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Abstract Indigo carmine in aqueous solution was effectively degraded using ZnO-Bi2O3/Graphitic

Carbon Nitride heterojunction structure by visible light/H2O2 system. The mechanism of photocat-

alytic degradation of Indigo carmine shows the responsible species for the degradation of Indigo

carmine in the ZnO-Bi2O3-xC3N4/H2O2/visible light system (x = 0, 1, 2, and 3) is the hydroxyl rad-

icals which were generated from the reaction of e� and h+ with H2O2. Under optimal conditions,

ZnO-Bi2O3-2C3N4/H2O2/Vis system degraded more than 93% of Indigo carmine in 180 min.

Besides, the kinetic of the photocatalytic process was detailed. These results demonstrate that the

ZnO-Bi2O3-2C3N4/H2O2/visible light system may become a promising approach to achieve efficient

environmental remediation as an environmentally friendly oxidant.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Environmental pollution related to the dye residues from tex-
tile industry is currently an urgent issue. The most widely used

dye in the textile industry is Indigo carmine (Indigo-5, 50-
disulfonic acid disodium salt). Besides using it as a textile
dye, it can also be used as an additive in pharmaceuticals for
medical diagnosis purposes (Barka et al., 2008). The high tox-

icity of indigo carmine can cause tumors, hypertension, distur-
bance of reproductive and nervous systems, well documented
in the literature (Barka et al., 2008). Nowadays, the removal

of harmful organic pollutants through advanced oxidation
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processes (AOPs) including Fenton oxidation, photocatalytic
oxidation and electrolytic oxidation are attracting an increas-
ing attention, because these processes can create powerful oxi-

dizing species such as electrons, holes, OH� radicals, and O2
��

radicals (Oturan et al., 2000, Irmak et al., 2006, Wang et al.,
2009a, Wang et al., 2009b, Yap et al., 2011, Virkutyte and

Varma, 2014). Photo-Fenton oxidation is one of the most
promising AOPs. The main advantage of this oxidation pro-
cess is the efficient production of highly active hydroxyl

(OH�) radicals which will attack organic pollutants found in
wastewater (Gemeay et al., 2003).

Hydrogen peroxide (H2O2) is a moderately oxidizing agent
for a variety of organic compounds. However, H2O2 decom-

poses slowly at room temperature; therefore, the oxidizing
capability of H2O2 is often enhanced with catalysts, UV-
light, ultrasound, or heat, to generate reactive oxygen species

to oxidize organic compounds (Centi et al., 2000, Gemeay
et al., 2003). Until now, limited studies have been carried out
using visible light-H2O2 system for degradatingorganic

compounds.
The growing awareness of photocatalytic semiconductor

has led to an increasing demand for environmental treatment

and energy production due to formed electron-hole pairs, fol-
lowed by the separation of charge pairs (Wang et al., 2015, Xu
et al., 2015, Patnaik et al., 2018b). Among various semicon-
ductors, the oxides of Mo, Zn, Bi, Ti, and Sn elements are

more suitable for photocatalytic processes (Xu et al., 2015,
Patnaik et al., 2018c). However, their photocatalytic efficien-
cies were very low because of the wide band gaps and relatively

high electron-hole recombination rates. In order to improve
photocatalytic efficiency, the heterostructural semiconductors
have been utilized as potential candidates (Cao et al., 2012,

Cui et al., 2014, Jiang et al., 2014, Xu et al., 2015, Zhang
et al., 2015, Yan et al., 2016, Patnaik et al., 2017). The photo-
catalytic activities of heterostructural semiconductors is much

better than those of single component semiconductors because
the probabilities of light absorption, charge transfer, and pho-
togenerated electron-hole pair separation are improved
through the junctions at the interfaces (Hu et al., 2014, Yan

et al., 2016). It has been revealed that the heterojunctions of
graphitic carbon nitride (C3N4) with composite catalysts
enhanced the photocatalytic efficiency due to medium band

gap, thermal and chemical stability of C3N4 (Chai et al.,
2012, Ding et al., 2013, Fu et al., 2013, Chunyan et al., 2016,
Shi et al., 2016, Ruiru et al., 2017, Cui et al., 2018, Dong

et al., 2018, Li et al., 2018a, Li et al., 2018b, Nayak and
Parida, 2018, Patnaik et al., 2018a, Chen et al., 2019).

The mixed metal oxides obtained by heating the double
layer hydroxide (LDH) have been adapted for improving cat-

alytic capability to degrade several pollutant compounds.
(Mendoza-Damián et al., 2013, Xiang et al., 2013,
Mohapatra and Parida, 2014, Kim Phuong et al., 2016, Bui

et al., 2017). In our previous report, the LDH based on the
hybrid composite of zinc bismuth oxide and graphitic carbon
nitride (ZnO-Bi2O3-xC3N4) exhibited high photocatalytic effi-

ciency for the mineralization of Rhodamine B (Bui et al.,
2017). We suggested that the degradation mechanism of Rho-
damine B by ZnO-Bi2O3-xC3N4 under visible light is mainly

due to the photoinduced hole. It is well known that the effi-
ciency of dyes degradation in aqueous solution depends on
the synergistic effect between the dyes and catalysts, and other
influencing factors such as pH, free radicals, energy sources,
and the structure of dye. The degradation mechanisms of dif-
ferent dyes are largely different because of the structural differ-
ence of dyes. The ZnO-Bi2O3-xC3N4 material with the

assistance of H2O2/visible light is anticipated to exhibit an
excellent catalytic activity for degradating Indigo carmine
which is a high toxic industrial dye. In this work, we present

the studies on the efficacy, mechanism, and kinetics of H2O2-
assisted degradation of Indigo carmine by ZnO-Bi2O3-xC3N4

phtocatalytic system under visible light.

2. Experimental

The synthesized procedure and studies on morphology of
ZnO-Bi2O3-xC3N4 material were followed in our previous
report (Bui et al., 2017) and presented in Supporting informa-

tion. The photocatalytic activity of the materials was estimated
based on degradation reaction of Indigo carmine under visible
light using a Xenon lamp 150 W (Model No. LS 150 SN 332

ABET Technologies, USA). To maintain a fixed temperature
of the reaction mixture, the water in the mantle of the reactor
was circulated. In all photocatalytic experiments, 50 mg of cat-
alyst was added in a 100 mL of Indigo carmine solution

(50 mg/L) at pH � 7.0. The suspension was exposed under
Xenon light lamp after 60 min in a dark room to set up the
adsorption-desorption equilibrium between the Indigo carmine

and the catalyst. At different time intervals, the amount of
Indigo carmine in solution was determined by the UV–Vis
absorption measurement at a wavelength of 612 nm by using a

Thermo Evolution 201 UV–Visible spectrophotometer (U.S.).
The reactions were performed in triplicate. Doubly distilled water
was used throughout this study. For the reaction in H2O2-Vis

light system, 2.14 mmol/L H2O2 was added immediately to a
100 mL solution (50 mg/L of Indigo carmine and 50 mg of the
catalysts) at pH 7.0 and then illuminated with visible light.

The effects of the initial catalyst amount, initial pH of the

solution, and H2O2 concentrations on the degradation of
Indigo carmine in the catalyst-H2O2-Vis system were investi-
gated. The radical trapping study was performed by adding

two scavengers to the solution: (i) ethanol (C2H5OH,
2.0 mmol/L) as an OH� radical scavenger and (ii) ascorbic acid
(C6H8O6, 2.0 mmol/L) as a superoxide anion radical

scavenger.

3. Results and discussion

The synthetic procedure and characterizations of ZnO-Bi2O3-
xC3N4 samples were studied and presented in Supporting
information, as shown in Figs. S1 and S2.

3.1. Synergic effect between the catalysts (ZnO-Bi2O3-xC3N4,

x = 0, 1, 2, 3), visible light (Vis), and H2O2 on the degradation
of Indigo carmine

The photocatalytic activities of the ZnO-Bi2O3-xC3N4 were
assessed in a series of experiments based on Indigo carmine
degradation. As shown in Fig. 1A, the self-decomposition of

Indigo carmine can be ignored due to the negligible amount
(�6.4%) of Indigo carmine degradation over the 180 min vis-
ible light irradiation. As a control, the photocatalytic ability of

ZnO-Bi2O3, and pristine C3N4 were also evaluated. Over the
180 min under visible light irradiation, ZnO-Bi2O3, pristine



Fig. 1 Photocatalytic activities of (A) ZnO-Bi2O3-xC3N4/Vis system; (B) ZnO-Bi2O3-xC3N4/H2O2/Vis system, and (C) ZnO-Bi2O3-

xC3N4 /H2O2/dark system for Indigo carmine degradation.
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C3N4 samples degraded gradually approximately 17.6%, and
26.7% of the Indigo carmine, respectively. This indicated that

either pristine ZnO-Bi2O3 or pristine C3N4 possessed relatively
weak photocatalytic ability under visible light. Whereas the
heterostructural catalyst, ZnO-Bi2O3-xC3N4 exhibited much

better photocatalytic performance than ZnO-Bi2O3 by the
incorporation of g-C3N4 into the ZnO-Bi2O3 structure. ZnO-
Bi2O3-xC3N4 samples degraded 36.6%, 51.8%, and 30.3% of

the Indigo carmine for x = 1, 2 and 3%, respectively. It is evi-
dent that the g-C3N4 improved significantly the photocatalytic
ability of the ZnO-Bi2O3. The enhanced photocatalytic activity
of heterostructural catalyst ZnO-Bi2O3-xC3N4 compared to

pristine ZnO-Bi2O3 might be correlated with the specific
Brunauer–Emmett–Teller (BET) surface area. The BET sur-
face areas for ZnO-Bi2O3, ZnO-Bi2O3-1C3N4, ZnO-Bi2O3-

2C3N4 and ZnO-Bi2O3-3C3N4 were 36.63, 40.20, 44.80 and
49.38 m2/g, respectively. The measured BET curves BET are
shown in Fig. S3. ZnO-Bi2O3-3C3N4 gives higher specific sur-

face area but less photocatalytic activity in comparison with
those of ZnO-Bi2O3-1C3N4 and ZnO-Bi2O3-2C3N4. It implies
that excessive amount of C3N4 presumabley increases the den-
sity of C3N4 on ZnO-Bi2O3 to make the active sites on the

ZnO-Bi2O3 surface less exposable for photocatalytic reaction.
As expected, the degradation of Indigo carmine was pro-
moted significantly by introducing H2O2 to the ZnO-Bi2O3-

xC3N4/Vis system. Fig. 1B shows the photodegradation of
Indigo carmine in the presence of ZnO-Bi2O3-xC3N4 catalysts
and H2O2. Approximately 8.4% of the Indigo carmine under-

goes degradation in the H2O2/Vis system within 180 min. In
the presence of ZnO-Bi2O3-xC3N4, the degradation of Indigo
carmine was accelerated notably. Under visible light irradia-

tion, approximately 25.2, 38.7, 52.0, 68.8 and 45.3% of Indigo
carmine was degraded by pristine ZnO-Bi2O3, pristine C3N4,
ZnO-Bi2O3-1C3N4, ZnO-Bi2O3-2C3N4 and ZnO-Bi2O3-
3C3N4, respectively, in the presence of H2O2. It reavelaed that

H2O2 improved significantly Indigo carmine degradation
efficiency in the ZnO-Bi2O3-xC3N4/Vis system. Whereas, the
oxidizing abilities of ZnO-Bi2O3-xC3N4 or H2O2 by itself were

very weak under visible light irradiation.
As a control experiment, the degradation of Indigo carmine

in the ZnO-Bi2O3-2C3N4/H2O2/dark system was also tested.

Almost no degradation of Indigo carmine was observed when
only H2O2 was added to the solution without visible light irra-
diation (�2.7%) (Fig. 1C). Approximately 35.2% of the
Indigo carmine was degraded by the ZnO-Bi2O3-2C3N4/H2-

O2/dark system. It is noteworthy that the synergistic effect
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between the H2O2 and ZnO-Bi2O3-2C3N4 under visible light
radiation is significant for improving Indigo carmine
degradation.

Thus, the hybridization between g-C3N4 and ZnO-Bi2O3

increased the oxidation rate of Indigo carmine in compared
to pristine ZnO-Bi2O3. The g-C3N4 in ZnO-Bi2O3-xC3N4

may improve charge transfer on the heterojunction interfaces.
However, an excess amount of g-C3N4 affected adversely the
photocatalytic activity of ZnO-Bi2O3-xC3N4. The reason

may be related to the increase of the distribution of g-C3N4

in the ZnO-Bi2O3, resulting the reduction of the active sites
on the ZnO-Bi2O3 surface. In addition, excessive g-C3N4

may act as mediator for the photoinduced e� and h+ recombi-

nation, eventually decreasing the photocatalytic activity
(Wang et al., 2015). In this study, the activity of the ZnO-
Bi2O3-2C3N4 photocatalyst was superior to that of the cata-

lysts with other ratios of g-C3N4 in terms of the decomposition
of Indigo carmine. The photodegradation rate of Indigo car-
mine over the ZnO-Bi2O3-2C3N4/H2O2/Vis system was signif-

icantly higher than that of the ZnO-Bi2O3/H2O2/Vis system by
about 5.6 times.

To obtain quantitative point of view into the reaction kinet-

ics of Indigo carmine degradation, a typical first-order model
was applied to fit the experimental data. The first-order kinet-
ics can be expressed as ln(C0/Ct) = kt, where t is the reaction
Fig. 2 The first-order plots for Indigo carmine degradation in the (A

system and (C) ZnO-Bi2O3-xC3N4/H2O2/dark system.
time (min), k is the rate constant (min�1), and C0 and Ct are
the Indigo carmine concentrations (mg/L) at the time of
t= 0 and t= t, respectively. The fitted plots and rate constant

k values of all the tested samples are shown in Fig. 2.
Accordingly, the reaction rate constant k values help to

evaluate the degradation rates. It can be found that the

ZnO-Bi2O3-2C3N4 exhibited the highest performance during
the degradation of Indigo carmine with and without adding
H2O2 over 180 min visible light irradiation. As seen in

Fig. 2A, the k value of ZnO-Bi2O3-2C3N4 was found to be
0.0037 min�1, which was almost 9.3-fold, 1.6-fold and 1.9-
fold higher than that of ZnO-Bi2O3 (0.0004 min�1), ZnO-
Bi2O3-1C3N4 (0.0022 min�1) and ZnO-Bi2O3-3C3N4

(0.0019 min�1), respectively. In the presence of H2O2, the rate
constant k values of Indigo carmine degradation over 180 min
under visible light irradiation were found to be 0.001 min�1 for

ZnO-Bi2O3, 0.0036 min�1 for ZnO-Bi2O3-1C3N4,
0.0056 min�1 for ZnO-Bi2O3-2C3N4 and 0.0032 min�1 for
ZnO-Bi2O3-3C3N4 (Fig. 2B). In contract, the ZnO-Bi2O3-

2C3N4/H2O2/dark system, the k values of Indigo carmine
degradation without visible light irradiation was found to be
0.0021 min�1 (Fig. 2C). The results in Fig. 2 revealed that

Indigo carmine degradation in the ZnO-Bi2O3-2C3N4/H2O2/-
dark system is 2.7 times and 1.8 times lower than those in
the ZnO-Bi2O3-2C3N4/H2O2/Vis and ZnO-Bi2O3-2C3N4/Vis
) ZnO-Bi2O3-xC3N4/Vis system; (B) ZnO-Bi2O3-xC3N4/H2O2/Vis
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system, respectively. The order of Indigo carmine degradation
is ZnO-Bi2O3-xC3N4/H2O2/Vis system > ZnO-Bi2O3-xC3N4/
Vis system > ZnO-Bi2O3-xC3N4 /H2O2/dark system.

3.2. Catalytic activity of ZnO-Bi2O3-2C3N4/H2O2/Vis system

3.2.1. Effect of the loading of ZnO-Bi2O3-2C3N4 and pH value

Fig. 3A illustrates the degradation of Indigo carmine (50 mg/

L) in the ZnO-Bi2O3-2C3N4/H2O2/Vis system with various
loads of ZnO-Bi2O3-2C3N4, keeping the concentration of
H2O2 constant (2.14 mmol/L) at pH 7.0. Compared with the

H2O2/Vis system (i.e., a zero load of ZnO-Bi2O3-2C3N4), the
degradation of Indigo carmine enhanced significantly by the
addition of ZnO-Bi2O3-2C3N4, because ZnO-Bi2O3-2C3N4

can act as a peroxidase-like catalyst to accelerate the decompo-
sition of H2O2, thus enabling the creation of strongly oxidizing
radical species. When the amount of ZnO-Bi2O3-2C3N4 was

increased from 0.5 to 2.0 g/L, the rate constant k of Indigo car-
mine degradation greatly increased from 0.0056 to
0.0101 min�1 (Fig. 3B). Beyond the ZnO-Bi2O3-2C3N4 loading
of 2.0 g/L, k is decreased; this may be due to excessive amount
Fig. 3 Photodegradation of Indigo carmine over ZnO-Bi2O3-2C3N4

(B) the first-order plots for Indigo carmine degradation using different

(D) The first-order plots for Indigo carmine degradation at different p
of catalyst, which caused the solution to become opaque. This
would allow less light to pass through the solution, which hin-
ders the Indigo carmine degradation reaction.

Fig. 3C shows the degradation of Indigo carmine in the
ZnO-Bi2O3-2C3N4/H2O2/Vis system with different initial pH
values in the solution (pH 2, 3, 5, 7, and 8), while the concen-

tration of ZnO-Bi2O3-2C3N4 and H2O2 were fixed at 2.0 g/L
and 2.14 mmol/L, respectively. As seen in Fig. 3C, the catalytic
system of ZnO-Bi2O3-2C3N4/H2O2/Vis can degrade Indigo

carmine across a wide range of pH values. The degradation
of Indigo carmine was enhanced gradually at pH values rang-
ing from pH 2 to pH 7, but reduced at pH 8. The order of the
degradation rate of Indigo carmine by ZnO-Bi2O3-2C3N4/

H2O2/Vis at different pH values is as follows: pH 7
(k = 0.0101 min�1) > pH 5 (k= 0.0073 min�1) > pH 3
(k = 0.0065 min�1) � pH 2 (k = 0.0064 min�1) > pH 8

(k = 0.0042 min�1) (Fig. 3D). This can be understood by con-
sidering that, the larger concentration of OH� groups in solu-
tion hinders the movement of the Indigo carmine anion and its

ability to make contact with the catalyst surface at pH greater
than 7, leading to a decrease in the degradation rate.
/H2O2/Vis system: (A) effect of the loading of ZnO-Bi2O3-2C3N4,

amount of ZnO-Bi2O3-2C3N4, (C) effect of pH of the solution, and

H values.
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3.2.2. Effect of H2O2 concentration and photocatalytic stability

of ZnO-Bi2O3-2C3N4

The main problem in most of the photocatalytic processes is
the unwanted recombination of electrons/holes. This repre-
sents a major energy waste and feasible quantum yield limita-

tion. The H2O2 is an electron donor that not only facilitates
photocatalytic processes but also inhibits electron-hole pair
recombination (Tseng et al., 2012). The effect of H2O2 concen-

tration on the photocatalytic degradation of Indigo carmine
was thus examined in this sense, while the quantity of ZnO-
Bi2O3-2C3N4 and pH solution were maintained at 2.0 g/L
and 7.0, respectively. Fig. 4A displays the degradation of

Indigo carmine in the ZnO-Bi2O3-2C3N4/H2O2/Vis system
with different initial concentrations of H2O2. Without H2O2,
Indigo carmine was hardly degraded. This indicates that the

presence of ZnO-Bi2O3-2C3N4 alone cannot produce sufficient
amounts of reactive radical species under visible light irradia-
tion. The addition of H2O2 is necessary to enhance the Indigo

carmine degradation. As the H2O2 concentration was
increased from 1.07 to 4.28 mmol/L, the rate constant k of
Indigo carmine degradation was greatly increased up to
Fig. 4 Degradation of Indigo carmine over ZnO-Bi2O3-2C3N4/H2O2/

first-order plots for Indigo carmine degradation using different H2O2 co

2C3N4/H2O2/Vis system (180 min of visible light irradiation; pH 7;

concentration of 50 mg/L and 4.28 mM, respectively).
0.0028 and 0.0119 min�1 in ZnO-Bi2O3-2C3N4/H2O2/Vis
(Fig. 3B). It is noted that the k values tend to decrease in the
ZnO-Bi2O3-2C3N4/H2O2/Vis system when the H2O2 concen-

tration exceeded 4.28 mmol/L, revealing that an excessive
amount of H2O2 on the surface of ZnO-Bi2O3-2C3N4 was not
favorable for Indigo carmine degradation. This is ascribed to

the fact that H2O2 mainly acts as a source of hydroxyl radicals
(OH�) and as an electron scavenger to inhibit electron-hole
recombination at low concentration (Dostanic et al. 2011):

H2O2 + e � ! OH� + OH� ð1Þ

However, at high concentration, excess H2O2 may act as a

radical scavenger. The generated reactive radicals (OH�) may
react with excess H2O2 to form hydroperoxyl radicals (OOH�)
of which the oxidation potential is much lower compared to
that of OH�. Then it reduces the reactive radicals available

for the Indigo carmine oxidation, leading to a decrease in
the photocatalytic efficiency (Wang et al., 2010, Pang and
Abdullah, 2013):

H2O2 + OH� ! H2O + OOH� ð2Þ
Vis system (A) effect of the initial H2O2 concentration and (B) the

ncentration; (C) reusability of ZnO-Bi2O3-2C3N4 over ZnO-Bi2O3-

solid/liquid ratio of 2.0 g/L; initial Indigo carmine and H2O2
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Thus, more than 93.6% of the Indigo carmine solution
(50 mg/L) was degraded by ZnO-Bi2O3-2C3N4 (2.0 g/L) with
the assistance of H2O2 (4.28 mmol/L) over 180 min under visible

light irradiation at pH 7.0. Similar results were reported by
others, namely that a high H2O2 dosage had an undesired impact
on the reaction kinetics, which decreased to almost zero on

kinetic heterogeneous photocatalysis (Gemeay et al., 2003).
The photodegradation capability of the ZnO-Bi2O3-2C3N4/
H2O2/Vis system was significantly improved in comparison

with previous reports (Palma-Goyes et al., 2014, Liu et al.,
2015).

The mineralization of Indigo carmine with the ZnO-Bi2O3-
2C3N4/H2O2/Vis system was clarified by the total organic car-

bon (TOC) in the solution using a Shimadzu TOC-VCPH ana-
lyzer (Japan). In addition, the TOC in the ZnO-Bi2O3-2C3N4

before and after light irradiation were also measured. The cal-

culation of TOC mass balance is presented in Table 1.
The TOC removal (%) was calculated with the following

equation:

TOCremoval %ð Þ ¼ TOCin � TOCre

TOCin

� 100 ð3Þ

where TOCin (mg) refer to the initial TOC values; TOCre (mg)
refer to the remaining TOC in solution and on ZnO-Bi2O3-

2C3N4 after visible light irradiation.
From the Eq. (3), the amount of TOC removal reached

84.76% for the ZnO-Bi2O3-2C3N4/H2O2/Vis system after

180 min under visible light irradiation, confirming that the out-
standing mineralization ability of the ZnO-Bi2O3-2C3N4/
H2O2/Vis system. Before visible light irradiation, there was

about 0.51 mg (�24.29%) TOC absorbed on ZnO-Bi2O3-
2C3N4, however, only 0.10 mg (�4.76%) of TOC remained
on ZnO-Bi2O3-2C3N4 after the irradiation of visible light for

180 min. The different amount of TOC on ZnO-Bi2O3-2C3N4

before and after the irradiation indicates that the desorption
occurred during photodegradation. ZnO-Bi2O3-2C3N4 was
almost free from Indigo carmine after the irradiation for

180 min. The mineralization performance of the Fe2+/UV/
H2O2 system was approximately 42% of Indigo carmine
(20 mg/L solution at pH 5.6 in the presence of 2.03 mmol/L

of H2O2 after 60 min irradiation) (Palma-Goyes et al., 2014).
The study on photochemical stability of ZnO-Bi2O3-2C3N4/

H2O2/Vis system was performed. The results shown in Fig. 4C

confirm that the high stability of ZnO-Bi2O3-2C3N4 although
the catalyst were recycled four times in succession and decreas-
ing after the fourth consecutive cycles was very small. Approx-

imately 87.6% of Indigo carmine was successfully
photodegraded after fourth run to indicate that the loss in pho-
tocatalytic performance of ZnO-Bi2O3-2C3N4 was negligible
after four recycling runs.
Table 1 Mass balance of TOC in the reactor over ZnO-Bi2O3-2C3N

50 mg/L, ZnO-Bi2O3-2C3N4 2.0 g/L, H2O2 4.28 mmol/L, pH 7.0).

TOC in solution (mg) TO

Initial Before irradiation After irradiation Bef

2.10 ± 0.06 1.58 ± 0.10 0.22 ± 0.03 0.51
3.3. Photodegradation mechanism

The hybridization between ZnO-Bi2O3 with C3N4 formed a
heterostructural semiconductor system to result in an effective
photogenerated e�- h+ pair separation and the generation of

the photodegradation sites. Degradation of Indigo carmine
by the ZnO-Bi2O3-2C3N4/H2O2/Vis system is mainly due to
OH� and O2

�� radicals. Thus, the reaction mechanisms were fur-
ther examined by using two scavengers for determining the

active species in the photocatalytic process. The photodegrada-
tion of Indigo carmine is limited clearly after the ethanol injec-
tion as a OH� radicals scavenger, as shown in Fig. 5A. The rate

constant (k) in the ZnO-Bi2O3-2C3N4/H2O2/Vis system is
reduced from 0.0119 min�1 to 0.0004 min�1 with the addition
of OH� radical scavengers (Fig. 5B). The more the k value is

reduced, the more important role of the corresponding oxida-
tive species in the reaction. Indeed, only 28.2% of Indigo car-
mine was degraded in the ZnO-Bi2O3-2C3N4/H2O2/Vis system

after 180 min without OH� radicals. The influence of ascorbic
acid as a scavenger of O2

�� radicals is not worthy of attention
on the degradation rate of Indigo carmine. The rate constant
(k) is 0.0095 min�1 and 88.5% of Indigo carmine photodegra-

dation was attained after 180 min.
It is well known that the hybridization of semiconductors

with different redox energy levels of conduction band (CB)

and valence band (VB) may improve the efficiency of photo-
generated e� - h+ pair separation and charge transfer at the
interface (Yan et al., 2016). To assess the mechanism for the

enhancement of photocatalytic activity in ZnO-Bi2O3-2C3N4

sample, the conduction band (CB) and valence band (VB) of
the semiconductors were calculated using the following formu-
las (Cui et al., 2014, Xu et al., 2015):

EVB ¼ X� Ee þ 0:5Eg ð4Þ
ECB ¼ EVB � Eg ð5Þ

where ECB and EVB are the conduction band and valence band
potential, respectively. x is the electronegativity of ZnO and

ZnO-Bi2O3 (ca. 5.79 eV for ZnO and 6.11 eV for ZnO-Bi2O3)
and Ee is the energy of free electrons on the hydrogen scale
(ca. 4.5 eV). The band gap energies of the impurity of ZnO,

ZnO-Bi2O3 and C3N4 were calculated and reported in our pre-
vious paper (Bui et al., 2017). It was found that the band gap
energies of the impurity of ZnO, ZnO-Bi2O3 and C3N4 are
2.95, 2.20 and 2.67 eV, respectively. The EVB and ECB values

were approximately 2.77 and �0.18 eV with the ZnO impurity,
2.71 and 0.51 eV for ZnO-Bi2O3, and 1.57 and �1.10 eV for
C3N4, respectively. However, the EVB and ECB was normally

able to change with pH. The new EVB and ECB for ZnO,
4/H2O2/Vis system (reaction condition: 100 mL Indigo carmine

C in ZnO-Bi2O3-2C2N3 (mg) Total TOC remaining

in reactor (mg)
ore irradiation After irradiation

± 0.04 0.10 ± 0.01 0.32



Fig. 5 (A) Degradation of Indigo carmine over the ZnO-Bi2O3-2C3N4/H2O2/Vis system with the addition of OH� and O2
�� radical

scavengers and (B) The first-order plots for Indigo carmine degradation with the addition of OH� and O2
�� radical scavengers; (C)

Degradation mechanisms of Indigo carmine by the ZnO-Bi2O3-2C3N4/H2O2/Vis system.
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ZnO-Bi2O3 and C3N4 at pH 7.0 were calculated using the fol-
lowing formula (Zhu et al., 2017):

E ¼ E� þ 0:05915log Hþ½ � ¼ E� � 0:05915pH ð6Þ
where E� is the band potential of the photocatalyst at pH 0.
The EVB and ECB were found to be 2.36 and �0.59 eV for
ZnO, 2.30 and 0.10 eV for ZnO-Bi2O3, and 1.16 and
�1.51 eV for C3N4, respectively. The ECB and EVB of C3N4

and ZnO were higher than those of ZnO-Bi2O3 to result the
advantageous for the separation and transportation of charge
carriers.

The mechanism of the charge-carriers separation is pre-
sented in Fig. 5C to describe the enriched activity of ZnO-
Bi2O3-2C3N4 as well as the degradation of Indigo carmine

on the ZnO-Bi2O3-2C3N4/H2O2/Vis systems. The strong elec-
tronic coupling between ZnO-Bi2O3 and C3N4, and the hetero-
junction structure can effectively produce the photogenerated

e� - h+ pairs under visible light irradiation. Due to the CB
edge potential of C3N4 (�1.45 eV) and impurity ZnO
(�0.46 eV) are more negative than those of ZnO-Bi2O3, they
can directly transfer into the CB of ZnO-Bi2O3 through its

alternate conjugation as soon as the excited state e� of C3N4
and impurity ZnO generated, whereas h+ accumulated on
the VB. Because H2O2 scavenges photogenerated e� rapidly
to generate OH� radicals, direct e� - h+ recombination is likely
prevented, which enhances the photocatalytic activity. In addi-

tion, the photogenerated e� can react with O2 adsorbed onto
ZnO-Bi2O3 to form O2

�� radicals. Similarly, the photogenerated
h+ on the VB of impurity ZnO, ZnO-Bi2O3 and C3N4 can

directly react with H2O to generate OH� radicals. The formed
OH� and O2

�� radicals could efficiently mineralize Indigo car-
mine into CO2 and water. Thus, the ZnO-Bi2O3 in ZnO-

Bi2O3-C3N4 can act as photogenerated e� acceptors because
of charge transportation. A similar effect was reported by
Benalioua’s group, who studied the strong synergistic combi-

nation of TiO2 and BiZn-LDH under visible irradiation
(Benalioua et al., 2015). The hybridization of ZnO-Bi2O3 with
C3N4 plays an important role in photocatalytic efficiency,
which is attributed to the synergistic effect of chemical contact

as well as electron and hole transport from C3N4 to ZnO-
Bi2O3.

The mechanism for the degradation of Indigo carmine by

the ZnO-Bi2O3-2C3N4/H2O2/Vis system can be described by
the following reactions:
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ZnO-Bi2O3-2C3N4 + hm ! ZnO-Bi2O3-2C3N4 (e� + hþ)

ð7Þ

ZnO-Bi2O3-2C3N4 (e�) + H2O2 ! OH� + OH� ð8Þ

ZnO-Bi2O3-2C3N4 (e�) + O2 ! O2
�� ð9Þ

O2
�� + 2H2O ! 2OH� + 2OH� ð10Þ

ZnO-Bi2O3-2C3N4 (hþ) + 2H2O ! OH� + Hþ ð11Þ

OH� + Indigo carmine ! degradation products ! CO2

þ H2OðMajorreactionÞ ð12Þ

O2
�� + Indigo carmine ! degradation products ! CO2

þ H2OðMinorreactionÞ ð13Þ

hþ + e� ! (e�, hþ) (negligible recombination reaction)

ð14Þ
4. Conclusions

We developed an enhanced photocatalytic system of ZnO-

Bi2O3-2C3N4 and applied for degrading Indigo carmine in
aqueous solution by the aid of H2O2 under visible light irradi-
ation. The ZnO-Bi2O3-2C3N4/H2O2/Vis system degraded

Indigo carmine with high efficiency (93% of Indigo carmine
in 180 min). This strong synergistic effect is ascribed to the
promotion of heterogeneous catalysis in ZnO-Bi2O3-2C3N4

by the irradiation of visible light as a result of improved trans-
fer of the photogenerated e� and h+ at the heterojunction
interface between ZnO-Bi2O3 and g-C3N4, which reduces the
recombination of e� - h+ pairs. The photogenerated e� and

h+ react rapidly with H2O2, H2O, and adsorbed O2 to generate
OH� and O2

�� radicals. Efforts to identify the active species
indicated that OH� radicals are the major species responsible

for complete mineralization with the minor contributions by
O2

�� radicals. In addition, ZnO-Bi2O3-2C3N4 displayed excel-
lent stability during four successive experimental cycles.
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