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Abstract: Novel ternary nanocomposite photocatalysts
based on g-C\N,/Bi MoO,/TiO, nanotube were synthesized
using simple solid combustion, hydrothermal and wet-
ness impregnation methods. The structural and morpho-
logical properties of the synthesized photocatalysts were
systematically characterized using powder X-ray diffrac-
tion (XRD), Fourier transform infrared spectroscopy and
scanning electron microscopy (SEM). The crystal structure
and phase purity of unitary, binary, and ternary photocata-
lysts were confirmed by XRD analysis. The SEM analysis
reveals the tubular morphology of the TiO, nanotube, and
the presence of Ti, C, N, Bi, Mo, O, C, and N in the ternary
composites was confirmed by EDX analysis. The photocat-
alytic decolorization efficiency of the ternary composites
was evaluated by monitoring the decolorization of reactive
black 5 and methylene blue dyes under visible light and
direct sunlight irradiation, and these ternary composites
were compared with binary composites and unitary photo-
catalysts in terms of the decolorization efficiency. After five
cycles of adsorption and decolorization reactions, it was
confirmed that the ternary composite photocatalysts were
highly stable and reusable. From the results, we conclude
that ternary composites (g-C,N,/Bi,MoO,/TiO, nanotube)
are efficient photocatalysts for the decolorization of dyes.
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1 Introduction

Water pollution is a critical global problem; it poses a
serious threat to our health. Dye pollutants are the prin-
cipal constituents in industrial wastewater. Numerous
studies about physical, biological, thermal, and chemical
treatments for the removal of dyes from industrial waste-
water have been investigated. However, these are energy
intensive, transforming the pollutants from one phase
to another, which creates secondary pollution and high
operating cost over a long term, and are economically not
viable [1-5]. To overcome these constraints, advanced oxi-
dation processes (AOPs) are applied, as AOPs have been
considered as one of the most promising techniques for
degrading various pollutants. Among the AOPs, photoca-
talysis is a promising and environmentally benign techno-
logy for treating industrial wastewater in the presence of
light irradiation using semiconductors as photocatalysts,
which result in less residual waste [6—8]. The discovery
by Fujishima and Honda on the photoelectrochemical
splitting of water using a TiO, semiconductor [9] made a
significant contribution toward the use of TiO, as a photo-
catalyst for the degradation of various pollutants. TiO, has
been extensively used because of its photostability, avail-
ability, biological inertness, low energy consumption,
high photocatalytic activity, environmental friendliness,
and ability to prevent the formation of undesirable by-
products [10-12]. However, the low visible light response
of TiO, (high band gap, 3.2 eV) and its high recombination
rate of photogenerated charge carriers decreases the pho-
tocatalytic activity. In addition, it possesses a low surface
area, which leads to low adsorption of pollutants on a
catalyst surface and decreases their activity.

The surface area of TiO, has been improved by syn-
thesizing different morphologies of TiO,. The synthesized
TiO, nanotube has received significant attention because of
its high specific surface area and pore volume, numerous
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surface defects, and ion-exchangeable property. These offer
a discrete environment for adsorption of large molecules
such as dyes [13, 14]. However, the photocatalytic activity
of the TiO, nanotube under visible light is poor because
of its high band gap and the charge carrier recombination
rate. Therefore, to make use of this high-surface area TiO,
nanotube, it has been combined with different metals and
non-metals and low band gap semiconductors; this would
enhance the visible light response and charge carrier trans-
fer rate [15-17]. Nevertheless, the stability of the TiO, nano-
tube loaded with metals and non-metals is poor; problems
with recyclability and the reproducibility of the degradation
results remain unresolved. Subsequently, the making of
the composite TiO, nanotube with low-band gap semicon-
ductors is highly attractive and improves its visible light
response and the charge carrier transfer rate. Among the
low-band gap semiconductors, photocatalysts based on
graphitic carbon nitride (g-C,N,) and bismuth have become
highly attractive because of their narrow band gap (-2.6 to
2.7 eV) and could be used for the absorption of higher con-
centrations of visible light and higher rates of charge carrier
transfer [18-21]. Moreover, bismuth is a p-block metal with
a d¥° electronic configuration, which is beneficial for pro-
moting the mobility of photogenerated carriers and used
for the preparation of efficient visible light-responsive
photocatalytic materials with high stability. Among these,
Bi,MoO, has received significant attention and demon-
strated distinguished photocatalytic activities under visible
light irradiation because of its suitable band gap (2.67 eV)
and excellent intrinsic structures such as dielectric nature,
catalytic behavior, and luminescence [22-24]. Similarly,
g-C,N, is a metal-free semiconductor, composed of only two
earth-abundant elements (carbon and nitrogen); the posi-
tion of the g-C )N, conduction band (CB) is extremely nega-
tive (-1.135 vs. NHE); thus, its photogenerated electrons have
a strong reducing ability [20, 25, 26]. Subsequently, these
Bi,MoO, and g-C,N,were combined with the TiO, nanoparti-
cles separately, which expanded the visible light response of
TiO, and improved the photogenerated charge carrier sepa-
ration and transfer rate. Sridharan et al. [27] synthesized
composite photocatalysts (g-C,N,/TiO,) that demonstrated
fast electron transfer at the interface between g-C\N, and
TiO,, which improved their visible light photocatalytic activ-
ity in the degradation of methylene blue dye and the reduc-
tion of Cr(VI) ions. Shen et al. [28] prepared mesoporous
nanocomposites (g-C,N,/TiO,) for the degradation of methyl
orange dye. Jo and Natarajan [29] studied the influence of
TiO, morphology on the photocatalytic decomposition effi-
ciency of g-C\N,/TiO, composites by isoniazid degradation.
Similarly, the loading of BiMoO, on TiO, enhanced the
visible response of TiO, and the charge carrier separation
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and transfer rate, which led to enriched photocatalytic
activity. Li et al. [30] deposited the Bi,MoO, nanoparticles
on the TiO, nanorod through a solvothermal method for
the degradation of methylene blue dye under visible light
irradiation. Zhang et al. [31] synthesized composite nanofib-
ers (Bi MoO,/TiO,) using an electrospinning method for the
degradation of rhodamine B dye. Similarly, different studies
have been reported on the synthesis of composite photocat-
alysts (g-C,N,/TiO, and BiMoO,/TiO, nanopatticle) for the
degradation of pollutants [32-36]. Recently, the visible light
response of TiO, and charge carrier separation and transfer
rate have been improved further by synthesizing ternary
composite photocatalysts [37]. However, the literature on
the synthesis of binary and ternary composites based on the
TiO, nanotube, Bi MoO,, and g-C N, is scarce. Moreover, the
visible light photocatalytic efficiency of the aforementioned
composites was investigated mainly in the presence of arti-
ficial visible light; therefore, the activity evaluation under
direct sunlight is seldom reported.

In this study, we report the synthesis of ternary com-
posite photocatalysts comprising the TiO, nanotube loaded
with Bi,MoO, and g-C,N, through simple solid combustion,
hydrothermal and wetness impregnation methods. Subse-
quently, the photocatalytic efficiencies of the synthesized
photocatalysts were investigated through the decolorization
of reactive black 5 and methylene blue dyes under visible
light and direct sunlight irradiation. The ternary composites
demonstrate a higher photocatalytic activity in decolorizing
dyes when compared with unitary and binary composite
photocatalysts under the same reaction conditions.

2 Materials and methods

Commercial reagents were provided and used without further puri-
fication. Bismuth(III) nitrate pentahydrate (Bi(NO,), - 5H,0), sodium
molybdate dihydrate (Na,MoO, - 2H,0), and hydrochloric acid (HCI)
were purchased from Sigma Aldrich (Saint Louis, MO, USA). Urea was
procured from Bio Basic Inc. (Markham, ON, Canada). Commercial
TiO, P25 was purchased from Uni Region Biotech, USA. Methanol was
purchased from M. Tedia Inc. (Fairfield, OH, USA). Sodium hydroxide
(NaOH) was purchased from Nihon Shiyaku Reagent (Tokyo, Japan).
Potassium bromide was procured from Fluka Analytical (Saint Louis,
MO, USA). Reactive black 5 and methylene blue dyes were purchased
from Merck Millipore (Darmstadt, Germany).

2.1 Synthesis of Bi,MoO, nanoplate photocatalyst

Bi,MoO, nanoplates were synthesized using a hydrothermal method
[38]. A mixture of Bi(NO,),-5H,0 and Na,MoO, - 2H,0 was dissolved
in deionized water, and then, the pH was adjusted to 6.0 by adding
HCIL. After that, it was stirred for 1 h at room temperature. The mixture
was transferred to a Teflon-lined stainless steel autoclave and heated
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at 453 K for 20 h in an electric oven. After 24 h, the autoclave was
cooled to room temperature. The obtained yellowish precipitate was
centrifuged, washed with distilled water, and dried at 353 K for 24 h.

2.2 Synthesis of g-C,N, photocatalyst

g-C)N, was prepared through the direct calcination of urea [39]. Urea
was placed in a crucible, which was covered with a lid and heated at
773 K for 3.5 h. Subsequently, the crucible was cooled to room tem-
perature, and the obtained yellow g-C N, product was collected and
stored for further composite synthesis.

2.3 Synthesis of TiO, nanotube photocatalyst

The TiO, nanotube was synthesized using TiO, P25 nanoparticles
through a hydrothermal method [40]. First, a commercial TiO,
P25 was added to a 10-N NaOH solution, and it was stirred vigorously
at room temperature and transferred to a Teflon-lined stainless steel
autoclave and heated at 403 K for 48 h. Afterward, the autoclave
was allowed to cool to room temperature, and the obtained nano-
tube was centrifuged and washed with distilled water until the pH of
the filtrate was approximately 6-7. Then, the nanotube was treated
with 0.1 M HCI solution, which was later stirred overnight at room
temperature. Thereafter, the nanotube was centrifuged, washed with
distilled water, and dried in an oven at 343 K for 12 h. The dried nano-
tube was calcined in a tubular furnace at 523 K for 2 h and used for
further composite synthesis.

2.4 Synthesis of binary (g-C,N,/Bi,Mo0,) and ternary
(g-C,N,/Bi,MoO,/TiO, nanotube) composite
photocatalysts

g-C,N,/Bi MoO, and g-C,N,/Bi,MoO,/TiO, nanotube composites were
synthesized using a wet impregnation method. Binary composites
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(g-C,N,/Bi,MoO,) with different weight percentages of g-C)N, were
synthesized. Initially, an appropriate amount of Bi,MoO, was dis-
persed in 100 ml of methanol under sonication. After that, the
required amount of g-C,N, was added and stirred for 24 h at ambi-
ent temperature. After the complete evaporation of methanol, the
obtained g-C,N,/Bi,MoO, composites were dried at 353 K for 12 h
and, then, calcined at 573 K for 1 h. The prepared binary composites
(g-C,N,/Bi,MoO,) with different weight percentages of g-C)N, were
abbreviated as x%g—C3N4/ Bi,MoO,(x=5%, 10%, 30%, 50% and 70%).
In the preparation of ternary nanocomposites (g-C,N,/Bi,MoO,/TiO,
nanotube), different amounts of TiO, nanotubes were added to the
binary composites, and the same aforementioned procedure was fol-
lowed.

2.5 Characterization

X-ray diffraction (XRD) analysis was performed using a Bruker D8
Advance Eco diffractometer (Bruker Corporation, San Jose, CA, USA)
to identify the crystal structure of the photocatalysts. The purity of
the synthesized photocatalysts and their elemental constituents
were determined using energy-dispersive X-ray (EDX) spectroscopy
(Hitachi Co., Tokyo, Japan). The morphologies of the photocatalysts
were examined using a Hitachi S-4800 scanning electron microscope
(SEM) (Hitachi Co., Tokyo, Japan). The Fourier transform infrared
(FT-IR) spectra of the samples were recorded using a Jasco FT-IR-
6500 Fourier transform infrared spectrometer (JASCO International
Co. Ltd., Tokyo, Japan) over the wavenumber range 400-4000 cm™
(KBr pellets were used).

2.6 Photocatalytic activity

The photocatalytic activity of the synthesized unitary, binary, and
ternary composites was evaluated by studying the decolorization
behavior of an aqueous dye solution in the presence of visible light
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Figure 1: Experimental setup for the photocatalytic decolorization of dyes using synthesized photocatalysts under (A) visible light and (B)

direct sunlight irradiation.



496 —— S.P.Manalu et al.: Synthesis of ternary composite photocatalysts

(Figure 1A) and direct sunlight irradiation (Figure 1B). Reactive black
5 and methylene blue dyes were chosen as target pollutants for decol-
orization studies. In the decolorization experiment, 0.5 g/1 of photo-
catalyst and 100 ml of dye solution (10 mg/1) were placed in a beaker,
and the photocatalyst was dispersed under sonication for 2 min.
Prior to light irradiation, the reaction mixture was stirred under dark
atmospheric conditions to obtain an adsorption-desorption equi-
librium between the photocatalyst and the dye solution. Afterward,
the reaction mixture was exposed to light irradiation, and the dye
solution was withdrawn at predetermined time intervals for absorb-
ance measurements by using a UV-vis spectrophotometer (Genesys
10s UV-Vis spectrophotometer). Before the UV analysis, the catalyst
particles were separated through centrifugation; then, the absorb-
ance for reactive black 5 and methylene blue dyes was measured at
A, =595 nm and A__ =665 nm, respectively. The concentration of
the decolored dye solutions was determined using their calibration
curves, and the percentage decolorization was calculated.

3 Results and discussion

3.1 X-ray diffraction and Fourier transform
infrared analyses

The phase purity and crystallinity of the synthesized com-
posites were determined using XRD, and the results are
shown in Figure 2. Figure 2A presents the XRD patterns
of the following: (1) synthesized g-C,N,, Bi, MoO,, and TiO,
nanotube photocatalysts; (2) inorganic crystal structure
database (ICSD) for Bi,MoO, and TiO, nanotube; and (3)
commercial TiO, P25. The synthesized g-C N, reveals two

distinct diffraction peaks at 13.04° and 2740°, which
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correspond to (100) and (002) diffraction planes of the
graphite-like structure of g-C\N,, respectively. Moreover,
the peak at 13.04° is attributed to the (100) plane of the
tri-s-triazine unit of g-C.N,; the peak at 2740° corresponds
to the characteristic inter-planar stacking of the con-
jugated aromatic systems and the interlayer structural
packing of the (002) plane of graphite-like materials [29].
For Bi,MoO,, strong diffraction peaks at 26 =11.00°, 28.55°,
32.66°, 33.24°, 36.17°, 47.42°, 55.61°, 56.43° and 58.54° can
be assigned to (020),(131),(200),(210), (151), (26 0),
(331),(191)and (2 6 2) crystal planes, respectively. For
the TiO, nanotube, the diffraction peaks at 26 =25.4°, 39°,
48.05°, 55° and 63° are indexed to the (101),(112), (20
0), (211) and (2 0 4) planes of the anatase phase of TiO,,
respectively. The XRD patterns of the synthesized Bi,MoO,
and TiO, nanotube match their corresponding ICSD data
well. Furthermore, no peaks correspond to layered titan-
ates, and a change in the anatase phase was observed
after the hydrothermal treatment of TiO, nanocrystalline
powder. Therefore, the XRD pattern validates the com-
plete transformation of TiO, nanoparticles to nanotube,
and the TiO, nanotube comprised the anatase phase only
[40]. Figure 2B presents the XRD patterns of the follow-
ing photocatalysts: (1) g-C,N,/BiMoO,/TiO, nanotube,
(2) BiMoO,/TiO, nanotube, (3) g-C\N,/Bi MoO, and (4)
g-C,N,/TiO, nanotube. Peaks corresponding to g-C,N, in
binary (g-C,N,/BiMoO,) and ternary (g-C,N,/Bi,MoO,/
TiO, nanotube) composites were not observed. This may
be due to the diffraction peak of g-C)N, at 27.40° being
superimposed with the Bi, MoO, diffraction peak at 28.55°.
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Figure 2: XRD patterns of (A) g-C,N
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Bi,MoO,, and TiO, nanotube and (B) binary and ternary composite photocatalysts.
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Figure 4: FT-IR spectra of g-C_N,, Bi MoO,, g-C,N,/Bi,MoO,, and

g-C,N,/Bi,Mo0,/TiO, nanotube photocatalysts.

Similarly, the TiO, nanotube peak was not observed in
the ternary composite because of the low concentration
of TiO, nanotube in the composite. However, the g-CN,
presence was clearly observed at 20=13° and 27° in the
g-C,N,/TiO, nanotube composite. From the XRD patterns,
we conclude that unitary, binary, and ternary composite
photocatalysts were successfully synthesized, and the
introduction of g-C\N, and TiO, nanotube did not change
the crystal structure of Bi, MoO, in the ternary composite.
Figure 3 shows the FT-IR spectra of TiO, P25 and
the TiO, nanotube. The bands at 3420 and 1629 cm™ in
the TiO, nanotube are attributed to the stretching and
bending vibrations of the water molecule hydroxyl groups
present on the surface of the TiO, nanotube. The higher
intensity of the hydroxyl group peaks in the TiO, nano-
tube, relative to that in TiO, P25, and indicates that the
surface of the TiO, nanotube contains a higher concentra-
tion of hydroxyl groups. This enhancement in the surface
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hydroxyl groups favors the adsorption capability of the
TiO, nanotube and enhances its photocatalytic decolori-
zation efficiency. Figure 4 displays the FT-IR spectra of
g-CN,, gCN,/BiMoO,, gCN,/Bi,MoO,/TiO, nanotube
and Bi,MoO,. In the spectrum of g-CN,, the strong peaks at
3420 and 3200 cm™ can be ascribed to the absorbed water
molecules and stretching mode of N-H, respectively. Four
peaks at 1250, 1325, 1420 and 1572 cm™ observed in g-CN,
are related to the typical stretching modes of the CN het-
erocycle. For Bi,MoO,, the peaks at 400-900 cm™ origi-
nate from Bi—0, Mo-O0 stretching and Mo—O-Mo bridging
stretching modes. The distinct absorption peaks of g-C N,
and Bi,MoO, were also observed in the composites of
g-C,N,/Bi,MoO, and g-C,N, /Bi,MoO,/TiO, nanotube.

3.2 Morphology

The morphological properties of the synthesized photo-
catalysts were characterized using SEM at different mag-
nifications, and the results are shown in Figure 5. The SEM
image of the Bi,MoO, photocatalyst (Figure 5A) shows a
plate-like structure in which the length was in the range
of nanometer scale. The SEM image of g-C )N, (Figure 5B)
illustrates that it exhibits a thin sheet-like structure with
wrinkled surface and irregular shapes. Figure 5C describes
that the commercial TiO, P25 particles were spherical in
shape. The SEM image of the synthesizedTiO, nanotube
(Figure 5D) indicates that several long fibers were assem-
bled together, with the diameter in the range of 1030 nm.
A binary composite photocatalyst (g-C,N,/Bi,MoO,) reveals
astructure comprising two layers of g-C.N, nanosheets and
Bi MoO, nanoplates (Figure5E). For the ternary composite
photocatalyst (g-C,N,/Bi,Mo0O,/TiO, nanotube), a three-
layered structure is indicated in Figure 5F. The intimate
contact between these semiconductors could enhance the
charge carrier separation and transfer rate and photocata-
lytic decolorization efficiency.

3.3 Energy-dispersive X-ray spectroscopic
analysis

The presence of Bi MoO, and g-C N, in the ternary com-
posite was confirmed by EDX analysis. Figure 6 illustrates
the EDX spectrum of a ternary composite photocatalyst
(g-C,)N,/Bi,MoO /TiO, nanotube). It indicates only the
presence of Bi, Mo, O, C, N and Ti peaks in the composite,
without the presence of any other characteristic peaks.
This result confirms the successful synthesis of the ternary
g-C,N,/Bi,MoO,/TiO, nanotube photocatalyst; it contains
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Figure 5: SEM images of (A) Bi,MoO,, (B) g-C,N
photocatalysts.

4

Sum spectrum

Figure 6: EDX spectra of a ternary composite photocatalyst (g-C,N,/
Bi,M00,/TiO, nanotube).

no impurities, which supports the powder XRD and FT-IR
results.

3.4 Photocatalytic performance

Initially, the photocatalytic performance of unitary pho-
tocatalysts (g-C,N,, TiO, nanotube, Bi,MoO,, and P25 TiO,)

4
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(Q)Tio, P25, (D) TiO, nanotube, (E) g-C,N,/Bi,MoO,, and (F) g-C,N,/Bi,Mo0,/TiO, nanotube

was investigated by decolorizing reactive black 5 with
0.5 g/1 of catalyst under visible light irradiation, and the
results are shown in Figure 7A. The results reveal that
no decolorization was observed under blank conditions
(without a catalyst). For Bi,MoO, and P25 TiO,, 18.9% and
51.68% of reactive black 5 was decolorized after 5 h of reac-
tion. For g-C)N, and the TiO, nanotube, the percentage
decolorization of reactive black 5 was enhanced to 88.31%
and 96.14%, respectively. This significant enhancement in
the photocatalytic activity is due to the layered and tubular
structure of g-CN, and TiO,, which enhances the adsorp-
tion quantity of reactive black 5 on these photocatalysts.
Among the photocatalysts, the TiO, nanotube exhibited
the highest adsorption ability for reactive black 5, which
leads to enriched photocatalytic decolorization efficiency.

The photoactivity of the binary photocatalyst (g-C,N,/
BiMoO,) with different amounts of g-C\N, (5-70%)
was evaluated in terms of the decolorization of reac-
tive black 5, and the results are shown in Figure 7B. The
results reveal that the percentage decolorization of reac-
tive black 5 increased from 18.9% (BiMoO,) to 27.54%,
91.20% and 94.09% for 5%, 10% and 30% loading of



DE GRUYTER S.P. Manalu et al.: Synthesis of ternary composite photocatalysts =—— 499
A 104m-a—m—n—n—=n ] ] " @ Blank
[ ]
1% e— .
0.9 — —_ —8— Bi,MoOj
o ] o--______________.________. . —h—g-CN,
*lve= —w—TiO, P25
] ’=—¥-‘_~' : 2
0.7 4 . \ TiO, nanotube
0.6 . —_—,
o —-—-—-._.____w'
Do 0.5 - \ . \'
O 1 AN\
0.4 4 \
0.3+ A\\
0.2+ \
1 N, CA—
0.1 R
00 N 1 1 1 L) 1 1
0 50 100 150 200 250 300
Time (min)
B 10paog———" - - " Bk
0.9 - H“"“'ﬁ —&— Bi,MoO¢
o | %.—h——-___h.________.______. —h—g-CN,
o —%— 5%-g-C,N,/Bi,MoO,
v
0.7 10%-g-C,N,/Bi,MoOgq
0.6 —4— 30%-g-C;N,/Bi,MoOy
. 50%-g-C,N,/Bi,MoO,
g 037 —8— 70%-g-C;N,/Bi,MoOy
&)
0.4 1
0.3 1
0.2 _
) 4 e &
0.1 & o
0.0 —
0 50 100 150 200 250 300
Time (min)
C o —a—Blank
00 1N —. —e—Bi,MoO,
i ».
L 8 \\c__.________. —4—g-C;N,
0.8 \"'r‘_:ﬁ * —¥—TiO, nanotube
07 * \ g-C;N,/Bi,MoO,
L —4—5%-g-C;N,/Bi,MoO,/TiO, nanotube
0.6 10%-g-C;N,/Bi,MoO/TiO, nanotube
505 —&—30%-g-C;N,/Bi,MoO/TiO, nanotube
R —— 50%-g-C;N,/Bi,MoO/TiO, nanotube

0.4

C
lk »
-

—a—70%-g-C;N,/Bi,MoO/TiO, nanotube

0.3 N
02 \‘\

0.1 N‘"‘“‘"“ .

0.0 —— . — 1= $

0 50 100 150 200 250 300
Time (min)

Figure 7: Photocatalytic decolorization of reactive black 5 caused by (A) unitary, (B) binary composite, and (C) ternary composite

photocatalysts under visible light irradiation.



500 —— S.P. Manalu et al.: Synthesis of ternary composite photocatalysts

g-C,N,, respectively; increasing further the g-C\N, loading
to 50% and 70% decreased the percentage decolorization
of reactive black 5 to 93.81% and 88.27%, respectively.
The decreased photocatalytic decolorization efficiency
at higher g-C\N, loadings was due to the shielding effect
of the added g-C\N,, which led to a decrease in the light
intensity reaching the catalyst surface and a lowering of
the generation of photogenerated charge carriers. There-
fore, 30% g-C,N, loading is the optimum amount, which
was used for further ternary composite synthesis. The
photocatalytic activity of the ternary composite with dif-
ferent loadings of the TiO, nanotube (5-70%) was deter-
mined, and the results are shown in Figure 7C. The results
demonstrate that the ternary composite (5% TiO, nano-
tube loaded with 30% g-C,N,/Bi,MoO,) exhibits a higher
percentage decolorization (99.02%) of reactive black 5;
increasing further the TiO, nanotube loading to 10%, 30%,
50% and 70% resulted in a decrease in the dye percentage
decolorization. From the results, it is observed that 30%
g-CN 4/BiZMOO 6/5°/oTiO2 nanotube is the optimum catalyst
for the highest percentage decolorization of reactive black
5. We evaluated the photocatalytic decolorization effi-
ciency of this optimum catalyst on the cationic methylene
blue; the results reveal that 73.61% of methylene blue was
decolorized.

In addition to the aforementioned initial decol-
orization studies, we also studied the effect of different
parameters, such as the catalyst amount, initial dye con-
centration, pH, and temperature, on the decolorization
of reactive black 5 and methylene blue dyes. To study the
effect of the photocatalyst loading on the decolorization
of reactive black 5 and methylene blue dyes, we varied the
photocatalyst amount from 0.1 to 0.5 g/l while keeping
the dye concentration constant (10 ppm), and the results
are shown in Figure 8A and B. The results demonstrate
that the percentage decolorization of reactive black 5 and
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methylene blue dyes increased with the catalyst amount.
The highest percentage decolorization was observed for
0.5 g/1 of catalyst, suggesting that 0.5 g/1 is the optimum
amount; 99.02% and 73.61% of reactive black 5 and meth-
ylene blue were decolorized, respectively.

The effect of the initial dye concentration on the
decolorization of dyes was determined by varying the dye
concentration from 10 to 50 ppm while keeping the cata-
lyst amount (0.5 g/1) constant, and the results are shown
in Figure 9A and B. The results reveal that the percentage
decolorization of dyes decreased with increasing initial dye
concentration. The percentage decolorization of reactive
black 5 was decreased from 99.02% to 18.93% by increasing
the initial dye concentration from 10 to 50 ppm (Figure 9A).
Similarly, the percentage decolorization of methylene blue
was decreased from 73.61% to 1.59% (Figure 9B). This is due
to the increased amount of the dye adsorption on the cata-
lyst surface, which led to only fewer photons reaching the
photocatalyst surface and a decrease in the concentration
of reactive ‘OH and O, radicals being produced, thereby,
declining the photocatalytic decolorization efficiency.

The effect of pH on the decolorization of dyes (reac-
tive black 5 and methylene blue) was examined by adjust-
ing the initial pH of the dye solution from 3 to 12 while
keeping the catalyst amount (0.5 g/1) and dye concentra-
tion (10 ppm) constant. The results reveal that 11 was the
optimum pH for the highest percentage decolorization
of dye molecules (Figure 10A and B). The photocatalyst
surface charge changed with a change in pH of the initial
dye solution because of the amphoteric behavior of a semi-
conducting photocatalyst. In acidic solutions (pH <5), the
dye photodegradation is retarded by the high concentra-
tion of protons, resulting in lower degradation efficiency.
However, in alkaline solutions (pH >10), the presence of
hydroxyl ions neutralizes the acidic end products of the
photodegradation reaction.
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Figure 8: Effect of photocatalyst on the decolorization of (A) reactive black 5 and (B) methylene blue dyes.
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Figure 9: Effect of the initial dye concentration on the decolorization of (A) reactive black 5 and (B) methylene blue dyes.
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Figure 10: Effect of pH on the decolorization of (A) reactive black 5 and (B) methylene blue dyes.
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The effect of temperature on the decolorization of
reactive black 5 and methylene blue dyes was investigated
at 35°C, 45°C and 55°C, with the photocatalyst amount
and dye concentration maintained at 0.5 g/1 and 10 ppm,
respectively. The results are shown in Figure 11A and B.
The results reveal that a higher percentage decolorization
of reactive black 5 and methylene blue dyes was observed
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ack 5 and (B) methylene blue dyes.

at 45°C. This may be due to the increased adsorption of
pollutants on the catalytic surface at a higher reaction
temperature, which led to a higher percentage decolori-
zation of dyes. Furthermore, the increase in temperature
improved the decolorization reaction and overcame the
electron-hole (e—h*) recombination. However, further
increasing the temperature to 55°C resulted in an increase
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Figure 12: Photocatalytic decolorization of reactive black 5 and methylene blue dyes under (A) visible light (B) direct sunlight

irradiation.
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Figure 13: Recyclability of a ternary composite photocatalyst for the decolorization of (A) reactive black 5 and (B) methylene blue dyes under

visible light irradiation.

in the adsorption quantity of pollutants, which decreased
the light intensity reaching the catalyst surface and the
subsequent production of reactive radicals. In addition,
lowering the temperature favored the adsorption of the
final reaction product, whose desorption tended to inhibit
the reaction. At a low reaction temperature, the desorp-
tion of the formed products limited the reaction because
it was slower than the degradation on the catalyst surface
and the adsorption of the pollutants [41].

From the results, we observed that 30% g-CN 4/
Bi,MoO 6/S%TiO2 nanotube was the best visible light active
photocatalyst for the decolorization of reactive black 5
and methylene blue dyes. Therefore, to validate its visible
light activity, we investigated the photocatalytic decolori-
zation efficiency of the ternary composite under sustain-
able direct sunlight irradiation, and the results are shown
in Figure 12A and B. The results reveal that the photocata-
lytic decolorization efficiency under direct sunlight was
faster than under artificial visible light irradiation.

3.5 Stability and recyclability
of photocatalysts

The photocatalyst stability was evaluated through a recy-
cling test on the decolorization of reactive black 5 and
methylene blue dyes using a ternary composite photocat-
alyst (g-C,N,/Bi MoO,/TiO, nanotube) under visible light
irradiation. Each cycle was for 5 h, which consisted of 1-h
adsorption followed by 4-h reaction under light irradia-
tion, and the results are shown in Figure 13A and B. The
results demonstrate that the photocatalytic decolorization
efficiency of the ternary composite was not reduced after
five cycles of decolorization experiments; however, the
percentage decolorization of reactive black 5 and meth-
ylene blue dyes was decreased to 70% and 50%, respec-
tively. This may be due to the adsorption of dye molecules
on the surface of the ternary composite photocatalyst
(g-C,N,/Bi,MoO,/TiO, nanotube), which decreases the
light intensity that reaches the photocatalyst surface and
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declines the percentage decolorization of dyes. From the
recyclability test, it was further confirmed that the ternary
composite photocatalyst (g-C,N,/Bi,MoO,/TiO, nanotube)
was highly stable and reusable, and it could be promoted
for practical applications.

3.6 Kinetic study

The enhanced photocatalytic decolorization efficiency
of the ternary composite photocatalyst (g-C,N,/Bi,Mo0,/
TiO, nanotube) was confirmed by a kinetic study. It was
observed that the photocatalytic decolorization of dyes
followed pseudo first-order kinetics in association with
the Langmuir-Hinshelwood mechanism, as shown in
Eq. (1) (C, is the initial dye concentration, C, is the con-
centration at a given time (t), and Kk is the first order rate
constant) [42].

-In(C,/C)=kxt 6))]

The kinetic study on the decolorization of reactive
black 5 dye was conducted. The rate constant was cal-
culated from the slope of In(C /C) vs. time plot, and the
results are tabulated in Table 1. The results demonstrate
that the ternary composite photocatalyst (g-C,N,/Bi,MoO,/
TiO, nanotube) shows a higher rate constant (0.0159 min™)
compared with the TiO, nanotube (0.0122 min™), g-C\N,
(0.0084 min™), BiMoO, (0.0012 min”), g-C)N,/Bi,MoO,
(0.0101 min™), and P25 TiO, (0.0028 min™); the correlation
coefficient R* was 0.9719 (Table 1). From the results, we
conclude that the use of a ternary composite photocatalyst
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Table 1: Kinetic constants for the photocatalytic decolorization of
reactive black 5 dye.

Photocatalyst R? k (min™)
g-C,N, 0.8876 0.0084
Bi,M0O, 0.7622 0.0012
TiOZ P25 0.5404 0.0028
TiO, nanotube 0.8736 0.0122
g-C;N,/Bi,Mo0, 0.9588 0.0101
g-C,N,/Bi,Mo0,/TiO, nanotube 0.9719 0.0159

(g—C3N4/BizM006/TiO2 nanotube) yields a higher visible
light photocatalytic decolorization efficiency compared
with the use of the other photocatalysts listed in Table 1.

3.7 Mechanism of photocatalytic
decolorization

Under visible light irradiation, Bi,MoO,, g-C)N,, and TiO,
nanotube photocatalysts are excited; then, the excited elec-
trons are transferred to the conduction band (CB) and leave
behind a hole in the valence band (VB), generating e —h*
pairs in each photocatalytic material. From the literature, it
is understood that VB and CB positions of g-C\N,, Bi,MoO,,
and TiO, are -1.13 and +1.57 eV, -0.32 and +2.44 eV, and
-0.2 and +3.0 eV, respectively [29, 43]. Therefore, photogen-
erated e—h* pairs are efficient, transferring electrons from
a higher CB of g-C\N, to the CB of Bi,MoO, and then to the

CB of TiO, nanotube, which react with the adsorbed O, to
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HZO *OH h* h* h* & OH
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Figure 14: Probable mechanism of the separation of photogenerated e-

posite photocatalyst (g-C,N,/Bi,MoO,/TiO, nanotube).

2

—h* pairs during the decolorization of dye caused by a ternary com-
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yield a reactive superoxide radical ion (0,”) and enhance
its decolorization efficiency. Similarly, the holes in VB of the
TiO, nanotube are transferred to the VB of Bi, MoO, and then
to the VB of g-C\N,. Figure 14 depicts the probable charge
separation processes in a ternary composite photocatalyst
(g-C)N,/Bi,MoO,/TiO, nanotube) during the photocatalytic
decolorization of dye molecules. However, the accumulated
holes in the VB of g-CN, cannot oxidize the H,0 or surface-
adsorbed —OH groups into hydroxyl radicals (OH) because
the VB potential of CN (+1.57 eV) is much lower than the
required potential for ‘OH generation (H,0/OH=+24 eV).
However, the VB positions of Bi, MoO, and TiO, nanotube are
sufficient to oxidize the water molecules and produce reac-
tive ‘OH radicals. Therefore, as discussed above, the pho-
togenerated e —h* pairs are separated, producing reactive
radicals (OH and O,") in the ternary composite. On the other
hand, holes in the VB of BiMoO, and the TiO, nanotube may
directly oxidize the dye molecules and enhance the decol-
orization efficiency. Furthermore, the electrons in the CB of
g-C,N,, Bi,MoO, and TiO, nanotube may also directly react
with the adsorbed O, and produce O,". The reactive radical
species are reacted with the dye molecule, producing a range
of intermediates, which are further mineralized into carbon
dioxide, water, and inorganic nitrogen with ammonium and
nitrate ions. These photogenerated electrons and hole trans-
fer processes can be described as follows:

g-C,N, +hv (visible light) - g-C.N, (e, +h ")

Bi,MoO, + hv (visible light) — Bi,MoO, (e, +h,,")

TiO,nanotube + hv (visible light) —
TiO,nanotube(e.,” +h ")

TiO, nanotube(e,” +h *)+g-CN, (e, +h ")
+Bi,MoO, (e, +h ) — TiO, nanotube(e ")
+ g'C3N4(hVB+)

g-C\N, (h,,")+H,0 or OH — No formation of *OH

TiO, nanotube (e.,") or g-CN, (e ") or Bi, MoO,(e,")
+0, -0, +TiO, nanotube or g-C,N, or Bi, MoO,

Bi,MoO, (h,,")+H,0 or OH— Bi,MoO, + OH
TiO, nanotube (h,")+H,0 or OH— TiO, nanotube + OH
Bi,MoO, (h,,")+TiO, nanotube (h ")

+reactive black 5 dye or methylene blue dye
— oxidized products

DE GRUYTER

0, +'OH +reactive black 5dyeor methylene
blue dye — intermediate products —
CO,+H,0+NH,” +NO~

4 Conclusions

Ternary composite photocatalysts (g-C,N,/Bi,MoO,/TiO,
nanotube) were successfully synthesized through simple
solid combustion, hydrothermal and wetness impregna-
tion methods. Powder XRD analysis confirms the phase
purity and crystallinity of unitary (g-C,N,, Bi MoO, and
TiO, nanotube), binary composite and ternary composite
photocatalysts. The layered structure of g-C)N, and the
plate-like structure of Bi, MoO, and the formation of binary
and ternary composites are confirmed by SEM analysis.
EDX analysis confirms the presence of C, N, Bi, Mo, O and
Ti elements in the ternary composite, and no impurities
were observed. The photocatalytic activity evaluation
results reveal that the highest decolorization percentage
of reactive black 5 and methylene blue dyes was obtained
at an optimum catalyst amount of 0.5 g/1, an initial dye
concentration of 10 ppm, a pH of 11 and a temperature of
45°C. The recyclability test demonstrates that the synthe-
sized ternary composite photocatalyst was highly stable
up to five cycles of decolorization reactions. Kinetic analy-
sis reveals that the dye decolorization follows pseudo
first-order kinetics. From the results, we conclude that
ternary composite photocatalysts (g-C,N,/BiMoO,/TiO,
nanotube) are efficient solar light-active photocatalysts
for the decolorization of reactive black 5 and methylene
blue dyes under the applied experimental conditions.
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