L-1

240 min
400 W halogen lamp

Visible light
93% [26]

[Ag3L4(PMo12O40)
(CH3OH)]_CH3OH 

2.1 mg

RhB
30 ml

2.0×10-5 mol·L-1

450 min
500 W mercury lamp

Ultraviolet light 
62% [27]

ZnO-graphene
100 mg

RhB
100 ml

1.0×10-5 mol·L-1

180 min
8 W Xenon lamp

Visible light
71% [28]

SnS2/TiO2
100 mg

MO
25 ml

4×10-5 M

50 min
200 W Xe arc lamp
Simulated sunlight

91% [29]

ZnO nano-mushrooms
200 mg

MO
100 ml

1.5×10-5 M 

210 min
36 W high pressure mercury lamp

Ultraviolet light
92% [30]

Cu2S-Cu-TiO2
120 mg

MO
200 ml

300 mg·L-1

120 min
High-pressure sodium lamp

Visible light
94% [31]

TiO2/D-PVA
500 mg

MO
200 ml

10 mg·L-1

40 h
200 W dysprosium lamp

Visible light
84% [32]

La0.7Sr0.3MnO3
20 mg

MO
100 ml

13 mg·L-1

20 min
Sunlight

Sunny days in July 2013 between 10.30 am and 2.00 pm 
96% [33]

Pt-TiO2/SiO2
200 mg

MG
200 ml

10 mg·L-1

45 min
300 W tungsten lamp

Visible light
99% [34]

Pd/WO3
50 mg

MG
30 ml

5.0 μmol·L-1

360 min
A simulated solar lamp

Visible light
90% [35]

ZnO
20 mg

MG
100 ml

200 mg·L-1

100 min
300 W mercury lamp

Ultraviolet light
85% [36]

CeO2/CdO
30 mg

MG
100 ml

50 mg·L-1

60 min
300 W powder
Ultraviolet light

99% [37]

(NH4)3[PW12O40]
24 mg

MG
40 ml
10 μM

40 min
500 W Xenon lamp

Visible light
85% [38]

BiVO4
50 mg

ARS
100 ml

100 mg·L-1

180 min
8×8 W low pressure mercury lamp

Ultraviolet light
99% [39]

P25-Ag
50 mg

ARS
100 ml

6.2×10-5 mol·L-1

180 min
125 W high-pressure Hg lamp

Ultraviolet light
87% [40]

ZnO
100 mg

ARS
500 ml

25 mg·L-1

90 min
UV chamber equipped with seven UV tubes each of 18W

Ultraviolet light
77% [41]

TiO2
40 mg

ARS
100 ml

0.20 mM

200 min
6-12 phosphor-coated fluorescent lamp (15 W each)

Ultraviolet light
99% [42]

TiO2
375 mg

ARS
84.2 μmol·L-1

750 ml

120 min
high pressure mercury lamp

Ultraviolet light
100% [43]
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[19, 20]. In order to apply the photocatalysis technique 
to practical dye wastewater treatment, it is urgent to 
explore a photocatalyst that can remove different dyes 
simultaneously.

Hence, in view of the above-discussed perspective, 
a new aspect of photocatalytic degradation has been 
investigated in the current study: the photocatalytic 
removal efficiency of TiO2/H3PW12O40 film were 
evaluated under solar-like radiation for monocomponent 
dye wastewater – i.e., rhodamine B (RhB), methyl orange 
(MO), malachite green (MG), and alizarin red (ARS) – 
together with bicomponent dye wastewater as a mixture 
of RhB and MG with different volume ratio. The results 
may provide necessary information on the development 
of the photocatalysis technique for multiple-component 
dye wastewater treatment in practical application.

Material and Methods

Catalyst Preparation

The combining process of temperature programming 
control and the sol-gel-hydrothermal route was 
employed to prepare for the TiO2/H3PW12O40 composite 
film according to our previous studies [12]. The as-
prepared film was fabricated with the intact saturation 
Keggin structure and anatase phase TiO2 possessing a 
higher specific surface area (157.9 m2/g), in which actual 
doping amount of H3PW12O40 was 14.7% [12]. 

Photocatalytic Experiment

All experiments were carried out in a self-
designed quartz reactor (Fig. 1), where TiO2/H3PW12O40 
film (ca. 4.5 mg) was immersed in stirring mono-/
bicomponent dye solution (120 ml, 25 mg·L-1). For the 

four classes of dyes, RhB is a highly water-soluble and 
cationic alkaline dye of the xanthene class, MO is a 
representative anion azo dye containing a N=N double 
bond, MG is a cationic alkaline dye with triarylmethane 
hydrocarbon derivatives, and ARS is a water-soluble 
and anion anthraquinone dye widely used as a colorant 
in textiles. Moreover, LD50 values of dyes are generally 

Fig. 3. Direct photolysis of RhB-MG composite dye with 
different volume ratio, and their adsorption and photocatalytic 
degradation on TiO2/H3PW12O40 film.

Fig. 4. Ultraviolet-scanning of photocatalytic degradation 
of RhB-MG binary dye with different volume ratio by TiO2/
H3PW12O40 film.
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greater than 2,000 mg/kg, whereas the alkaline and 
diazo direct dyes commonly represented lower LD50 
values and higher toxicity, as demonstrated by a 
survey conducted by the Ecological and Toxicological 
Association of Dyestuff Manufacturing Industry [21]. 
LD50 values of the dyes selected in the current study 
are exhibited in Table 1, indicating that they may be 
toxic even at low concentrations. Additionally, RhB 
has been classified as a Group 3 carcinogen by the 
International Agency for Research on Cancer IARC 
and forbidden to use as a food additive in the United 
States, European Union, and China; MG also has been 
banned in several countries, including the United States, 
Canada, and the European Union. The United States 
Food and Drug Administration has nominated MG as 
a priority chemical for carcinogenicity testing. Hence, 
it is necessary to develop an efficient photocatalysis 
technique to treat these dye wastewaters, in particular 
with RhB and MG. Consequently, bicomponent dye 
solutions were mixed by RhB and MG with different 
volume ratios (90:30 ml; 60:60 ml; 30:90 ml) to simulate 
the practical dye wastewater. 

First, the mono/bicomponent dye solutions with 
photocatalyst were stirred for 30 min in order to achieve 
adsorption-desorption equilibrium. Then the reactor 
was placed ca. 15 cm below a PLS-SXE300 Xe lamp 
(300 W, Beijing Trusttech Co. Ltd., China) equipped 
with an IR cut filter to remove most IR irradiation  
(780-1100 nm). Consequently, the artificial solar light 
with main emissions from 320 nm to 780 nm matches 
well with the natural solar light (inset of Fig. 1).  
The light intensity was adjusted to 200 mW·cm-2 
measured by a radiometer (OPHIR, Newport, USA).  
At the given intervals of irradiation, a fixed volume 
of dye solution was sampled and then analyzed by  
a Shimadzu double-beam spectrophotometer UV-190 at 

λ = 554 nm (RhB), 465 nm (MO), 618 nm (MG), and 
424 nm (ARS). 

Results and Discussion

Photocatalytic Degradation of Monocomponent 
Dye (RhB, MO, MG, and ARS)

The direct photolysis of the monocomponent  
dye solution (120 ml; 25 mg·L-1) and the adsorption on 
TiO2/H3PW12O40 film have been investigated (Fig. 2). 
After 240 min irradiation, the direct photolysis rate of 
MO was 4.6%, which was much less than that of RhB 
(24.6%), ARS (40.7%), and MG (51.9%). The adsorption 
capacity of TiO2/H3PW12O40 film toward cation dyes 
(RhB 6.4%; MG 13.6%) was larger than anion dyes 
(MO 1.3%; ARS 3.2%). The surface of H3PW12O40 in 
the composite film was negatively charged, resulting in 
a high adsorption capacity toward cationic dyes rather 
than anion dyes. Moreover, the enhanced adsorption 
capacity was agreed with other reports, which can 
be attributed to the large specific surface area and 
unique pseudo-liquid phase structure of a Keggin-type 
H3PW12O40 [22]. The degradation rate reached 98.5%, 
95.2%, 89.8%, and 48.8% for RhB, MG, ARS, and 
MO, respectively, after 240 min solar-like irradiation 
(Fig. 2). Furthermore, the degradation efficiency of  
MO was much lower than other dyes due to its  
chemical structures. The high dissociation energy and 
less reactivity of MO are attributed to the azo group 
(-N=N-) and sulfonic group [23]. It is worth noting that 
even though only an amount of 4.5 mg TiO2/H3PW12O40 
was used in the current system, the degradation 
efficiency was still considerable in comparison with that 
in other studies (Table 2).

Scheme 1. Photocatalytic degradation mechanism of TiO2/H3PW12O40-20% film toward RhB-MG composite dye.
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Photocatalytic Degradation of Bicomponent Dyes 
(RhB-MG)

RhB and MG were selected and mixed on the 
basis of different volume ratios due to their optimum 
degradation efficiency in a TiO2/H3PW12O40 film 
photocatalytic system. Direct photolysis, adsorption, 
and photocatalytic degradation of bicomponent dye 
solution of RhB-MG with different volume ratio were 
carried out (Fig. 3 and Table 3). The direct photolysis 
efficiency decreased from 12.9% to 6.3% for RhB 
and from 39.9% to 30.6% for MG. Owing to a limited 
overlap of light adsorption for RhB and MG (Fig. 4), 
the decrease of direct photolysis efficiency was mainly 
attributed to raise their respective initial concentrations. 
The adsorption efficiency of RhB was maintained stably 
in different volume ratios, fluctuating from 8.0% to 
8.3%, whereas for MG it increased from 32.9% when 
RhB: MG = 3:1 (v: v) to 38.9% when RhB: MG = 1:3  
(v: v), which indicated that the catalyst processed a 
higher adsorption affinity for MG in the bicomponent 
dye solutions. The photocatalytic degradation efficiency 
of MG was significantly higher than that of RhB,  
with the efficiency of MG achieving 95.7%, 96.5%, 
and 88.7% after 120 min irradiation, whereas the 
degradation of RhB was restrained due to the 
competition for the active sites of catalyst surface with 
MG, and the efficiency was only 49.1%, 42.4%, and 
38.8%, corresponding to systems of 90:30 ml, 60:60 ml, 
and 30:90 ml, respectively. 

Variations of UV-vis spectra for RhB and MG 
during the degradation process are shown in Fig. 4. The 
absorbance peaks were located at 554 nm for RhB and 
618 mm for MG. Their intensities decrease with reaction 
time, indicating the degradation of dyes. Furthermore, 
the blue shift of RhB and MG peaks did not occur in 
the system, suggesting that N-demethylation or de-
ethylation was not generated during the degradation. 
However, an intensification of peak at 374 nm was 
observed, implying the generation of intermediate 
products through breaking down chromophoric 
conjugated structure and aromatic rings of the dye 
comprised of C-C, C=N, or C=C bond. Accordingly, 
RhB may be degraded into 3-(diethylamino) phenol 
(C10H15NO), 2-(2,5-dihydroxypheny) acetic acid 
(C8H8O4), 2-vinylbenzoic acid (C9H8O2), etc. [44], while 
the intermediate products of MG degradation could 
be 2-oxosuccinic acid, (E)-4-oxobut-2-enoic acid, or 
glyoxylic acid [45]. 

The adsorbed RhB and MG on TiO2/H3PW12O40 
film was excited via absorbing solar light and donated 
their electrons to the conduction of TiO2 [46]. At the 
same time, the electrons were promoted from the 
valence band to conduction of TiO2, leaving the holes 
in its valence band. Afterward, these electrons were 
scavenged by H3PW12O40, and the generated H3PW12O40

- 
reacted with the adsorbed oxygen to produce ·O2

-, 
while ·O2

- would further react with H2O to form H2O2 
and ultimately convert to ·OH. Consequently, the holes Ta
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could also react with H2O or OH- to form ·OH. ·OH 
was confirmed as the essential role in the photocatalytic 
system TiO2/H3PW12O40 film [46], which could degrade 
the dyes effectively (Scheme 1). Moreover, the reaction 
can be driven by the self-regeneration of H3PW12O40 via 
the redox cycling between H3PW12O40 and H3PW12O40

-. 

Conclusion

TiO2/H3PW12O40 film was applied to photocatalytic 
degradation of simulated mono- and bicomponent dye 
wastewater. The results showed that TiO2/H3PW12O40 
film possesses higher adsorption capacity for cationic 
dyes (RhB and MG) in comparison with anion 
dyes (MO and ARS) due to the negatively charged 
surface of H3PW12O40. Despite the competition, a 
higher photocatalytic degradation of bicomponent dye 
wastewater was still attained, which suggested TiO2/
H3PW12O40 film may be a potential and efficient catalyst 
for dye wastewater treatment. 
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