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a b s t r a c t
In this work, the photocatalytic degradation of Acid black 1721 (AB1721) in the presence of a novel 
photocatalyst (TiO2 – titanium dioxide) TiO2/CNT/BiOBr/Bi2S3 under visible light irradiation was 
investigated. The effect of different loadings of carbon nanotubes (CNT) (1%, 2%, 4%, 6% and 8%), 
BiOBr (10, 20, 30 and 40 wt.%) and Bi2S3 (5, 10, 15 and 20 wt.%) on the photocatalytic activities of the 
prepared nanocomposites was investigated. The structural properties of the nanocomposites have 
been characterized by X-ray diffraction, Brunauer–Emmett–Teller, diffuse reflectance spectra (DRS), 
Field-emission scanning electron microscopy, photoluminescence spectroscopy (PL) and Fourier-
transform infrared spectroscopy. The results show that the photodegradation efficiency of TiO2/4-
CNT/20-BiOBr/10-Bi2S3 photocatalyst was better than the samples. Results of DRS show a visible 
shift when TiO2/CNT was modified with BiOBr and Bi2S3. Also, PL spectra for all the prepared 
samples indicated that TiO2/4-CNT/20-BiOBr/10-Bi2S3 had the lowest recombining of electron and 
holes. The effect of independent variables including initial dye concentration (30, 60 and 90 mg/L), 
pH (3, 6 and 9), irradiation time (20, 30 and 40 min) and catalyst loading (0.5, 0.75 and 1 g/L) on dye 
removal was determined by response surface methodology. The optimum condition was AB1721 
concentration of 30 mg/L, initial pH of 3, the reaction time of 40 min, and catalyst loading of 1 g/L.
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1. Introduction

The dyes especially azo dyes are important pollutants in 
wastewaters, which are mainly discharged from industries 
like textile, printing, food, leather, plastics, cosmetics and 
etc [1]. Removal of color from wastes is often more import-
ant than the other organic substances because even the 

presence of small amounts of dyes (below 1 ppm) is clearly 
visible and influences the water environment considerably 
[1,2]. The biological treatment processes are costly, ineffi-
cient or produce secondary toxic products to remove dye 
from water and wastewater. The physical and chemical 
treatment processes such as adsorption, membrane fil-
tration (ultrafiltration and reverse osmosis), coagulation/
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flocculation and sedimentation are non-destructive which 
they transfer the organic pollutions to another phase and 
produce solid-wastes [2,3]. The tremendous developments 
and researches have been recently done to find an inex-
pensive and safe method to remove dye pollutants from 
water and wastewater. Photocatalytic processes are a class 
of advanced oxidation processes (AOP). Among the viable 
AOPs, the use of a heterogeneous photocatalytic system 
using semiconductor photocatalysts has become one of 
the most favorable methods [1]. Photocatalytic degrada-
tion of recalcitrant compounds especially dyes are widely 
accomplished in water and wastewater treatment due to the 
complete mineralization of organic pollutions to H2O and 
CO2 under mild temperature and pressure [3].

Titanium dioxide (TiO2) is an important semiconductor 
material, which has attracted attention due to its advantages 
including broad source, little contamination, high chemi-
cal stability low cost and non-toxicity [3,4]. One of its main 
applications is to act as photocatalyst for the treatment of 
water polluted with organic and inorganic pollutants. The 
main drawback of the use of TiO2 as photocatalyst is its wide 
band-gap as well as relatively fast recombination rate of 
electron-hole pairs [5]. The photocatalytic efficiency of TiO2 
powder heavily depends on its microstructure and physical 
properties, which are in turn determined by the preparation 
conditions [6]. To overcome the defect, different modifica-
tions have been done. To achieve this aim, many attempts 
have been made such as the design of nanoporous structures, 
construction of heterostructures and chemical doping [1,4]. 
Carbon nanotubes (CNTs) have recently been determined 
because of their to be more attractive catalyst supports than 
activated carbons, a combination of electronic, adsorption, 
mechanical and thermal properties [6–8]. CNTs have been 
reported to synergistically enhance the photocatalytic effi-
ciency of TiO2 and therefore may accept photogenerated 
electrons in TiO2, thus reducing the recombination [9,10].

In order to improve the sunlight utilization efficiency 
and separation of photoinduced electron and hole pairs, bis-
muth oxyhalide compounds BiOX (X = Cl, Br, and I) have 
been widely studied for their high photocatalytic activity 
under visible light in recent years [10–14]. Bismuth oxybro-
mide (BiOBr) is a new type of promising photocatalyst and 
has attracted much attention in recent years because of its, 
eco-friendly qualities, suitable bandgap and good chem-
ical stability [15–18]. However, the unitary sensitization 
role is hardly competent for maximizing the charge-carrier 
separation, so Bi2S3 as an attractive semiconductor due to 
its high photo-electron conversion efficiency and narrow 
bandgap (Eg = 1.3 eV) was coupled with CNT/TiO2/BiOBr 
to enhance its quantum efficiency [11,19]. The combination 
of Bi2S3 with TiO2 produces the photocatalyst TiO2/Bi2S3 that 
could absorb the full visible light area contributing 45% of 
the solar spectrum [19].

In this study, the CNT/TiO2, CNT/TiO2/BiOBr and CNT/
TiO2/BiOBr/Bi2S3 nanophotocatalysts were synthesized 
and their properties were identified using Field-emission 
scanning electron microscopy (FE-SEM)/energy-dispersive 
X-ray (EDX), X-ray diffraction (XRD), Fourier-transform 
infrared spectroscopy (FTIR), diffuse reflectance spectra 
(DRS) and photoluminescence spectroscopy (PL) analy-
ses. The prepared nanophotocatalysts were applied for the 

photocatalytic removal of Acid black 1721 (AB1721) dye from 
water in a suspended photoreactor. The photocatalytic degra-
dation of AB1721 was modeled and optimized using central 
composite design (CCD) based on response surface meth-
odology (RSM). The effect of dye concentration, photocata-
lyst concentration, pH and irradiation time on the AB1721 
photodegradation process was also studied by CCD.

2. Experimental setup

2.1. General

The solvents and reagents used in this study were 
achieved from Aldrich or Merck (Germany) and were used 
without purification. FE-SEM was examined using a Philips 
XL30 microscope (Company in The United States). FTIR 
was recorded in KBr on Shimadzu Varian 4300 spectropho-
tometer (company in Japan). The crystalline structure of the 
samples was investigated by a Rigaku D/Max C III, XRD 
using Ni-filtered Cu Ka radiation. The absorption spectra 
of photocatalysts were examined by UV-Vis spectropho-
tometer (Rayleigh UV-2601 model). The PL was identified 
by the photoluminescence spectrometer a photomultiplier 
tube (Perkin-Elmer LS-55, Company in The United States). 
Brunauer–Emmett–Teller (BET) surface areas were measured 
on a sorptometer Kelvin 1042 using nitrogen adsorption. 
Before the adsorption test, the samples were out-gassed at 
150°C for 12 h, reaching a final pressure of 10−6 mbar.

2.2. Photodegradation of AB1721

Photodegradation experiments were done in a sus-
pended glass photoreactor (Fig. 1). The used photoreactor 
has mainly three parts including reactor vessel (250 mL), flu-
orescent lamp (18 W, visible light source, λ > 420 nm) and 
plexiglass chamber that was filled with circulated water to 
control the temperature and reactor vessel was placed inside 
the chamber. The suspension of the solid catalyst was added 
to the dye solution. The prepared solution was then located 
in the dark condition for at least 30 min to ensure that the 
adsorption–desorption equilibrium, then the photoreac-
tor was put under visible light irradiation. All experiments 
were done at room temperature. After different irradiation 
time, 3 mL of the treated solution was collected and imme-
diately centrifuged to remove the suspended solids from 
the solution and photodegradation of AB1721 was identi-
fied by a UV-Vis spectrophotometer at 572 nm. The initial 
pH of pollution was adjusted by a NaOH or HCl 0.1 M. 
The AB1721 photodegradation on efficiency (%) has been 
calculated according to the following equation:

R
C C
C

e%( ) = −
×0

0

100  (1)

where C0 is the initial AB1721 concentration and Ce is the 
final AB1721 concentration after treating.

2.3. Experimental design

Optimum condition for the photodegradation of AB1721 
was determined by RSM. RSM is a statistical method that 
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uses the quantitative data from experiments to examine the 
interaction of the several parameters affecting the process 
and study the responses of various factors by varying them 
simultaneously [20]. RSM has several classes of designs with 
different properties and features [21]. In this work, CCD was 
used to study the effect of four main variables on the photo-
degradation of AB1721. The range and the level of the vari-
ables including reaction time (20, 30 and 40 min), initial pH 
(3, 6, and 9), catalyst loading (0.5, 0.75 and 1 g/L) and initial 
dye concentration (30, 60 and 90 mg/L), that affect the pho-
todegradation efficiency of AB1721 are presented in Table 1. 
A total of 30 tests were conducted in this work (Table 2).

2.4. Synthesis of TiO2/a-CNT/b-BiOBr/c-Bi2S3

First, ethanol (10 mL) and acetic acid (0.8 mL) and var-
ious percentages of CNT (1, 2, 4, 6 and 8 wt.% (were mixed 
together under sonication for 15 min (solution 1). Then, 
tetrabutyl ortotitanate solution (1 mL) was added dropwise 
to the solution 1 and stirred for 1 h (solution 2). In the next 
step, different amounts of Bi(NO3)3·5H2O (10, 20, 30 and 
40 wt.% (and N-cetyl-N,N,N-trimethylammoniumbromide 
were added to absolute ethanol (10.0 mL) under sonication 
and stirred for 30 min. This solution is added dropwise to 
the solution 2 under sonication (solution 3). Next, differ-
ent amounts of Bi(NO3)3·5H2O (5, 10, 15 and 20 wt.% (and 
thiourea were added to absolute ethanol (10.0 mL) under 
sonication for 30 min and stirred for 30 min. This solution 

was added dropwise to solution 3 and stirred continuously 
for 30 min. The final solution was diluted with ethanol and 
transferred to the autoclave at 120°C for 24 h. The prepared 
catalyst was washed with a mixture of water and ethanol 
(3 times) and dried at 100°C for 12 h. Then, it was calcined 
at 400°C for 5 h. The obtained photocatalyst was denoted as 
TiO2/a-CNT/b-BiOBr/c-Bi2S3, in which a, b and c represented 
the loading amount (wt.%) of CNT, BiOBr and Bi2S3 in the 
composite photocatalyst, respectively.

3. Result and discussion

3.1. Characterization of prepared nanocomposites

The FTIR spectra TiO2/4-CNT, TiO2/4-CNT/20-BiOBr and 
TiO2/4-CNT/20-BiOBr/10-Bi2S3 nanocomposites are shown in 
Figs. 2a–c. The broad absorption band around 3,400 cm–1 is 
related to the stretching and bending mode of O–H groups and 
surface adsorbed water on the catalyst surface [22]. The peaks 
in the region at 460 and 1,640 cm−1 are corresponding to (Ti–O 
or Ti–O–Ti) bonding and carbonyl group, respectively [23].

The surface morphology of the prepared photocata-
lysts is visualized by FE-SEM, as shown in Fig. 3. FE-SEM 
images of the composite confirm that metal oxide nanopar-
ticles grow directly with a uniform dispersion on individual 
CNT. The composite is composed of tube-like nanostruc-
tures forming an interlocked network from CNTs and TiO2 
nanoparticles. It was clearly seen that TiO2 nanoparticles 
were coated on the surface of CNT and the CNT were dis-
persed homogeneously with an apparent agglomeration of 
the TiO2 particles. Moreover, the chemical composition of 
TiO2/4-CNT/20-BiOBr/10-Bi2S3 was also identified by EDX 
(Fig. 4). Based on this analysis, the presence of Ti, O, P, Br 
and Bi in the structure of the TiO2/4-CNT/20-BiOBr/10-Bi2S3 
was verified. There is no trace of any other impurities found 
within the detection limit of the EDX.

Fig. 5 shows the XRD spectra of TiO2/4-CNT, TiO2/4-
CNT/20-BiOBr, TiO2/4-CNT/20-BiOBr/10-Bi2S3 nanocomos-
ites to analyze their crystalline structures. The diffrac-
tion peaks located at (101), (103), (004), (112), (200), (105), 
(211), (204), (116), (220) and (215) at 2θ around 25.3°, 36.9°, 
37.8°, 38.6°, 48.0°, 53.9°, 55.1°, 62.7°, 68.8°, 70.3° and 75.0° 
related to anatase structure. Also, a small peak around 
2θ° = 26.4° can be assigned to CNTs [24]. Notably, as shown 
in Figs. 5b and c, no characteristics peaks of belonging to 
the separate BiOBr and BiO2O3 are shown in the TiO2/4-
CNT/10-BiOBr and TiO2/4-CNT/20-BiOBr/10-Bi2S3 nano-
composites, which indicates BiOBr and BiO2O3 were highly 
dispersed throughout the TiO2/CNT nanocomposite.

The BET surface areas of pure TiO2 and TiO2/4-CNT/20-
BiOBr/10-Bi2S3 nanophotocatalysts are 26.22 and 100.98 m2/g, 
respectively. These data reflect the significant enhancement 
in the surface area of the synthesized TiO2/4-CNT/20-
BiOBr/10-Bi2S3 composite compared to pure TiO2. The optical 
properties of photocatalysts have a significant effect on their 
photocatalytic activity. UV-Vis spectra of TiO2/4-CNT, TiO2/ 
4-CNT/20-BiOBr, TiO2/4-CNT/20-BiOBr/10-Bi2S3 are 
shown in Fig. 6. The absorption edge of TiO2/4-CNT/20-
BiOBr, TiO2/4-CNT/20-BiOBr/10-Bi2S3 gets shifted to 
a higher wavelength as compared to TiO2/4-CNT and 
increase the absorption capacity for visible light irradiation. 

Fig. 1. Schematic image of the experimental photoreactor.

Table 1
Independent variables and their levels for the design of the tests

HighLowSymbolsParameter name

9030AInitial concentration, mg/L
10.5BCatalyst dosage, g/L
93CpH
9030DReaction time, min
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The Tauc plots were used to estimate the bandgap of TiO2, 
BiOBr, TiO2/4-CNT, TiO2/4-CNT/20-BiOBr, TiO2/4-CNT/20-
BiOBr/10-Bi2S3 which are obtained about 3.15, 2.6, 2.2, 
1.78 and 1.5 eV, respectively. This can be attributed to the 
following reasons: the formation of Bi2S3-TiO2 heterojunc-
tion leads to the notable increase in the light absorption [25] 
and BiOBr’s lamellar structure which may allow the light to  
multi-reflect [26].

3.2. Optimization of CNT, BiOBr and Bi2S3 loadings 
in TiO2 network

Figs. 7–9 show the photodegradation of AB1721 using 
prepared photocatalysts with different CNT dosage (1, 2, 4, 
6 and 8 wt.%), BiOBr loading (10, 20, 30 and 40 wt.% (and 
Bi2S3 loading (5, 10, 15 and 20 wt.%. As shown in Figs. 8–10, 
the optimum loading (wt.%) of CNT, BiOBr and Bi2S3 were 
4, 20 and 10 wt.%, respectively. It should be noted that  
the photocatalytic activity of TiO2/4-CNT/20-BiOBr/10-Bi2S3 

Table 2
Experimental conditions for the photocatalytic process

Run Dye concentration  
(mg/L)

Catalyst  
dosage (g/L)

pH Time  
(min)

Degradation  
efficiency (%)

1 30 0.5 9 40 30
2 30 1 3 40 30
3 30 0.75 6 30 30
4 60 0.5 6 30 60
5 30 1 9 40 30
6 90 0.75 6 30 90
7 90 1 3 40 90
8 30 0.5 3 20 30
9 30 1 9 20 30
10 60 0.75 3 30 60
11 60 0.75 6 30 60
12 60 0.75 6 20 60
13 90 1 3 20 90
14 30 1 3 20 30
15 60 0.75 6 30 60
16 60 1 6 30 60
17 90 1 9 40 90
18 90 0.5 3 20 90
19 60 0.75 6 30 60
20 60 0.75 6 30 60
21 60 0.75 6 40 60
22 30 0.5 3 40 30
23 60 0.75 6 30 60
24 90 1 9 20 90
25 90 0.5 9 20 90
26 90 0.5 9 40 90
27 60 0.75 9 30 60
28 60 0.75 6 30 60
29 90 0.5 3 40 90
30 30 0.5 9 40 30

Fig. 2. FTIR spectra of (a) TiO2/4-CNT, (b) TiO2/4-CNT/20-BiOBr 
and (c) TiO2/4-CNT/20-BiOBr/10-Bi2S3 nanocomposites.
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(a)  (b) 

(c) (d) 

(e) (f) 

500 nm 200 nm

500 nm

500 nm

200 nm

200 nm

Fig. 3. FE-SEM images of (a–b) TiO2/4-CNT, (c–d) TiO2/4-CNT/20-BiOBr and (e–f) TiO2/4-CNT/20-BiOBr/10-Bi2S3 nanocomposites.
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is higher than the effect of the TiO2/4-CNT and TiO2/ 
4-CNT/20-BiOBr/10-Bi2S3.

PL spectra have been broadly used to study the recombi-
nation of electrons and holes [5]. The recombination rate of 
electron-hole pairs has affected the PL emission. When the 
recombination of exited electrons and holes decreases the PL 
emission intensity is reduced. Fig. 10 shows the PL spectra 
of TiO2/4-CNT, TiO2/4-CNT/20-BiOBr and TiO2/4-CNT/20-
BiOBr/10-Bi2O3. All the prepared photocatalysts show a simi-
lar pattern at 480 nm. It is obvious that the emission intensity 
of TiO2/4-CNT/20-BiOBr and TiO2/4-CNT/20-BiOBr/10-Bi2O3 
are weaker than TiO2/CNT, indicating that the separa-
tion efficiency electron and hole pairs are in order of TiO2/
CNT < TiO2/4-CNT/20-BiOBr < TiO2/4-CNT/20-BiOBr/10-
Bi2O3. As a result, TiO2/4-CNT/20-BiOBr/10-Bi2O3 has the 

Fig. 4. EDX spectrum of TiO2/4-CNT/20-BiOBr/10-Bi2S3 nano-
composite.

Fig. 5. XRD patterns of (a) TiO2/4-CNT, (b) TiO2/4-CNT/20-
BiOBr and (c) TiO2/4-CNT/20-BiOBr/10-Bi2S3 nanocomposites.

Fig. 7. Effect of CNT loading (%) on AB1721 photodegrada-
tion (30 mg/L) at catalyst loading of 1 g/L, the reaction time of 
120 min and original pH.

 
 
 

  
 

 
 

(a) (b)

Fig. 6. DRS spectra and Tauc plots of (a) TiO2, (b) BiOBr, (c) TiO2/4-CNT, (d) TiO2/4-CNT/20-BiOBr and (e) TiO2/4-CNT/20-BiOBr/10-
Bi2S3 nanocomposites.
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most photocatalytic activity due to the lower recombination 
of electrons and hole pairs. From the results of PL and DRS 
spectra, it can be seen that the TiO2/4-CNT/20-BiOBr/10-Bi2O3 
was an optimum photocatalyst due to the most efficient 
separation and migration of photogenerated electrons and 
holes and the maximum redshift to the visible range pro-
vided by the selected photocatalyst.

3.3. Three-dimensional plots of the regression and 
optimization process

The results were completely studied using analysis of 
variance (ANOVA) automatically performed by Design-
Expert software (Stat-Ease Inc., version 7.0) (Table 3). ANOVA 
result indicated that the reduced quadratic model by the 
probability value of <0.0353 is greatly significant for AB1721 
degradation. The fitting of the experimental value to the 
models was studied by two indicators including p-value and 

F-value. If the p-value was less than 0.05, the results were 
statistically significant. There is a good correlation between 
the predicted and observed data with a correlation coeffi-
cient (R2) of 0.96. The best conditions for the responses yield 
were determined in terms of actual variables for significant 
coefficients (p-values < 0.05) as described in Eq. (2):

Dye removal =  71.78 – 15.78A + 7.46B – 6.5C + 5.29D –  
2.7AB – 2.06AD – 5.10A2 – 26.70C2 (2)

where y represent photodegradation efficiency and A, 
B, C and D refer to the uncoded values of initial dye con-
centration, catalyst dosage, initial pH and contact time, 
respectively. The value of adequate precision is 27.08 (>4) 
which confirms the sufficient signal of the selected model to 
noise ratio. The coefficient of variance (CV) value indicates 
the reliability of the model (6.96 less than 10).

Fig. 11 shows the experimental vs. predicted values 
to determine the correlation between the predicted value 

Fig. 8. Effect of BiOBr loading (%) on AB1721 photodegradation 
(30 mg/L) at catalyst loading of 1 g/L, the reaction time of 60 min 
and original pH.

Fig. 9. Effect of Bi2S3 loading (%) on AB1721 photodegradation 
(30 ppm) at catalyst loading 1 g/L, the reaction time of 30 min 
and original pH.

Table 3
ANOVA results for the regression equation describing AB1721 removal efficiency

Source Sum of squares df Mean square F-value p-value

Model 9,700.25 10 970.03 42.48 <0.0001
A-dye concentration 4,672.22 1 4,672.22 204.59 <0.0001
B-catalyst dosage 1,136.06 1 1,136.06 49.75 <0.0001
C-pH 1,917.87 1 1,917.87 83.98 <0.0001
D-Time 416.64 1 416.64 18.24 0.0004
AB 196.00 1 196.00 8.58 0.0086
AC 155.00 1 155.00 6.79 0.017
AD 100.00 1 100.00 4.38 0.044
BC 211.70 1 211.70 9.27 0.05
A2 120.16 1 120.16 5.26 0.033
D2 128.44 1 128.44 5.62 0.028
Residual 433.90 21 22.84 – –
Lack of fit 362.57 16 25.90 1.82 0.2646
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and experimental data. There is a well agreement between 
the predicted data and experimental AB1721 removal effi-
ciency. Also, the adequacy of the model was confirmed by 
the normal probability plot of the residuals as represented in 
Fig 11b. Fig. 11c indicates internally residuals vs. predicted 
responses which are confirmed the high adequacy of the 
model or constant variance assumption [27].

3.4. Effect of operational parameters on dye removal

To study the interactive relationships between the inde-
pendent parameters on the photodegradation, the contour 
plots are produced. The results of the interactions between 
the response and the four independent parameters are pres-
ent in Figs. 12a & b and 13. The variation of the response 
as a function of dye concentration and irradiation time was 
illustrated in Fig. 12a which is the contour plot at a pH of 
3 and catalyst loading of 1 g/L. As shown in Fig. 12a, with 
an increase in the initial concentration of AB1721 from 30 to 
90 mg/L, the removal efficiency is decreased. This is due to 
the possibility of interaction between dye molecules with 
•OH decreases, as a result, a lower dye removal efficiency 
is accrued, also, an increase in the initial dye concentration 
leads to more dye adsorption on the catalyst surface and in 
turn causes the sites inactivation [23]. The combined effect 
of initial AB1721 concentration and catalyst dosage on the 
response at a constant pH of 3 and contact time of 40 min 
was shown in Fig. 12b. It is observed that increasing cata-
lyst loading from 0.5 to 1.0 g/L, improved dye removal effi-
ciency. An increase of TiO2/4-CNT/20-BiOBr/10-Bi2S3 dosage 
might provide more active sites for the dye molecules to be 
adsorbed and degraded [22].

The effect of pH and irradiation time on the response 
at a dye concentration of 30 mg/L and catalyst loading of 
1 g/L is plotted in Fig. 13a. The results obtained showed that 
dye removal was favored at acidic pH conditions. From the 
literature, pH of zero charge point of TiO2 NPs in water is 
6.2–6.8 [28]. The pH of the zero charge point was achieved 
by about 4.7 for nanocomposite which is measured by the 
pH drift method as shown in Fig. 13b [29]. Since the surface 

of TiO2/4-CNT/20-BiOBr/10-Bi2S3 nanocomposite is posi-
tively charged at pH of 3–4.7 while AB1721 molecules have 
a negative charge sulfite group at this pH. Therefore, the 
power electrostatic interactions between dye molecules on 

Fig. 10. PL spectra of prepared photocatalysts.

(a)

(b)

(c)

Fig. 11. (a) Predicted vs. actual values, (b) normal probability 
plots of the residual and (c) internally studentized residual vs. 
predicted values plots for AB1721 photodegradation efficiency.
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the surface of the photocatalyst was occurred at acidic pH 
thereby improving photocatalytic activity at acidic pH.

3.5. Reusability results

The TiO2/4-CNT/20-BiOBr/10-Bi2S3 nanocomposite indi-
cates a high efficiency in the photodegradation of AB1721, 
therefore, its reusability for was also studied by repeating the 
same experiment at optimum conditions (dye concentration of 
30 mg/L, initial pH of 3 and catalyst dosage of 1 g/L) after 
40 min. After the first cycle, the suspension of the photocat-
alyst and treated dye solution was centrifuged and washed 
with distillation water. A mixture of photocatalyst and dis-
tilled water was irradiated in the photoreactor about 1 h and 
finally dried at 100°C (5 h). As you can see in the Fig. 14, 
the recycled photocatalyst in the 4 runs with no remarkable 
loss in its photocatalytic activity. AB1721 removal was 81% 
after 4 cycles with 77% of the recovered photocatalyst. In 
order to confirm that this photocatalyst is efficient in reduc-
ing the total concentration of all the possible byproducts and 

AB1721 species, the chemical oxygen demand (COD) test is 
carried out at the optimal conditions based on the standard 
methods of water and wastewater experiments. The results 
showed that COD removal efficiency is achieved at about 
99% after 120 min.

4. Conclusions

The new visible driven TiO2/a-CNT/b-BiOBr/c-Bi2S3 
photocatalyst with different loadings of CNT (1, 2, 4, 6 and 
8 wt.%), BiOBr (10, 20, 30 and 40 wt.%) and Bi2S3 (5, 10, 15 
and 20 wt.%) were prepared by a hydrothermal method and 
characterized by BET, FE-SEM/EDX, DRS, XRD, FTIR and 
PL analyses. The photocatalytic efficiency of the synthesized 
nanocomposites were investigated with AB1721 photodeg-
radation in a suspended photoreactor. The results show 
that the photocatalytic activity of TiO2/4-CNT/20-BiOBr/10-
Bi2S3 was higher than other samples. DRS results indicated 
that the TiO2/4-CNT/20-BiOBr/10-Bi2S3 nanocomposite is a 
visible active photocatalyst with a bandgap of 1.5 eV. PL 

(a)

(b)

Fig. 12. Contour plot of AB1721 photodegradation efficiency as a function of (a) dye concentration and irradiation time at 
[catalyst]: 1 g/L and pH of 3 and (b) catalyst loading and dye concentration at pH of 3 and irradiation time of 40 min.
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results shown that the TiO2/4-CNT/20-BiOBr/10-Bi2S3 had a 
lower recombination rate of electrons/holes, as a result, it 
has more photocatalyst activity than other photocatalysts. 
The increasing dye concentration and pH values reduce the 
photocatalytic removal efficiency. The positive effect of cat-
alyst loading and irradiation time on photocatalytic removal 
was also observed during the photodegradation process. 
Complete decolorization was achieved at a dye concentra-
tion of 30 mg/L, initial pH of 3 and catalyst dosage of 1 g/L 
after 40 min while COD removal was 99% after 120 min.
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