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KEYWORDS Abstract In this study, a ternary TiO,/g-C3N,4/Bi;WOg4 nanocomposite was prepared via a facial
TiO,/g-CsN4/Bi» WO approach. The final structure was applied as a new photocatalyst for the removal of brilliant green
nanocomposite; (BG) dye, as a model of organic pollutants, from the aqueous solution. The results of FESEM, EDS
New photocatalyst; with mapping, XRD, FTIR, UV-vis DRS, PL, and EIS analyses further demonstrate the successful
BG removal; establishment of heterojunction between TiO,, g-C3Ny4, and Bi,WOg. Integration of g-C3Ny4 and Bi,-
2! factorial design; WOg with TiO2 was remarkably decreased the band gap energy of TiO, to 2.68 eV (from 3.15 eV).
Optimization design The effects of various experimental factors such as TiO,/g-C3N4/Bi, WO dosage, initial BG concen-

tration, visible irradiation time, and pH on the photocatalyst behavior of TiO,/g-C3Ny4/Bi,WOgq
were investigated by 2 X! factorial design. The results of the analysis of variance demonstrate these
experimental factors are effective on the BG degradation efficiency. The response surface method-
ology was applied to achieve the optimization procedure of BG degradation. According to these
results, the complete BG removal efficiency was obtained for the optimal conditions of 15.76 mg
of TiO,/g-C3Ny4/Bi,WO¢ nanocomposite, an initial BG concentration of 10 ppm, pH of 9, and time
duration of 70 min. The improved photocatalytic performance of ternary TiO,/g-C5N,4/Bi;WOg
nanocomposite was related to the formation of heterojunction between TiO, g-C;Ny4, and Bi,WOsq,
significant light adsorption ability, and low recombination of photogenerated carriers.
© 2022 Published 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/).
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Environmental pollutions such as pesticides, pharmaceuticals,
and dyes have become a global concern due to their effects on
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and treatment of these pollutions have attracted intensive
attention.

Brilliant green dye (BG) is a cationic dye, which has been
widely applied in various applications such as paper, plastic,
rubber, textiles industries as well as biological and chemical
laboratories (Nithya et al., 2020). On the other hand, BG is
a toxic compound that can be affected aquatic and human life
(Khan et al., 2020). Therefore, improving an efficient, cost-
effective, and environmentally friendly procedure for the
removing of such dyes has become primary.

Compared to conventional methods such as coagulation
(Zheng et al., 2020; Zhou et al., 2019), floatation (Shakir
et al., 2010; Yuan et al., 2008), and membrane separation
(Wang et al., 2019; Wang et al., 2020), advanced oxidation
processes (AOPs) have aroused great interest in modern
wastewater treatment (Eshaq et al., 2020; Maniakova et al.,
2020; Muneer et al., 2021; Sun et al., 2020; Yu et al., 2013;).
In AOPs, reactive oxygen species (OH, H,0O,, and 'O,) are
formed, which are powerful oxidants and removed the pollu-
tants through oxidation reaction (Baniamerian et al., 2020;
Wang et al., 2014). AOPs have versatile characteristics, includ-
ing high removal rate, short time, and high flexibility in design.
Among the AOPs methods, semiconductor based photocata-
lysts are promising techniques for the removal of pollutants
from water because of their ability to convert solar energy into
chemical energy, mild working condition, low cost, and high
efficiency (Zhang et al., 2022; Ahmadpour et al., 2020; Liu
et al., 2021; Deng and Zhao, 2015).

Titanium dioxide (TiO,) is an important semiconductor
material, which has been intensively used as a photocatalyst
in the wastewater treatment fields (Gao et al., 2020;
Kovalevskiy et al., 2020; Lopes et al., 2020; Sharma et al.,
2020). Nontoxicity, cost-effectiveness, photoactivity, and high
stability are some of the unique properties, which have made
TiO, one of the most promising photocatalyst materials
(Abdel-Wahed et al., 2020; Chandra et al., 2016; Golshan
et al., 2018). Nevertheless, the main problem in the application
of pristine TiO, in the photocatalytic process is the wide band
gap (3.2 eV approx.), which leads to its excitation only by
ultraviolet (UV) light irradiation (Hafeez et al., 2019; Wei
and Wang, 2018). Therefore, in order to improve photocat-
alytic performance, TiO, may be combined with other materi-
als such as metal oxide (Li et al., 2020a.b,c; Tekin et al., 2020)
and carbon nanomaterials (Huang et al., 2016; Noda et al.,
2020).

Bismuth tungstate (Bi;,WOy) is known as a promising pho-
tocatalyst in the field of environmental purification, because of
its intriguing properties such as nontoxicity, physicochemical
stability, wide solar response, and narrow band gap
(Koutavarapu et al., 2020; Huang et al., 2019; Liu et al.,
2020a.b; Yin et al., 2020; Yuan et al., 2020). However, the pho-
tocatalytic performance of Bi,WOy is limited due to the quick
recombination of photoexcited electrons and holes, which
restrict its usage as the photocatalyst (Li et al., 2020a.,b,c;
Zhu and Zhou, 2020). One of the techniques for overcome to
these limitations and increasing the separation efficiency is
combination with other materials and designing heterojunc-
tion composite. Preparation of TiO,/Bi,WOg nanocomposite
by coupling of TiO, with Bi,WO¢ was improved absorption
of visible light, the separation of electron-hole pairs and so
the photocatalytic activity of the nanocomposite was enhanced
(Shang et al., 2009).

Graphitic carbon nitride (g-C5N,) is a metal-free semicon-
ductor, which has attracted intensive attention, owning to
unique features such as tunable band gap, optical properties,
non-toxic, cost-effective, and high thermal stability
(Chinnapaiyan et al., 2020; Zhao et al., 2019). These significant
properties lead to the application of g-C3Ny in the divers field
such as sensor (Zhang et al., 2020; Guo et al., 2020; Ouyang
et al., 2020), gas storage (Panigrahi et al., 2020) as well as pho-
tocatalysis phenomena (Karthik et al., 2020; Lakhera et al.,
2020; Yang et al., 2020). Numerous studies have been reported
on the use of g-C3Ny4 for removing contaminants via the pho-
tocatalytic procedure. However, g-C3;Ny4 has some limitations
such as small specific surface area, low conductivity, and fast
recombination of electrons and holes, which restrict its usage
as the photocatalyst (Li et al., 2020a,b.c; Zhao et al., 2019) .
The combination of g-C3N4 with noble metals and other semi-
conductor materials is an efficient and simple process for
improving the photocatalytic behavior of pristine g-C3Ny. It
seems that coupling g-C3;Ny as a promising nanomaterial with
TiO, and Bi,WOg improve the photocatalytic efficiency. For
instance Guo et al. was synthesized g-C3Ny4/Bi;WOjq hetero-
junction with great photocatalytic performance (Guo et al.,
2018). The coupling of g-C3N4 and Bi-WOg4 was decreased
the recombination rate of photogenerated electron and hole
pairs. Also, Kai et al. reported the synthesize TiO,/g-C3Ny
nanocomposite and displayed that both separation of
electron-hole pairs and absorption of visible irradiation were
improved (Kai et al., 2018).

TiO,/g-C3Ny4/Bi,WOg nanocomposite with an attractive
photocatalytic activity could be expected due to low recombi-
nation of photoexcited carriers and its large specific surface
area. Herein, we have reported the synthesis of TiO,/g-CsNy/
Bi;WOg ternary heterojunction for effective photocatalytic
removal of BG dye from aqueous solution. The morphology,
particle size distribution, crystallographic properties, func-
tional group, elemental composition, optical band gap, charge
transfer properties, and charge separation performance of as-
prepared TiO,/g-C5Ny4/Bi,WOg heterojunction have been ana-
lyzed by field emission scanning electron microscopy
(FESEM), Energy dispersive X-ray spectroscopy (EDS), map-
ping, X-ray diffraction (XRD), Fourier transform infrared
(FTIR), UV-Vis diffuse reflectance spectroscopy (DRS), pho-
toluminescence (PL) spectroscopy, and Electrochemical impe-
dance spectroscopy (EIS). Furthermore, a 2 ! factorial design
and a response surface methodology (RSM) was used to inves-
tigate the influences of key process factors on BG removal effi-
ciency as well as optimizing the conditions for attaining the
high BG removal efficiency. Finally, the synergetic photocat-
alytic mechanism of TiO,/g-C3N4/Bi,WOg ternary nanocom-
posite was proposed carefully in details based on the energy
level diagram, which is a facile route for improving its photo-
catalytic activity. Such a ternary nanocomposite provides a
promising approach to the elimination and treat of environ-
mental pollutions.

2. Experimental

2.1. Materials and characterization

Titanium tetraisopropoxide (TTIP), isopropanol (C;HgO),
nitric acid (HNOj3), melamine (C3HgNg), methanol (CH;0H),
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sodium tungstate dihydrate (Na,WO,4-2H,0), bismuth nitrate
pentahydrate (Bi(NO3)3;-5H,0), cetyl trimethyl ammonium
bromide (CTAB), ethanol (CH30H), sodium sulfate (Na,SOy)
and brilliant green dye (BG, Amax: 625 nm) were purchased
from Sigma Aldrich and Merck companies and employed for
the preparation of TiO,, g-C3Ny, Bi; WOy, and TiO,/g-C3Ny/
Bi,WOg4 nanocomposite.

FESEM, EDS, and mapping analyses were performed with
a ZEISS SIGMA VP scanning electron microscope. The FT-
IR spectra of samples were collected using a Tensor 27 spec-
trometer. X’pert PRO diffractometer under CuKa radiation
(A = 1.5406 °A) was applied to investigation the crystal struc-
ture of final products. Varian cry 50 spectrophotometer
machine was also used to collect the UV-visible and diffuse
reflectance spectra (DRS mode) of the products. The PL spec-
troscopy analysis of final products was carried out on the Cary
Eclipse fluorescence spectrometer. The EIS data were collected
by RADstat-10 through a standard three-electrode cell. In this
system, a piece of Pt, Ag/AgCl electrode, glassy carbon elec-
trode covered with the sample, and Na,SO4 (0.5 M) were
applied as the counter electrode, reference electrode, working
electrode, and electrolyte, respectively.

2.2. Synthesis of TiO; nanoparticles (NPs)

Hydrolyze, and peptization of TTIP solution method was used
to synthesis of TiO, NPs (Hafeez et al., 2018).

In detail, isopropanol (15 mL) and TTIP solution (5 mL)
was slowly dropped into 250 mL of DI water with pH ~ 3 (ad-
justed with HNO3) under vigorous magnetic stirring. The mix-
ing solution was stirred for another 3 h, and then heated at
70 °C in the oven for 22 h. The white product was collected
with the help of centrifugation and washed with DI water
before drying at 70 °C. Finally, the obtained product was cal-
cinated at 400 °C for 2 h.

2.3. Synthesis of g-C3N4 nanosheets

The bulk g-C3;N,4 was prepared via one step polymerization of
melamine (Vadivel et al., 2016). In a typical procedure, a cer-
tain amount of melamine was heated in a tube furnace at
550 °C for 4 h with a ramp rate of 10 °C min~' under air atmo-
sphere. Then, to synthesis g-C3Nj4 nanosheet, the yellow-
colored bulk g-C3N4 was grounded to powder and treated with
ultrasound in methanol (30 min). The as-prepared products
were washed repeatedly with DI water and dried at 70 °C
(Ding et al., 2015).

2.4. Synthesis of Bi;WOg nanosheets

Bi,WOg nanosheets were synthesized via hydrothermal proce-
dure (Wu et al., 2020). Typically, 2 mmol Bi(NO;);-5H,O was
dissolved in 80 mL of DI water with the aid of ultrasonication
for 15 min. Then, 1 mmol Na,WO4-2H,0 and 50 mg CTAB
were slowly added to the resultant solution under vigorous
magnetic stirring, and this mixture was stirred for another
30 min. The resulting mixture was moved into a 100 mL
Teflon-lined stainless autoclave and was heated at 120 °C for
24 h. The final precipitates were centrifuged, washed repeat-
edly with DI water, and dried at 60 °C.

2.5. Synthesis of TiO,/g-C3N,/Bi;WO4 nanocomposite

100 mg of each TiO,, g-C3Ny4, and Bi,WOg were dispersed sep-
arately in 30 mL of ethanol. Then, three solutions were mixed
together, and magnetically stirred at 50 °C for 24 h. The
nanocomposite was isolated by centrifugation and dried at
60 °C overnight.

2.6. Photocatalytic activity studies

The photocatalytic performance of TiO,/g-C3N4/BiWOg
nanocomposite was tested via removal of BG dye under visible
light irradiation. Typically, a certain amount of photocatalyst
was dispersed in 10 mL of BG dye aqueous solution. Then, the
mixture was stirred in the dark to establish adsorption/desorp-
tion equilibrium. After that, the resultant mixture was irradi-
ated using 50 W LED lamp under continuous stirring. After
a specific visible irradiation time, the content of BG dye was
tested by a UV—Vis spectrophotometer at 625 nm.

2.7. Experimental design

The photocatalytic degradation procedure was optimized via
2 ¥ factorial design. In other words, the 2 X! factorial design
was applied for the investigation of the factors affecting the
degradation efficiency of BG dye. The selected factors in this
study were catalyst dosage (A), initial BG dye concentration
(B), irradiation time (C), and pH (D) as the variables and
removal % as the response. Each variable factors was evalu-
ated at three levels (-1, 0, +1) (Table 1). The experimental
design and responses for two replicates are presented in
Table 2.

3. Results and discussion

3.1. Morphological and elemental study

FE-SEM analysis was applied to investigate the surface mor-
phology of TiO, and Bi,WOg, as well as TiO,/ g-C3N4/ Bi,-
WOg nanocomposite and the images presented in Fig. la. As
shown in Figure, the pristine TiO, and Bi,WOg4 show spherical
and nanosheet structure, respectively. The FESEM image of
as-prepared TiO,/ g-C3N4/ Bi,WOg nanocomposite includes
TiO, nanoparticles and Bi,WOg nanosheets as well as g-
C;N4 nanosheets, which can be confirmed the successful syn-
thesis of the nanocomposite. Also, TiO, nanoparticles and Bi,-
WOyg nanosheets are well dispersed on the surface of g-C3Ny
nanosheets. The purity of the TiO,/g-C3N4/Bi,WOg hetero-
junction was evaluated via EDS analysis (Fig. 1b). The results
revealed that the nanocomposite consists of C, N, Ti, Bi, O,
and W elements. Also, elemental mapping analysis showed
the homogeneous distribution of C, N, Ti, Bi, O, and W ele-
ments on the final nanocomposite (Fig. 1¢c). The EDS and ele-
mental mapping analysis further confirm the hybridization of
Ti02, g-C3N4, and BleO(,

3.2. XRD characterization

Fig. 2a shows the XRD patterns of TiO,, g-C3Ny, Bi;WOg,
and TiO,/g-C3N4/Bi,WOg4 nanocomposite. According to the
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Table 1
Bi, WO nanocomposite.

Coded and uncoded levels for 2 ¥! factorial design of effective parameter on the photodegradation behavior of TiO,/g-C;Ny/

Level Coded level Uncoded level
Catalyst dosage (mg) BG concentration(ppm) Contact time(min) pH
High 1l 20 20 70 9
Center 0 15 15 50 6
Low -1 10 10 30 4
xix(high]ﬁ»x(l»w)
Coded formula : —mmZew— > X1 -0 ..., =3, =2, -1,0,1,2,3, . + ©

2

XRD pattern of TiO,, the diffraction peaks at 25.55, 37.94,
48.28, 55.0, 63.10, 70.02, 75.6° are assigned to the (101),
(004), (200), (211), (204), (220), (215) plans, respectively,
which are agree with its anatase phase (JCPDS 00-021-1272)
(Hafeez et al., 2018).Also, the XRD pattern of g-C;Ny
nanosheets was shown two diffraction peaks at 27.72 and
13.07, which can be corresponded to reflections of (002) and
(100) plans (Ding et al., 2015) .Besides, the XRD pattern of
pristine Bi,WOg shown diffraction peaks at 10.59°, 28.49°,
31.59°, 33.46°, 35.12°, 36.88°, 39.70°, 42.40°, 46.54°, 47.94°,
49.03°, 55.07°, 56.12°, 58.41°, and 59.28° related to (020),
(131), (060), (002), (151), (112), (042), (152), (241),
(152), (202), (222), (262), (133), (262), and (351) plans,
respectively, which can be corresponded to the orthorhombic
crystal phase of Bi,WO4 (JCPDS 00-039-0256) (Liu et al.,
2020a.,b). The XRD pattern of TiO,/g-C3N,4/Bi;WOg hetero-
junction demonstrates the presence of TiO,, g-C3Ny, and Bi,-
WOy in the ternary nanocomposite. Therefore, this Figure is
shown that the crystal phase of TiO,, g-C3Ny4, and Bi;WOgq
were not changed and the formation of ternary nanocomposite
was confirmed.

3.3. FT-IR analysis

The FT-IR spectra of TiO,, g-C3Ny4, Bi,WOg, and TiO,/g-
C3Ny4/Bi,WO¢ nanocomposite are depicted in Fig. 2b. For
pristine TiO,, the absorption bands at the range of 500-
800 cm ™! are assigned to Ti-O and Ti-O-Ti stretching vibra-
tion. The peaks around 1635 cm™"' and 3450 cm™! are related
to Ti-OH bending bands and O-H stretching bands, respec-
tively (Hafeez et al., 2018; Hafeez et al., 2019). According to
the FT-IR spectrum of pure g-C3;N, nanosheet, the peak at
807 cm ! is ascribed to absorption of tri-s-triazine units. The
absorption bands located at 1236 em™!, 1317 em™!,
1405 ¢cm™"', and 1571 cm ™! are related to C-N aromatic stretch-
ing vibration, while the peak around 1637 cm™' is corre-
sponded to stretching vibration of C = N. In addition, the
broad band at 3000-3500 cm~' were assigned to stretching
vibration of OH, NH, and NH, groups (Chinnapaiyan et al.,
2020; Raza et al., 2018) .For pure Bi,WOg the absorption
peaks at 500-1000 em™! were related to O-W-O, W-O, and
Bi-O stretching vibration (Liu et al., 2020a,b). The FT-IR
spectrum of TiO,/g-C3Ny4/Bi,WO4 nanocomposite contains

Table 2 Randomized complete 2 X! factorial design for BG degradation experiments by TiO,/g-C;N4/Bi; WO, nanocomposite.

Sample (Level) Std Run Center Blocks A B C D REP Removal (%)
Order Order Pt (mg) (ppm) (min)
a 4 1 1 1 +1 +1 -1 —1 1 86.53
2 84.12
b 10 2 1 1 +1 -1 -1 +1 1 93.5
2 93.01
@© 3 3 1 1 —1 +1 -1 +1 1 68.81
2 69.02
d 7 4 1 1 -1 +1 +1 -1 1 65.23
2 66.17
@ 6 5 1 1 +1 —1 +1 -1 1 95.11
2 95.38
f 1 6 1 1 —1 —1 —1 —1 1 65.23
2 65.52
g 18 7 0 1 0 0 0 0 1 90.66
2 91.06
h 5 9 1 1 -1 -1 +1 —1 1 87.06
2 88.12
i 8 12 1 1 +1 +1 +1 +1 1 83.31
2 84.05
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Fig. 1
TiO,/g-C3Ny4/Bi,WO4 nanocomposite.

the characteristic peaks of TiO,, g-C5Ny, Bi,WOyg, which con-
firm the successful synthesis of heterojunction.

3.4. UV-Vis DRS spectra

The optical properties of TiO,, g-C3Ny, Bi;WOy, and TiO,/g-
C;3Ny4/Bi,WO¢ nanocomposite were investigated via UV-Vis
DRS spectroscopy, and the spectra were depicted in Fig. 3a.
Also, the band gap energies (E,) of final products were mea-
sured on the basis of ahv = A (hv - E,) Equation and plotting

| a———

Au

Iyl Bi Ti Ti m
0 llIl|II|IIIIIIIllIIIIIIIlIIIIlIIII]IIIIl
0 2 4 6 8 keV

0O Kal Ti Kal

| e |
lpym

lum

lpm

FE-SEM image TiO,, Bi,WOs, and TiO,/g-C3N4/Bi, WO nanocomposite (a), EDS spectrum (b), and elemental mapping (c) of

(othv)? vs. hv (Fig. 3b) (Liu et al., 2020a,b; Zhang et al., 2018).
Where, o is the absorption coefficient, h indicates the Planck’s
constant, v denotes the frequency of the light, E, represents the
band gap energy, and A denotes a constant. As can be seen,
the respective band gap energies of pure TiO,, g-C3Ny, Bi,-
WOg, and TiO,/g-C3Ny/Bi,WO¢ heterojunction were esti-
mated to be 3.15 eV, 2.68 eV, 2.96 eV, and 2.71 eV,
respectively. Compared to the single TiO,_ the heterojunction
exhibited the red shift and reduction in the band gap energy.
It is found from the results that g-C53N,4 and Bi, WO modifica-
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Fig. 2 XRD patterns (a), and FTIR spectra of TiO,, g-C3Ny4, Bi;WOg, and TiO,/g-C3Ny4/Bi,WO4 nanocomposite.

tion improve the optical properties of TiO, and enhance the
visible light absorption.

3.5. Photoluminescence (PL) spectra

The PL emission was created by recombination of photoin-
duced electron and hole pairs (Raza et al., 2018). The PL emis-

sion peak intensity is in proportion to the rate of electron and
hole pairs recombination. So, the PL analysis was applied to
study the electron and hole separation performance of TiO,,
g-C3Ny, Bi,WOyg, and TiO,/g-C3N4/Bi,WO4 nanocomposite,
and the spectra were presented in Fig. 3c. According to the
results, the pristine g-C3;N4 and Bi,WOg show high PL emis-
sions, which indicated the high photogenerated carriers recom-
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Fig. 3  Diffuse reflectance spectra (a), Tauc’s plots (b), PL spectra (c), and EIS Nyquist plots (d) of TiO,, g-C3Ny, Bi;WOs, and TiO,/g-
C;3Ny4/Bi,WO¢ nanocomposite.

bination rate in bare g-C3Ny4 and Bi,WOg. After incorporating trodes (Chang et al., 2020). The larger semicircle diameter of
the Bi,WOg and TiO, into the g-C3Ny, the PL emission inten- EIS Nyquist plots indicates a lower charge transfer (Li et al.,
sity of TiO,/g-C3N4/Bi,WO¢ nanocomposite was decreased 2020a,b,c). The EIS Nyquist plots of final products were pre-

because of the low electron and hole recombination rate in sented in Fig. 3d. The radius of the semicircle arc of TiO,/g-
the heterostructure. These results can confirm the significant C3Ny4/Bi,WOg heterojunction is smaller than other samples,
ability of nanocomposite in the charge separation and excellent which indicates that the fast charge transfer and improvement
photocatalytic activity. in the photocatalytic performance.

3.6. Electrochemical impedance spectroscopy (EILS) 3.7. Systematic study

The electron transfer performance and interfacial properties of 3.7.1. 2% fractional design

TiO,, g-C3Ny4, Bi,WOg, and TiO,/g-C3N4/Bi,WO4 nanocom- According to the bath experiments, the catalyst dosage, irradi-
posite were analyzed by electrochemical impedance spec- ation time, initial BG concentration, and pH were selected as
troscopy (Fig. 3d). The semicircle arc diameter of EIS four key factors affecting the degradation efficiency of BG
spectra represent the interface layer resistance of photoelec- by Ti0,/g-C3N,/Bi, WO nanocomposite. The 2 X! fractional
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analysis was used to optimize the key parameters for attaining
high BG degradation efficiency. Table 2 represents the experi-
mental design and related response data for two replicates
experiments. Also, the residual diagrams for degradation effi-
ciency of nanocomposite in various modes of normal probabil-
ity, versus fit, histogram, and versus order were presented in
Fig. 4a. As can be seen, TiO,/g-C3N4/Bi,WOg¢ ternary
nanocomposite has a randomized dispersion, exhibited the sci-
entific distribution of each experiment.

3.7.2. Anova

Analysis of variance (ANOVA) was performed to evaluate the
suggested model adequacy and also investigate the influence of

experimental factors on the photocatalytic activity of TiO,/g-
C3N4/Bi,WOq heterojunction (Table 3). In this method, if
Pvatue Was less than oy, = 0.050, the factor would affect
the response amount of removal at 95% confidence level.
According to the results, the pyaue for the parameters of A,
B, C, D, and E was 0.000, and therefore, these parameters
had significant effects on the BG removal. As present in
Table 3, the model with the F, 4. of 899.96 and the P, of
0.000 verified the significant effects of this model. Also, the
predicted-R? of 0.9921 is in agreement with the adjusted-R>
of 0.9963 that suggests good significance and predictability
of the model. According to the data attained from 2 ! frac-
tional and ANOVA methods, the relationship between exper-
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Table 3 Analysis of Variance for BG degradation experiments using TiO,/g-C3N4/Bi; WO¢ nanocomposite.

Source DF Seq SS Adj SS Adj MS Foalue Palue
Model 4 1792.75 1792.75 448.19 899.96 0.000
A 1 1222.38 1222.38 1222.38 2454.54 0.000
B 1 358.66 358.66 358.66 718.99 0.000
C 1 93.56 93.56 93.56 187.86 0.000
D 1 118.76 118.76 118.76 238.46 0.000
2-way Interactions 3 298.52 298.52 298.52 199.81 0.000
A*B 1 0.33 0.33 0.33 0.66 0.438
A*C 1 87.00 87.00 87.00 174.70 0.000
A*D 1 211.19 211.19 211.19 424.08 0.000
Curvature 1 185.85 185.85 185.85 373.18 0.000
Residual Error 9 4.48 4.48 0.50 1.03 0.325
Pure Error 9 4.48 4.48 0.50 0.57 0.462
Total 17 2281.60 2281.60 29.29 15.81 0.000
Lack-of-Fit 4 484.37 121.09 243.15 0.000

R-Sq = 99.80%, R-Sq (pred) = 99.21%, R-Sq (adj) = 99.63%

imental factors and response (removal %) was obtained by the
regression equation, which is presented in the following
equation:

Removal(%) = 81.8 +8.744 — 473B+2.42C+2.72D (1)

The Pareto diagram shows the significant contribution of
experimental factors on BG degradation percentage
(Fig. 4b). This diagram is in line with ANOVA results, which
verify the significant effects of the factors on the response (A,
B, C, D, and E).

3.7.3. Response surface graph

RSM was utilized to determine the impact of each factor con-
sidering all interactions between factors in the 2 ! fractional
and also to optimize the degradation efficiency. So, three-
dimensional surface plots were prepared for the prediction
responses (Fig. 5). In each surface plot, two operating factors
were changed and another factors were held constant. Using
the surface plots, the efficiency for various values of the
applied factors can be predicted. According to the results, with
enhancement in the photocatalyst dosage, the photodegrada-
tion of BG was increased. Clearly, enhancement in the amount
of photocatalyst provided more active sites, and as a result, the
values of hydroxyl radicals were increased. A further enhance-
ment in the photocatalyst dosage leads to a diminishing in the
removal of BG, which can be related to the decrease in the
active sites because of aggregation of photocatalyst particles.
Also, the BG degradation efficiency was reduced with the rise
in the concentration of BG. It can be attributed to the increase
in the number of dye molecules and enhancement in the com-
petition of these molecules for vacant sites. Also, a rise in the
amount of dye molecules lead to less light passes through the
solution. As can be seen, increasing in the time leads to
enhance in the dye removal. When the contact time exceeds
a certain limit, the degradation of dye reaches constant due
to the saturation of the surface photocatalyst. With the rise
in the pH solution, the degradation of BG was increased due
to enhancement in the amount of OH free radicals. Overall,
the suggested optimal conditions by RSM (Fig. 6) for the four
experimental factors of the catalyst dosage, initial BG concen-
tration, irradiation time, and pH were found to be 15.76 mg,

10 ppm, 70 min, and 9, respectively (Table 4). In these opti-
mized conditions, the degradation percentage was estimated
100 %. Under these optimized conditions the experimental val-
ues for degradation percentage of BG was obtained 99.92 %.
These results indicate the proper matching between predicted
and experimental results.

3.8. Photocatalytic evaluation

The photodegradation of BG by TiO,/g-C3N4/BiWOg
nanocomposite was compared with pristine TiO;, g-C3Ny,
and Bi;WOg nanostructures in the same operational condi-
tions, and the results were presented in Fig. 7a. According to
the results, the photocatalytic performance of TiO,/g-C3N,/
Bi,WOg4 nanocomposite is better than those of TiO,, g-C3Ny,
and Bi,WOg nanostructures. The low amount of BG degrada-
tion for pure TiO, is due to the wide band gap energy (3.15¢eV)
and thus could not be excited by visible light irradiation. Also,
the low photodegradation of g-CsNy, and Bi,WOg indicating
the fast recombination of photoexcited electrons and holes.
However, the photocatalytic performance was increased with
the combination of TiO,, g-C3Ny, and Bi,WO¢ and formation
TiO,/g-C3Ny4/Bi,WOg heterostructure because of synergistic
interactions between TiO,, g-C5;Ny, and Bi,WOg.

3.9. Kinetic study

Pseudo-first-order kinetic model was applied to investigate the
kinetic of BG degradation reaction by TiO,/g-C3Ny4/Bi;WOg¢
nanocomposite (Fig. 7b) as follows:

In(C0O/C) = kyppt 2

Where C, (mg.L™!) is the initial concentration of BG, C
(mg.L") is the concentration of BG in any time t, Kapp (min~")
indicates the rate constant of BG degradation, and t (min) is
the irradiation time. As can be seen in Figure, the k,,, and
R? values for TiO,/g-C3N4/Bi,WO, heterostructure are
0.097 min~! and 0.983, respectively, which confirm the BG
degradation was well explained by the pseudo-first-order
kinetic model.
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3.10. Stability of TiO,/g-C3N,4/ Bi,WOsnanocomposite

Investigation of the photocatalysts stability is an important
issue for their practical and large-scale utilization. So, the sta-
bility of TiO,/g-C3N4/Bi;WO4 nanocomposite was tested by
application of used photocatalyst for six times, and the results
were shown in Fig. 7c. Before each cycle, the TiO,/g-C3Ny4/Bi,-
WOg photocatalyst was washed with DI water and ethanol
solution, and dried at 60 °C. According to the results, the
degradation efficiency of TiO,/g-C3N4/Bi,WO4 nanocompos-
ite showed no significant decrease in the performance of
nanocomposite after six runs. This behavior confirmed the

good stability and recyclability of TiO,/g-C3N4/BiaWOg
photocatalyst.

3.11. Proposed mechanism

The band edge potential of TiO,/g-C3N4/Bi;WO4 nanocom-
posite is an important factor in the migration direction of elec-
tron and hole pairs. For a semiconductor, the conduction band
(CB) and valance band (VB) potentials could be calculated the-
oretically as follows:

EVB =C— Ee + OSEg (3)
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ECB = EVB - Eg (4)

Where Eyp and Ecp indicate the VB and CB edge poten-
tials, respectively, y exhibited the geometric mean of the elec-
tronegativity of the constituent atoms, E. denotes the energy
of free electrons on the hydrogen scale (~4.5 eV), and E, is
related to the band gap energy of semiconductor (Tiana
et al., 2015; Hafeez et al., 2018). Based on the UV-Vis DRS
spectra (Fig. 3b), the E, values of TiO,, g-C3Ny4, and Bi,WOg
were found to be 3.15 eV, 2.68 eV, and 2.96 eV, respectively.
The positions of VB and CB of TiO,, g-C3Ny, and Bi; WOy
were calculated via equations (3) and (4), respectively. The
results were presented in Table 5. Based on the above results,
the energy level diagram and possible charge-transfer mecha-
nism of the TiO,/g-C3N4/Bi,WOg ternary heterojunction was
proposed and depicted in Fig. 8. Under visible light irradia-
tion, the electrons were excited in g-C3Ny, and Bi,WOg so,
their CBs and VBs were repositioned the electron-rich and
hole-rich, respectively. Normally, electrons and holes are
quickly recombined in individual g-C3Ny4, and Bi,WOgs. How-
ever, TiO, cannot excited by visible light irradiation because of
the wide band gap energy therefore, the photogenic carriers are
impossible to form (Huang et al., 2016). The Ecg value of g-
C3Ny (-1.17 eV) is more negative than that of TiO, (-
0.265 eV) therefore, the electrons in the g-C3N4 CB transfer

to TiO, CB. Also, the electrons on the TiO, CB transfer to Bi,-
WOg CB because the Ecg (-0.256 eV) position of TiO; is neg-
ative than that of Bi,WOg (0.38 eV). Based on the energy level
diagram, the photo-excited electrons at the CB of g-C3Ny4 can
easily transfer to the Bi,WO4 CB through the TiO, CB. The
Ecp of Bi,WOg4 (0.38 eV) is positive than standard redox
potential of O,/ O; (-0.33 eV), signifying that the electrons in
the CB of Bi,WOg unable to reduce O, to ‘O;. Meanwhile,
the Eyp of g-C3Ny4 (1.51 V) is more negative than the others,
therefore the holes can be stayed on the g-C3N4 VB. The stan-
dard redox potentials of OH /OH (1.99 eV) and H,O/OH
(2.37 eV) are positive than the potential of g-C;N4; VB
(1.51 eV), suggesting that the holes on the g-C3N, VB are
unable to react with H,O and OH molecules to produce
‘OH free radicals (Chen et al., 2019; Huang et al., 2016).
Thereby, the holes remain on the g-C3N4 VB and oxidize the
organic pollutants directly (Huang et al., 2016). On the other
hand, the standard redox potentials of O,/H,0O, (0.685 V) is
positive than Ecg of Bi;WOg (0.38 eV), showing that the elec-
trons in the Bi,WO4 CB can react with the O, and H™ to gen-
erate H,O,, then the H,O, species combine with electron to
produce active species ‘OH. Hence, the formation of hetero-
junction between TiO,, g-C3N4, and Bi,WOg effectively
improved the photo-excited electrons and holes separation,

Table 4 Response optimization for removal experimental parameters obtained from RSM (uncoded).

Response Goal Lower Target Upper Parameter Predict response value
A B C D
(mg) (min) (ppm)

% Removal maximum 1 100 100 15.76 70 10 9 100
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and as a result, greatly increased the photodegradation activity
of TiO,/g-C3N4/Bi, WO nanocomposite. This system with Bi,-
WOy as electron mediator and g-C3Ny as hole traps effectively
improved the photo-exited electrons and holes separation, and
as a result, greatly enhanced the photodegradation activity of
TiO».

4. Conclusion

In summary, the novel TiO,/g-C3N4/Bi;WOg ternary hetero-
junction was successfully synthesized, which was applied as a

new photocatalyst for the highly efficient removal of BG dye
from aqueous solution. FE-SEM, EDS, mapping, FT-IR,
and XRD analyses confirmed the successful synthesis of
TiO,, g-C3Ny, Bi; WOy, and TiO,/g-C3N4/Bi; WO4 nanostruc-
tures. The optical band gap of TiO,/g-C3N,/Bi;WO4
nanocomposite was remarkably reduced from 3.15 eV to
2.68 eV for pure TiO, nanoparticles. The significant quenching
in the PL spectra and smaller semicircle diameter of the EIS
Nyquist plot shown the effective separation of electron and
hole pairs and fast charge transfer in the TiO,/g-C3Ny4/Bi,WOg
photocatalyst, respectively. The effects of four key parameters

Table 5 Absolute electronegativity, Band gap energy (E,), Conduction band and valance band potentials (Ecg and Eyg) of TiO,, g-

C;3Ny, and Bi,WOg on NHE.

Photocatalyst x (eV) E, (eV) Ecg (eV) Eyg (eV)
TiO, 5.81 3.15 —0.265 2.885
g-C3Ny 4.67 2.68 —1.17 1.51
Bi,WO¢ 6.36 2.96 0.38 3.34
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Fig. 8 Proposed BG photodegradation mechanism using TiO,/g-C3N,4/Bi;WOjg heterojunction under visible light irradiation.

(catalyst dosage, initial BG concentration, irradiation time,
and pH) on the degradation process were investigated via
2 ¥ factorial design. According to the results of ANOVA,
these key parameters have a significant influence on the
removal of BG dye. Also, the predictability and significantly
of the model were confirmed by correlation coefficients value
obtained from predicted-R* of 0.9921 and adjusted-R* of
0.9963. In order to improvement the photocatalytic perfor-
mance of ternary nanocomposite, RSM optimization was
used. In the BG degradation procedure, the experimental value
0f 99.92 % is in good agreement with RSM-response value of
100 %. Also, the pseudo-first-order kinetic model was used to
investigate the kinetic of BG degradation by TiO,/g-C;N4/Bi,-
WOg nanocomposite. According to the results, the k,p, value
for BG degradation was estimated 0.097 min~'. The TiO,/g-
C;3Ny4/Bi,WO¢ nanocomposite was reused for six cycles with-
out a considerable decrease in the photocatalytic activity,
which this capability was confirmed the good stability of this
nanocomposite.
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