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Abstract Bismuth vanadate in combination with titanium dioxide were synthesized by hydrother-
mal method and its photocatalytic activity was investigated under visible light irradiation for acid
orange 10 (AO10) dye removal. The 10% BiVO,4/TiO, showed the highest catalytic activity in com-
parison with 20, 30, 40 and 50% BiVO,/TiO; ratios. The removal of AO10 azo dye in aqueous solu-
tions was studied in laboratory-scale experiments using 25 removal processes and their removal
efficiencieswere evaluated, separately. The results showed that the amount of de-colorization for
each oxidation process is completely different. The order of the investigated processes in removing
the dye after 90 min is as follows: LED < TiO, < BiVO, < 10% BT/without LED < BiVO,/
LED < 50% BT < 40% BT < 30% BT < 20% BT < UV/H,0, < 10% BT < 5a-10 %B
T < 5F-10 %BT < 10a-10 %BT < S0F-10 %BT < 20a-10 %BT < 10F-10 %BT < 20F-10 %
BT < 20H.10 %BT < 40H-10 %BT < 50H.10 %BT < 20a-20F-10 %BT < 20a-20F-50H_10 %
BT. Among the above processes, 20a-20F-50H-10 %BT had the best removal performance and can
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be suggested for using in real conditions. Coagulation/precipitation process was done using 5 mg/L

of FeCls as post-treatment reaching efficiency of 100% in the studied system.

© 2022 The Authors. 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/).

1. Introduction

advancement of technology in industrialized and growing societies
from a perspective for the people of those communities have brought
prosperity and comfort, but on the other hand, injuries and losses to
their environment has introduced that sometimes catastrophic and in
most cases the possibility of compensation intrusion into the surround-
ing ecosystem has made it impossible (Roco and Bainbridge, 2007;
Steinfeldt et al., 2007). Disturbing the active balance of the ecosystem
has led to the extinction of various animal and plant species or has put
them on the verge of extinction. (Noss et al., 1997; Kronenberg and
Winkler, 2009). All industries directly, or indirectly, need to Significant
amounts of water which its consumption varies by the type of industry
and their productions. As well, the industries generally use clean water
that the amount and volume of consumption in some industries such as
the textile industry is very high and eventually their by-product would
be polluted the receiving waters. So, it can be concluded that the indus-
trialization of societies will inadvertently give products to society that
polluted water is industrial wastewater. (Moore and Ausley, 2004;
Anjaneyulu et al., 2005; Hanchang, 2009; Guittonny-Philippe et al.,
2014). Most dyes are toxic, carcinogenic, and mutagenic, so it is impor-
tant to remove the dye from wastewater (Gicevic et al., 2019; Kaur and
Singh, 2019). The presence of dye in wastewater increases the potential
for the formation of trihalomethanes, as well its generating compounds
may precipitate in the sewage collection network which may be sus-
pended again by reaching the right conditions (Chang and Juang,
2004; Mahato and Gupta, 2020).

Oxidation involves processes based on the production of hydroxyl
free radicals that have a high ability to decompose various organic mat-
ter. Oxidation methods are two methods of chemical oxidation using oxi-
dizing agents and advanced oxidation processes (Javaid and Qazi, 2019;
Mei et al., 2019). Recently, most attention has been paid to the separa-
tion of hard biodegradable organic sources and the treatment of toxic
wastewater by advanced oxidation processes (AOP;) using homoge-
neous or heterogeneous catalysts. Also, it can be used to degrade con-
taminants that remain in the effluent after the treatment process and
have solved the problem of wastewater pollutants that operate at normal
temperatures and pressures. AOP; techniques are a good complement to
other purification techniques such as flotation (Hu et al., 2020), precip-
itation (Rais et al., 2002), adsorption on granular activated carbon
(Gomez et al., 2007), reverse osmosis (Ebrahim et al., 2018) and aerobic
bio-oxidation (Srinivasan and Sadasivam, 2018). A number of the men-
tioned techniques transfer pollutants from the aqueous phase to another
one, but do not destroy them. The others selectively act, but the rate of
pollutant degradation is normal. In some cases, the rate of destruction
is high but it is not selective. These increases the cost of energy used to
degrade pollutants. Aerobic bio-oxidation is limited to effluents that
contain substances that are destroyed by biochemical degradation
(Joshi et al., 2004; Syarizan, 2004; Tayal et al., 2011). AOP; by strong
ultraviolet radiation, along with hydrogen peroxide and catalysts, have
been widely used to degrade toxic and organic pollutants resistant to
biodegradation in aqueous solutions. In this method, no harmful by-
products and no sludge are produced, which requires additional steps
for treatment (Collivignarelli and Sorlini, 2004; Chuang et al., 2017;
Xing et al., 2018).

Various combined methods, including homogeneous and heteroge-
neous processes, are used to generate radicals, which can be imple-
mented by methods such as a) photochemical radiation with

ultraviolet (combined with strong oxidizing agents such as hydrogen
peroxide or semiconductors) (Henderson et al., 2003; Tezcanli-Gtiyer
and Ince, 2004; Qiao et al., 2005); b) Fenton and photo-Fenton cat-
alytic processes (Gongalves et al., 2019; Tarkwa et al., 2019; Kirchon
et al., 2020); c) electron irradiation techniques (Nablo and Fussa,
1981; Payamara et al., 2010; Capelli et al., 2019); and d) sonolysis
(Stock et al., 2000; Selli, 2002). The Fenton method is one of the tra-
ditional oxidation methods. In which the process of producing non-
selective hydroxy radicals takes place through the reaction between
hydrogen peroxide and divalent iron salts as a catalyst. The reaction
depends on the concentration of hydroxyl radicals produced in the
reaction (Kim and Metcalfe, 2007; Page et al., 2010). Hydrogen perox-
ide is known as an excellent oxidizer for oxidizing amines, aldehydes,
and cyanides without the use of catalysts due to its unstable state
and the fact that it easily loses excess atomic oxygen. Iron ions
(Fe™ ?) are the main catalysts used to oxidize hard decomposing con-
taminants with hydrogen peroxide. Mixing hydrogen peroxide and
iron sulfate (FeSOy4) or other divalent iron salts at low pH (2 to 4)
causes the catalytic decomposition of hydrogen peroxide by iron (II)
ions to hydroxyl radicals. (Fu et al., 2010; Patil and Raut, 2014;
Mansouri et al., 2019).

Our investigation aims the photocatalytic activity of acid orange 10
removal by designing experiments with different ratios of BiVO,/TiO,.
On the other hand, 25 removal methods have been applied to compare
the removal of AOI0 for better understanding which methods are
more effective for the dye removal. Additionally, since this type of tex-
tile wastewaters can also contain amounts of turbidity, different tur-
bidity values were used for its effect on the dye removal. Also, in the
continuous system, a coagulant called FeCl; was used to remove all
dye and nanomaterials applied in this study.

2. Experimental section

2.1. Materials

Acid orange 10 azo dye (C;cH(N,Na,0,S,) was obtained
from Sigma Aldrich co. Bismuth nitrate and ammonium meta-
vanadate, titanium dioxide powder in the anatase form (APS:
20 nm, and SSA: > 200 m’.g), hydrogen peroxide (H,O»),
FeSO,, FeCl;, methanol, ethanol, hydrogen chloride (HCI)
and sodium hydroxide (NaOH) also were purchased from
Merck co.

2.2. Preparation of BiVO,

Hydrothermal method was used to synthesis BiVO,4 powder. In
this method, the precursors of BiVO,4 nanoparticle including
0.02 mol of Bi(NO3)3-5H,0, and NH4VO; were dissolved in
a proper solvent. Combining the two solutions and kept under
stirring for 2 h to obtain homogeneous solution at room tem-
perature was the next step. Then, the mixture was transferred
into an autoclave and then heated to 180 °C for 24 h. The
products were calcined using furnace at 500 °C for 5 h to get
a yellow powder.
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2.3. Preparation of BiVO,/TiO,

BiVO,4/TiO, nanocomposites were prepared by hydrothermal
method. The as-prepared BiVO, powder was added at five dif-
ferent percentage ratios of BiVO,/TiO,: 10:90, 20:80, 30:70,
40:60, and 50:50, respectively. These different percentage ratios
of nanocomposite were transferred to an autoclave and were
heated to 180 °C for 24 h. After cooling, the prepared nanoma-
terial was repeatedly washed with ethanol and distilled water
and then was dried at 80 °C for 6 h. Finally, the dry materials
transferred to a furnace at 400 °C for 2 h, thereby forming
BiVO,4/TiO,composite.

2.4. Analysis

To prepare the stock solution of the investigated dye and
preparing a calibration curve, 1 g of the AO10 powder was
poured to 1000 mL of distilled water and the experiments were
continued by preparing different dilution series. All measure-
ments were performed after adsorption experiments using
UV/vis spectrophotometer model DR-5000, HACH LANGE,
USA, Amnax = 475 nm. Adsorption of the dye on the nanoma-
terials was determined by the following equation:

g, = GG xV (1)

m

where ¢, represents the amount of dye adsorbed on the nano-
materials (mg/g). Cy and C, are the initial and final dye con-
centrations (mg/L), respectively. V is the volume of the dye
solution (L) and m is the weight of nanomaterials (g).

Mineralization was also performed to measure the amount
of bismuth by ANATOC ™ Series II device manufactured by
SGE Australia with a diagnostic range of 0.05-5000 mg/L in
optimal conditions and ultimately the final concentration
was obtained. The amount of mineralization was estimated
using the following equation:

(TOC,_TOC,)

Mineralization (%) = TOC
0

% 100 (2)

2.5. Experimental design and procedure of response surface
methodology (RSM)

The study was based on the central composite design (CCD) as
a subset of the response surface methodology in DOE. The
variables considered in this study are dye concentration, initial
pH, reaction time and catalyst dosage. Using the design, the
combined effect of all 4 variables on the percentage of dye
removal, which will be mentioned in this design as the
response, was studied and modeled at the same time. To opti-

mize the process, a model in experimental design software was
selected to combine all independent and dependent variables
together under optimal conditions. The optimal objectives
for designing the optimal range of experiments for the vari-
ables studied in this work were set in the whole range of their
changes and the percentage of dye removal in the maximum
value to obtain the maximum percentage of dye removal.
The method of designing the experiment was that based on
previous studies and additional experiments, the desired range
of changes for each variable was introduced to the program.
Each variable was coded according to the intended range in
five levels with the program, which can be seen in Table | of
the range of experiments and levels of independent variables.

2.6. Experimental procedure

To perform the removal experiments, a Pyrex glass vessel con-
taining different concentrations of dye and different doses of
nanomaterials as a reactor was used. Also, an ultraviolet lamp
with a peak emission wavelength of 247 nm, UV-C type, with a
power of 12 W made by Philips company, as well, a 12 W LED
lamp (white light, light intensity = 28 mW/cm?, wavelength
emission = 400-600 nm) as sources for UV and visible radia-
tion, respectively, were used. During the photocatalytic degra-
dation process of AO10 dye, the contents of the reactor were
mixed with a magnetic stirrer and at the time specified by
the pipette, the solution was sampled from the surface and
the amount of dye removal was determined using a
spectrophotometer.

2.7. Analytical procedure

In this study, fourier transform infrared spectroscopy (FTIR),
tensor 27-equinox 55 model, Bruker company spectropho-
tometer was used to analyze and identify the functional groups
and the infrared spectrum was recorded in the range of 400 to
4000 cm~'. FE-SEM image was obtained by field-emission
scanning electron microscope, the MIRA3 model, TESCAN
Co., with a resolution of 1.5 nm at 15 KV and 4.5 nm at 1
KV voltage model. In addition, for X-ray diffraction analysis,
D8 advanced device made in the Germany with a Cu Ko radi-
ation (A = 1.7890 A at 40 kV and 40 mA (was used. The
Brunauer-Emmett-Teller (BET) method analysis was used to
determine the pore size and pore volume of the prepared
nanocomposite. The energy dispersive X-ray (EDX) analysis
was used to determine the elements present and their disper-
sion in the structure of the nanocomposite. UV-vis diffuse
reflectance spectra (DRS) of the samples were measured with
a Shimadzu UV-3600 spectrophotometer, which was employed
as a reference sample in BaSO, reflection mode.

Table 1 Experimental range and levels of independent variables for the removal of AO10 dye by BiVO,/TiO, composite.
Independent variables Ranges and levels

-2 —1 0 +1 +2
Concentration of dye (mg/L) (A) 10 20 30 40 50
Initial pH (B) 3 45 6 75 9
Reaction time (min) (C) 10 90 180 270 360
Catalyst dosage (g/100 mL) (D) 0.05 0.1 0.15 0.2 0.25
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Fig. 1 XRD patterns of different ratios of BiVO,/TiO, with

BiVO, and anatase TiO,.

3. Results and discussion

3.1. Catalyst characterizations

In order to determine the crystalinity of the as-prepared
BiVO,/TiO, samples, XRD diffractions patterns was carried
out and the results showed in Fig. 1. The high crystallization
of the as-prepared BiVO, catalysts with sharp distinct peaks
in the XRD patterns are shown in the figure is confirmed
and was completely in good agreement with the data obtained
from the JCPDS card number 14-0688 of the single-phase
monoclinic scheelite (m-BiVO,). The main and strongest
diffraction peak related to the crystalline structure of BiVOy4
was exhibited at angel 21° (121) for different percentages of
BiVO,4/TiO,. According to Fig. 1, the diffraction peaks of dif-
ferent contents of BiVO,/TiO, hetrosteructure nanocomposite
illustrated only the characteristic peaks of TiO, nanoparticle
anatase phase activity, indicating that the combination of these
two nanoparticles retains the crystalline structure of titanum
dioxide. For all synthesized samples of BiVO, or different
ratios of BiVO,/TiO, in their XRD patterns, no impurities
were observed, indicating that the BiVO, nanoparticles were
well dispersed on the TiO, surface. In this work, it is clear that
when the BiVOy, content is increased, the diffraction intensity
of the samples reduces, which leads to a decrease in the crystal-
lization of TiO,. To better understand, Zhang et al., (Zhang
et al., 2014) reported that the presence of more defects in the
surface of the matrix is one of the main reasons for the reduc-
tion of nanoparticle crystallization. The authors further state
that these defects could affect the photocatalytic property
and seriously impair it. Many similar previous studies have
shown that high crystallization and small particle size is bene-
ficial for the photocatalytic activity of contaminant removal
and the results of the following dye removal are consistent with
these previous studies (Kato et al., 2003; Zhou et al., 2011; Joo
et al., 2012).

The field-emission scanning electron microscope images of
TiO,, BiVOy, 10% BiVO,/TiO, and 50% BiVO,/TiO, sampels
are represented in Fig. 2. According to Fig. 2a, TiO, nanopar-

ticles have asymmetrical and angular shapes and homogeneous
polyhedral BiVO, with visible holes are depicted in Fig. 2b.
The morphology of the as-prepared 50% BiVO,/TiO, and
10% BiVO,4/TiO, nanocomposites under hydrothermal condi-
tions are shown in Fig. 2¢c and Fig. 2d and 2e, respectively.
Fig. 2c is similar to Fig. 2a due to the higher concentration
of TiO, particles, which are dispersed upwards with heteroge-
neous sizes and cause a random distribution of grain agglu-
meration. From Fig. 2d and 2e, it can be clearly seen that
the BiVO,/TiO, composite is composed of spherical displays
with a size of 19-56 nm. The fine size of composite plus its high
crystallization can be very helpful for photocatalytic activity
and facilitate the removal of contaminants to an acceptable
level. This figure also shows that spherical TiO, nanoparticles
are attached to the polyhedral surface of BiVO, nanoscale
without agglomeration. Based on the above results, the sample
synthesized from two nanoparticles of TiO, and BiVOy, all
indicated compatibility with XRD results. In Fig. 2f, the
EDX analysis can be seen to determine the available com-
pounds of the synthesized 10% BiVO4/TiO, sample. The
results of this analysis showed that only oxygen, titanium,
vanadium and bismuth were present in the synthesized
samples.

In order to study the functional groups and molecular
structure of the studied nanomaterials, a FT-IR device was
used in this work, which is shown in Fig. 3. From Fig. 3a,
3¢ and 3d, it can be seen that the index peaks of about
3407 em™!, 1633 cm™' and 600-1000 cm™! are related to
TiO,, which are related to the stretching vibrations of O—H
groups, the bending vibrations of H,O molecules and
Ti—O—Ti vibration, respectively (Venkatachalam et al.,
2007; Zhu et al., 2007). The adsorption bands of BiVO, at
wavelengths of about 480 cm™! and 726 cm™! are related to
the VO3~ symmetry bending and the asymmetric stretching
vibration of the V—O—V band, which are seen in Fig. 3b, 3¢
and 3d, respectively (Zhang and Zhang, 2009; Dong et al.,
2014). Also, considering Fig. 3c and 3d, a clear decrease in
wavelength of 477.296 em™! to 439.939 cm™! is observed,
which is related to the reduction of BiVO, concentration in
BiVO,/TiO; nanocrystallin hetrostructure from 50% to 10%.
This achievement is consistent with the results of research by
Zhu et al (Zhu et al., 2017).

The DRS patterns TiO,, BiVO, and the different ratios of
the BiVO,/TiO, nanocomposite are shown in Fig. 4 present
the BiVO,/TiO; hetrujunction obviously increases the absorp-
tion intensity of visible light compared to two nanoparticles of
BiVO, and TiO,. Here, 10% BiVO,/TiO, offers further devel-
opment regarding visible light absorption (visible area,
>400 nm) with estimated band gap value of 2.47 eV, indicat-
ing the significant role of low BiVO, content in reducing the
band gap. The absorption edge of TiO, show a slight red shift
and located at about 387 nm, corresponding to the band gap
energy of 3.2 eV. Therefore, according to the above topics, it
can be stated that the manufactured 10% BiVO,4/TiO, has
the potential to perform an effective photocatalytic activity
as a superior photocatalyst in the visible region.

The Brunauer-Emmett-Teller (BET) method analysis was
used to determine the amount of nitrogen gas adsorption—des-
orption by the surface of the material at a constant nitrogen
temperature (77 K) for the as-prepared 10% BiVO,4/TiO,
hetrojunction nanocrystalline that was carried out to mesure-
ment the specific surface areas, and the pore size with an aver-
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Fig. 2 FE-SEM images of: (a) TiO,, (b) BiVOy, (c) 50% BiVO,4/TiO,, (d) and (e) 10% BiVO,/TiO,, (f) EDX pattern of 10% BiVO,/

TiO>.

age crystallite pore size was 19.67 nm. The specific surface area
and total pore volume of this nanomaterial was determined to
be 71.01 m%/g and 0.49 cm?/g, respectively, indicating that the
as-made catalyst was a nanoporous feature. In this research,
the 10% BiVO,4/TiO, studied had a higher specific surface area
compared to wetchakun et al., (Wetchakun et al., 2015) find-
ings, which can cause higher adsorption of the desired
pollutant.

In general, based on the catalyst characteristic findings of
the above results, it can be concluded that the as-made 10%
BiVO,/TiO, as a nanosphere catalyst is very sensitive, has a
low band gap characteristic, and is able to effectively harvest
radiate with long wavelengths. These properties lead to the

synthesized BiVOy4/TiO, catalyst acting as an efficient

photocatalyst.

3.2. Pre-tests for selection of the best catalyst

The selection of the best catalyst was based on achieving the
highest AO10 hazardous dye removal efficiency. Thus, for fur-
ther analysis, the individual and synergistic effects of the com-
ponents were evaluated and are shown in Fig. 5 for
comparison proposes. The results showed that TiO, alone
did not have good catalytic activity both under visible light
and non-visible light and only was able to remove about 2%
of the dye by adsorption of dye. As shown, BiVO, and BiVO,/
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Fig. 3 FT-IR spectra of: a) TiO,; b) BiVOy; ¢) 50% BiVO,/TiO,; and d) 10% BiVO,4/TiO,.
LED brought about 5.09% and 23.57% AO10 removal effi-
ciencies, respectively. The percentage of deletions obtained
100 indicates the principle that photocatalytic activity can be sig-
nificantly improved by BiVO, coupling. So, all synthesized
= = = BiVO,/TiO, nanocomposites; displayed much better photocat-
'/’ -— alytic activities, far greater than the single components. When
7 the BiVOy, content in the composite is 10%, the catalytic activ-
ity is the best and the removal of AO10 after 90 min of reaction
° —Ti02 reaches about 81.97%. While the BiVO, content in the com-
S 10% B/T posite reaches 50%, the sample exhibits a weaker photocat-
e v alytic activity and the AOI10 removal rate only reaches
— — 30%B/T 44.39%. As the percentage of BiVO, content in the composite
increased from 10% to 50%, a decrease in catalytic activity in
— -40% B/T dye removal was observed. The reason for this can be attribu-
. ted to the lack of heterojunction of some BiVO, particles dur-
BIVOq ing the hydrothermal process with TiO,, when BiVO, was
superfluous. This claim is in line with a study conducted by
Lv et al.,, (Lv et al., 2019), which reached similar conclusions.

They also went on to point out that by increasing the percent-
age of BiVO, content in the composite during the visible light
reaction process, BiVO, particles may act as recombination
centers by light and created electron-hole pairs reduce the cat-
alytic activity of RhB dye removal by BiVO,/TiO,. Therefore,
to illustrate the superiority of 10% BiVO,4/TiO,, the two forms



Catalytic reduction of hazardous acid orange 10 dye by BiVO,/TiO, 7

=
(=
o

-} ©
o <)
e

H
o

AO10 removal efficiency (%)
N
o

a)

AO10 removal efficiency (%)

b)

Fig. 5 Selection of the best catalyst. (Natural pH, 10 mg/L
AO10, 0.2 g/100 mL catalyst and 90 min).

are reported comparatively with the other photo-catalysts in
Fig. 1(a and b). This indicates that 10% BiVO,4/TiO, actually
performs excellent performance in visible light and used for
further experiments. However, in order to eliminate higher
dye concentrations and also to save more time during the reac-
tion, other materials can be used according to the hierarchy
method, such as aeration, H>O,, FeSO,, and FeCl;, which is
described in details in the following sections on the photocat-
alytic system.

3.3. The Influence of independent variables

3.3.1. Influence of initial pH of the photocatalytic reaction
solution

The pH of dye solutions plays an important role in photocat-
alytic processes, which it can be noted that when the number of
dye molecules adsorbed on the surface of the BiVO,/TiO,
composite, the removal rate of the dye molecules will increase,
due to various parameters such as: 1) adsorbent surface
charge; 2) size of the photo-catalyst aggregation; 3) ionization
rate of substances in solution; 4) the concentration of hydroxyl

radicals; 5) separation of functional groups in adsorption sites;
and also 6) electrostatic adsorption at the BiVO,4/TiO, com-
posite surface.(Habibi et al., 2005; Ozacar and Sengil, 2005;
Natarajan et al., 2011; Rahimi et al., 2019). In order to inves-
tigate the effect of pH of the reaction solution on the acid
orange 10 dye removal efficiency, the pH of the photocatalytic
reaction solution between 3 and 11 was selected differently.
For the required changes in the acidic and alkaline conditions
of the reaction solution, the appropriate amount of NaOH and
HCI at a concentration of 0.2 mol/L were added. The results
obtained in Fig. 6a presents that 10% BiVO,/TiO, nanocom-
posite has a higher removal efficiency at lower pH of the pho-
tocatalytic reaction solution against AO10 dye molecules. This
nanocomposite showed removal efficiencies of about 94.06%
at pH = 3 and 77.34% at pH = 5. The reason for the decrease
in removal efficiency at higher pH maybe is the decrease in dye
adsorption on the surface of photo-catalyst particles
(Dehghani et al., 2019). Based on the 10% BiVO,/TiO, zero
charge point, the more acidic the pH, the more positively
charged the surface of the photo-catalyst particles surface will
be, and the higher the alkaline pH, the more negatively
charged the particles surface will be (Wang et al., 2011). In this
regard, according to the experiments, it was determined that
the pH,,. of the studied photo-catalyst is 6.9 (Fig. 6b). As a
result, at pH > 6.9, the adsorbent surface has a negative
charge and at pH < 6.9, the adsorbent surface is covered with
a positive charge. Therefore, according to the above, the elec-
trostatic attraction between the adsorbent and the dye is the
main factor in increasing the adsorption capacity in acidic con-
ditions. Referring to the results obtained in section 3.10 of the
experiments, to determine the most important scavenger, h™*
played a major role in AO10 dye removal, which can be
explained as apparently through the production of more
ROS (Reactive Oxygen Species) and direct electron transfer
to the AO10 has enhanced the oxidation power (Rahimi
et al., 2019; Ribao et al., 2019). At high pH, the adsorption
action is not optimal due to the presence of electrostatic repul-
sion forces between the anionic dye molecules and the nega-
tively charged sites on the adsorbent surface. Because in
alkaline pH, the production of hydroxide functional groups
in the environment will increase, which will lead to a negative
electric charge on the adsorbent surface. Therefore, there will
be weak interaction or even repulsive force between the dye
and the adsorbent surface, which will reduce the amount of
adsorption (Zhang et al., 2018; Abidi et al., 2019). Also,
regarding the pK, of acid orange 10 dye, it was anionic in
all experimental stages of this study and as a result in acidic
pH, it is better to adsorb the surface of positively charged
photo-catalyst particles and the removal process in acidic pH
is much more effective than alkaline pH, which is completely
consistent with the study conducted by Hassan et al.,(Hassan
et al., 2020). They obtained the most suitable pH by using
SnO,/CeO, nanocomposite to remove the alizarine dye from
the aqueous solution, pH of 3.

3.3.2. The Influence of initial AO10 concentration and photo-
catalyst dosage in the photocatalytic reaction solution

To determine the dependence of initial AO10 concentration on
the photocatalytic removal ability of 10% BiVO,/TiO, photo-
catalyst, the effect of initial concentration of AO10 dye mole-
cules on its removal efficiency has been studied by 10% BiVO,/
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TiO, nanocomposite heterostructure. Fig. 6c¢ illustrates the
photocatalytic removal efficiency of 10% BiVO,/TiO, photo-
catalyst at different initial concentrations of AO10 dye from
10 to 50 mg/L. Experimental results showed that 10% BiVO,/
TiO, nanocomposite has the ability to remove higher dye at
lower AO10 concentrations. As the concentration of AO10
in the photocatalytic reaction is increased, the photocatalytic
removal efficiency of 10% BiVO,/TiO, gradually decreased
from 97.79% at 10 mg/L to 10.53% at 50 mg/L of AOI10.
The removal of AO10 molecules strongly depends on the for-
mation of OH" radicals on the surface of the 10% BiVO,4/TiO,
composite and the probability of a reaction between the AO10
molecules and the OH" radicals produced in the aqueous solu-
tion. In addition, the intensity of the photons entering the reac-
tion solution decreases at higher concentrations of AO10
molecules, resulting in less photon absorption by the 10%
BiVO,4/TiO, composite (Yao et al., 2013; Shanavas et al.,
2017). Therefore, with less absorption of photons by the
10% BiVO,/TiO, composite, the removal rate of AO10 mole-
cules naturally decreases and can directly affect the removal
efficiency. In this regard, higher initial concentrations of
AO10 molecules also affect the adsorption of O, and OH™
at the surface of the 10% BiVO,/TiO,; catalyst. The influence
of the initial dose of 10% BiVO4/TiO, on AO10 dye removal
performance was studied with different ranges from
0.05 g/100 mL to 0.3 g/100 mL and the results are shown in
Fig. 6d and 6e. The 10% BiVO,4/TiO, photo-catalyst showed
64.46% and 99.44% removal efficiencies of 0.05 g/100 mL
and 0.25 g/100 mL, respectively, within 90 min (Fig. 6e). The
reason for further elimination is the greater availability of
the total active surface of the 10% BiVO,4/TiO, composite at
its highest dosage. In addition, the density of 10% BiVO,/
TiO, composite in visible light increases the probability of light
absorption harvesting, resulting in the production of more
active species to remove the AOI10 molecule. It was also
observed in Fig. 6e that at higher doses of the catalyst, espe-
cially at about 0.3 g/100 mL, the reduction in AO10 removal
decreases in the duration of 50 min as opposed to expected,
resulting in a lower reaction rate and less AO10 removal. This
can be explained by the fact that too much catalyst in the solu-
tion causes turbidity and prevents light on the surface of the
catalyst, while there must be enough surface area for the reac-
tion to occur. Similarly, by adding extra catalyst with fewer
photons, it overcomes the adsorption and the removal process
slows down the photo-catalysis (Nosaka and Nosaka, 2017).
The individual effect of a photo-catalyst in the absence of
LED was also studied and the data are illustrated in Fig. 6d.
Compared to previous conditions in which 99.44% AOI10
removal was observed, performance in the absence of LED
was reduced to 14.93% within 90 min. Thus, the synergistic
action of 10% BiVO,/TiO, and LED was strongly demon-
strated (99.44% AO10 removal in 90 min).

3.4. RSM design for the preparation of the 10% BiVO,/TiO,
nanocomposite

RSM as a set of statistical methods, is one of the best methods
for optimizing various parameters that have several advan-
tages such as availability of raw materials, saving time and
reducing the number of experiments. Here, we focused mainly

on initial AO10 concentration, initial pH, reaction time, and
catalyst dosage. The above four parameters are considered
for the study of five different parameters such as mean square,
degree of freedom, sum of squares, F-value and P-value.
Experiments were performed using software to check the
amount of dye removal by considering the variables at differ-
ent levels, in each of which, the response as an objective func-
tion, the amount of dye removal was considered. In this case,
by performing a limited number of experiments, a quadratic
function model for the amount of dye removal is proposed,
which can well investigate the effect of each of the selected
variables and their interference effects in the response. Using
the obtained function and model, the amount of dye removal
can be determined at different levels of each of the variables
in the selected range, and also the values of each variable
can be determined at the optimal point where the highest
amount of dye removal occurs. In this research, first the best
model is selected to investigate the amount of dye removal
and then using the obtained model, the effect of each of the
considered variables is investigated. According to the results
obtained from Table 2, the quadratic model is proposed by
the software.

Then, using the results obtained from the analysis of vari-
ance table with RSM, the following quadratic polynomial
function was obtained:

Y =2233-18.02%4 383« B+4.67%C+4.73%D
+7.374 +2.20 (3)

The results of the analyzed experiment using the interaction
between each independent variable for the removal of AO10
dye and the results of ANOVA are shown in Table 3 and
Table 4, respectively. Subsequently, the assumption of the final
regression model was confirmed by Anderson-Darling,
Breusch-Pagan and Durbin-Watson tests, which its P-values
were 0.21, 0.73 and 1.67, respectively, and showed the superi-
ority of the model in this process. Also, Coefficients in terms of
actual values illustrated in Table 5. The bolded values shown
in Table 5 indicate the significant main variables (dye concen-
tration, pH, time and catalyst dose) and a significant quadratic
member (dye concentration®). The order of significance of
these factors was determined based on the estimated values:
dye concentration and dye concentration> > catalyst
dose > Time > pH > pH? > dye concentration* Catalyst
dose > Dye concentration* pH > pH* Catalyst dose > dye
concentration* Time > Catalyst dose’ > Time* Catalyst
dose > Time> > pH*Time. Also, due to the accumulation
in the repetition of the measurement, it was found that the con-
fidence intervals are slightly longer for all coefficients. In this
regard, the regression coefficient standing with the square
member of dye concentration is estimated at 7.26 and the con-
fidence interval is 4.91-9.62.

As can be seen from the normal graph of the residuals and
the graphical representation of the values of the observed data
versus predicted values (Fig. 7a and 7b), the obtained regres-
sion model fully explains the studied experimental range.
Given these figures, it is clear that the degree of difference in
the results in all experiments was not significant, which also
shows that the results of the model and experimental data
are very consistent with each other and the model can be used
with confidence.
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Table 2 Analysis of variance for the maximum AO10 removal.

Source df Sum of squares Mean squares F-value p-value
Mean vs total 1 26361.82 26361.82
Linear vs Mean 4 9202.90 2300.73 23.42 < 0.0001
2FI vs Linear 6 226.21 37.70 0.3112 0.9177
Quadratic vs 2FI 4 1719.47 429.87 12.64 0.0001 Suggested
Cubic vs Quadratic 8 108.84 13.61 0.2372 0.9695
Residual 7 401.65 57.38
Total 30 38020.91 1267.36
Table 3 The experimental and predicted results for AO10 removal by 10% BiVO,/TiO, photo-catalyst.
Run Std A B C D AO10 removal (%)

Exp. Pred.
1 13 20 4.5 270 0.2 77.05 70.84
2 5 20 4.5 270 0.1 51.41 51.60
3 18 50 6 180 0.15 14.28 15.78
4 2 40 4.5 90 0.1 10.25 8.75
5 24 30 6 180 0.25 28.47 35.66
6 (C) 28 30 6 180 0.15 21.75 22.31
7 4 40 7.5 90 0.1 9.11 8.35
8 (C) 29 30 6 180 0.15 25.93 22.31
9 6 40 4.5 270 0.1 16.77 12.76
10 21 30 6 10 0.15 5.75 11.39
11 (O) 26 30 6 180 0.15 22.33 22.31
12 9 20 4.5 90 0.2 61.64 56.65
13 8 40 7.5 270 0.1 12.37 12.84
14 20 30 9 180 0.15 17.76 23.48
15 7 20 7.5 270 0.1 49.05 44.01
16 3 20 7.5 90 0.1 38.47 33.78
17 (C) 27 30 6 180 0.15 17.89 22.31
18 11 20 7.5 90 0.2 44.23 41.27
19 10 40 4.5 90 0.2 17.68 15.75
20 14 40 4.5 270 0.2 24.01 24.19
21 17 10 6 180 0.15 77.87 87.85
22 1 20 4.5 90 0.1 46.58 41.85
23 22 30 6 360 0.15 21.97 26.06
24 (C) 25 30 6 180 0.15 20.07 22.31
25 19 30 3 180 0.5 33.03 38.79
26 15 20 7.5 270 0.2 58.94 55.93
27 23 30 6 180 0.05 12.46 16.75
28 16 40 7.5 270 0.2 19.19 16.95
29 30 30 6 180 0.15 26.52 22.31
30 12 40 7.5 90 0.2 12.73 8.03

3.5. Analysis of AO10 dye removal by three-dimensional contour
plotting and response surface

The three-dimensional response surface or contour plots
were applied for the analysis of the combined effects
between independent variables (Mirzaei et al., 2018;
Rahimi and Ebrahimi, 2019). Fig. 8 (a) to (c) graphically
represents the significant graphical interactions of the
extended model of AO10 dye removal parameters. From
Fig. 8a, it has been observed that the AO10 dye removal
efficiency for 10% BiVO4/TiO, nanocomposite hetero-
structure increases with increase in reaction time and
decreases with further increase in initial dye concentration,

while the 10% BiVO,4/TiO, dosage and pH values were kept
constant at 10 mg/L and 7, respectively. Fig. 8b shows that
the AO10 dye removal efficiency increases with increase in
reaction time and decreases with further increase in initial
pH due to the reduction of h™ ions in the reaction solution,
while the 10% BiVO4/TiO, dosage and AO10 dye concen-
tration were kept constant at 0.1 g/100 mL and 10 mg/L,
respectively. Fig. 8c illustrates the dependence of AO10
dye removal efficiency on reaction time and 10% BiVOy,/
TiO, dosage. As can be seen, the removal activity increases
with further increase in reaction time and catalyst dosage,
together, by fixing AO10 concentration and initial pH at
10 mg/L and 7, respectively.
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Table 4 Analysis of Variance for the removal of AO10 (%R).

Source Sum of squares df Mean square F value P-value
Model 10894.48 14 778.18 23.17 <0.0001
A 7791.85 1 7791.85 233.04 <0.0001
B 351.44 1 351.44 10.47 0.0055
C 421.10 1 421.10 12.54 <0.0030
D 536.57 1 536.57 15.98 <0.0012
AB 58.83 1 58.83 1.75 0.2055
AC 33.95 1 33.95 0.9812 0.3376
AD 61.00 1 61.00 1.82 0.1977
BC 0.2304 1 0.2304 0.0069 0.9351
BD 53.58 1 53.58 1.60 0.2258
CD 19.62 1 19.62 0.5844 0.4564
A? 1449.78 1 1449.78 43.17 <0.0001
B> 120.19 1 120.19 3.58 0.0780
C? 16.87 1 16.87 0.5021 0.4894
D? 20.25 1 20.25 0.6029 0.4495
Residual 503.69 15 33.58

Lack of fit 448.06 10 44.81 4.03 0.0687
Pure error 55.63 5 11.13

Core total 11398.17 29

Table 5 Coefficients in terms of actual values for Estimated of the significant main, interaction and quadratic effects.

Factor Coefficient Estimate Standard Error P-value Lower 95% Higher 95%
Intercept 22.31 2.36 <0.0001 17.27 27.35
Dye conc. —18.02 1.18 <0.0001 —20.54 —15.50
pH —3.83 1.18 0.0055 —6.35 —1.31
Time 4.23 1.19 <0.0030 1.68 6.78
Catalyst dose 4.73 1.18 <0.0012 2.21 7.25
Dye conc.* pH 1.92 1.45 0.2055 —-1.17 5.01
Dye conc.* Time —1.43 1.45 0.3376 —4.52 1.65
Dye conc.* Catalyst dose —1.95 1.45 0.1977 —5.04 1.14
pH*Time 0.12 1.45 0.9351 —2.97 3.21
pH* Catalyst dose —1.83 1.45 0.2258 —4.92 1.26
Time* Catalyst dose 1.11 1.45 0.4564 —1.98 4.20
Dye conc.” 7.26 1.10 <0.0001 491 9.62
pH? 2.09 1.10 0.0780 —0.26 4.45
Time” —0.82 1.16 0.4894 -3.29 1.65
Catalyst dose? 0.85 1.10 0.4495 —1.50 3.21

3.6. Model optimization

Model optimization and finding the optimal amount of vari-
ables in the dye removal process by 10% BiVO,/TiO, was done
by software. For this purpose, in the software, the optimization
conditions related to each variable and response were deter-
mined, and finally, all parameters were set in the range related
to the design and the removal rate was set to the maximum value.
Under these conditions, a dye concentration of 10 mg/L, pH of
5, reaction time of 90 min and catalyst dosage of 0.2 g/100 mL
were predicted for dye removal. The experimental and predicted
dye removal values under optimal conditions were 98.19 % and
97.38 %, respectively. In many studies using different processes
due to the classical study and the lack of statistical model, a gap
is created in the study, and that is the lack of determination of
the relationship and interaction of the variables.

3.7. Investigation of adsorption isotherms

To determine the model of adsorption isotherms, experiments
with different concentrations of AO10 dye (between 10 mg/L
to 50 mg/L) were designed, which according to the optimiza-
tion of experiments in the previous stages, with pH conditions
equal to 5 in Ambient temperature and adsorbent value were
0.2 g/100 mL for each sample. The Langmuir model includes
hypotheses such as monolayer adsorption, surface uniformity,
and elimination of the interactions of adsorbed molecules (Ali
et al., 2016). The Friendlich isotherm is also obtained by
assuming a heterogeneous surface with a non-uniform distri-
bution of heat absorption on the surface (Liu et al., 2014).
For single-layer adsorption of the Langmuir equation as well
as the Friendlich model, the adsorption process is defined by
the following Eqs. (4) and (5), respectively:
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Ce 1 C.

— = + 4

Qc KLQmux Qmax ( )
1

logQ, = logK; + HlogCe (5)

where Q. (mg/g) is the adsorbed amount at equilibrium, C,
(mg/L) is equilibrium concentration, K; (L/mg) is a Langmuir
constant related to the affinity of binding sites, and Q,,,, (mg/
g) is the maximum adsorption capacity for AO10 dye. 1/n is
the heterogeneity factor of the adsorbent, and Ky (mg'~"/"L"
"g~") represents Freundlich constants. The corresponding
model results are given in Fig. 9. Regarding to the correlation
coefficient obtained in Table 6, it was found that the Langmuir
model fitted the experimental data slightly well. For different
reaction times of 30 and 60 min, the maximum adsorption
capacity values obtained from the Langmuir isotherm model
are 31.98 and 37.59 mg/g, respectively.

3.8. Investigation of adsorption kinetics

Since by studying the kinetic of reactions, the adsorption
mechanism and the rate-determining step can be understood,
in the present work, pseudo-first-order and pseudo-second-
order kinetic equations have been investigated. Adsorption
kinetics are used to determine the control mechanism of
adsorption processes. The mechanism of the adsorption pro-
cess depends on the physical and chemical properties of the
adsorbent. Egs. (6) and (7) were used to investigate pseudo-
first-order and pseudo-second-order kinetics, respectively
(Zhao et al., 2020).

In general, pseudo-first-order and pseudo-second-order
kinetic models are used to quantitatively express adsorption
kinetics. Simply put, in a pseudo-first-order kinetic model,
the rate of change of adsorption of the dissolved substance
over time is directly proportional to the changes in saturation
concentration and amount of adsorption over time. For
pseudo-first-order kinetic, the relation of 6 the linear form of
the first degree equation was used.

K,
2.303t ©)

which means that a plot of log(q, — q, ) versus t would be lin-

ear with a slope of —%t and an intercept of logq.(Fig. 10a).
pseudo-second-order kinetic show that chemical adsorption

is a phase-slowing step that controls surface adsorption pro-

cesses and is based on solid phase adsorption in which the rate

of adsorption sites is proportional to the square of the number

of sites not occupied. For pseudo-second-order kinetic, Eq. (7)

obtained by Ho and McKay was used.

t 1 1

o K g @

Employing this equation and plotting i versus t gives a

log(q, — q,) = logq, —

straight line of slope ql and intercept ﬁ (Fig. 10b).

Table 7 lists the rate constants for the pseudo-first-order
(k;) and pseudo-second-order (k,) models, the equilibrium
sorption capacity (q.) and the correlation coefficient (R»).
The data show good agreement with the pseudo-second-
order model compared to the pseudo-first-order model because
it had a high correlation coefficient (0.9987). This suggests that
the pseudo-second-order kinetic model demonstrates a better
explanation of the kinetic adsorption data obtained in the pre-
sent work. Accordingly, considering to the results, the behav-
ior of AO10 adsorption, shows that AO10 adsorption is highly
influenced by chemical mechanisms.

3.9. Influence of anions

Anions in the aqueous environment and treatment processes
are often considered to be influential factors. The presence of
these anions may affect the treatment conditions especially
ROS-based systems and those that benefit from the electro-
magnetic spectrum. Therefore, to evaluate the decreasing trend
of AO10 removal, the effect of some typical anions on the per-
formance of the 10% BiVO,4/TiO, process after 90 min reac-
tion time was investigated. As presented in Fig. 11a, AO10
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Fig. 8 Response surface plot showing AO10 removal efficiency and reaction time versus: a) initial dye concentration; b) initial pH; and

c) catalyst dosage.

dye removal efficiencies in presence of sulfate, chloride, nitrate,
carbonate and phosphate decreased to 94.01, 90.95, 77.55,
67.79 and 56.09%, respectively. On this account, sulfate and
chloride showed the least suppressing effect in the removal
process. The next anion called nitrate was able to reduce the

process efficiency to 77.55%. The reason for this is that it
can be related to the reduction of nitrate to nitrite in reaction
with the electrons produced and the absorption of light, lead-
ing to a reversal of the reaction towards its re-oxidation to
nitrate. Carbonate and phosphate reduced AO10 concentra-
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Table 6 Values and constants in the Langmuir and Freundlich isotherm model.

Langmuir model

Freundlich model

Time (min) Qmax K R? Kg 1/n R?
30 31.98 0.0534 0.9722 3.5 0.0575 0.8925
60 37.59 0.2391 0.9817 4.1 0.0712 0.9379

tion to 67.79 and 56.09%, respectively, mostly due to their
inhibitory effects on ROSs (Moradi and Moussavi, 2018).

3.10. Influence of different radical scavenger compounds

In order to identify the type of dominant reactive species gen-
erated in the 10% BiVO,4/TiO, photocatalytic process, four
kinds of typical reagent, ethanol (HO" scavenger), SA ('O,
scavenger), oxalate (h" scavenger) and BQ (O3 scavenger)
were selected. At the presence of these compounds, the
AO10 dye removal efficiency was decreased to 37.87%,
49.7%, 75.99% and 92.11%, respectively (Fig. 11b). O3 (di-
rect oxidation of AO10 and generation of '0,) and then h™
were identified as the main factors responsible for AO10
removal. 'O, has also played a notable role, while ethanol
showed that HO" had a minor role in the removal of AO10.

3.11. Influence of turbidity

Turbidity is one of the main pollutants that can be present in
industrial wastewater containing dye. This type of wastewater
discharged from industrials can reduce the transmission of
light to wastewater and ultimately reduce photosynthesis and
the amount of dissolved oxygen in wastewater. In this regard,
the effect of different turbidity amounts on the AO10 dye
removal efficiency was investigated and the results are shown
in Fig. 11c. According to the above, the reason for the decrease
in dye removal efficiency can be stated that factors such as tur-

bidity can interfere with the arrival of visible light to the cata-
lyst and reduce the performance of the photocatalytic system.

3.12. Catalyst reusability

In terms of application, it is important to consider the recycla-
bility and stability of a catalyst along with its catalytic activity
(Mao et al., 2018). For this reason, first the as-made 10%
BiVO,/TiO, was used and then it was reused again for recov-
ery in successive runs in the photocatalytic process. In each
recycling period, parallel experiments were performed under
the same conditions to obtain a sufficient amount of photo-
catalysts to perform the next recycling test. As demonstrated
in Fig. 11d, AO10 dye removal efficiencies in the Ist, 2nd,
3rd, 4th, and 5th runs were 95.72, 94.95, 90.03, 87.89 and
84.36, respectively. With these interpretations, the as-
prepared 10% BiVO,/TiO, had excellent reusability as well
as photocatalytic stability after consecutive cycles. In the con-
tinuation of the work, for further confirmation and evaluation,
the used catalyst was analyzed after 5 successive times. The
XRD and FE-SEM analyses of the reused 10% BiVO,/TiO,
are illustrated in Fig. 1le. As shown in this figure, the major
peaks of the 10% BiVO,4/TiO, were sharply observed in the
reuse catalyst and also remained basically unchanged in the
case of FE-SEM before and after 5 photocatalytic runs, indi-
cating the high stability of nanocomposite during photo-
catalysis process. Taking the above observations into account,
it can be demonstrated that the surface characteristics and
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Fig. 10 Plots of the applications of a) the pseudo-first-order
kinetic model and b) the pseudo-second-order kinetic model to the
data for the adsorption of AO 10 dye onto 10% BiVO,4/TiO,
composite.

Table 7 Parameters of the Fitted Kinetic Models for the 10%
BiVO,4/TiO, Studied.

Pseudo-first-order Pseudo-second-order
Catalyst K1 Je R? K, Qe R?

10% BiVO,/ 0.0795 1.11 0.9802 0.0195 34.91 0.9987
TiO,

crystallization of the 10% BiVO,/TiO, as a highly efficient
photo-catalyst were stable after 5 consecutive photocatalytic
cycles.

3.13. Catalytic mechanism

Based on the analysis of the above experimental results, the
reaction mechanism of BiVO,4/TiO, composite for the removal
of AO10 dye in the visible light can be suggested. The Catalytic
mechanism was further investigated by estimating the band
edge positions of the valence band (VB) and conduction band
(CB) potentials of the BiVO, and TiO, samples according to
the following experimental equations (Nethercot Jr, 1974;
Butler and Ginley, 1978).

) 1/(a+b)

X = (Xt Xy ®)

ECB =X — E0 — 0.5(E,) (9)

Evp = Ecy + E, 10)

wherein; Xa) and Xg) showed the sanderson electronegativity
of component atoms in catalyst, X values obtained as ~5.9 eV
for TiO; and 6.1 eV for BiVO,, E a scale factor (about 4.5 eV
versus normal hydrogen electrode (NHE)), and E, is the band
gap energy of the semiconductor and calculated using equa-
tions (4)—(6) (Eg for TiO,, BiVO4 are 3.2 and 2.37 eV, respec-
tively). The Ecp of TiO, and BiVO, are about — 0.29 and
0.35 eV and the Eyp of TiO, and BiVO, were expected to be
291 and 2.71 eV versus NHE, respectively. Given that the
Fermi energy level (Ef) of BiVO, was in the middle of CB
and VB (Tokunaga et al., 2001), the value of E; was approxi-
mately 1.6 eV. However; Due to the conduction band potential
(Ecp) of n-type semiconductors, the value of Ef was about 0.1-
0.2 eV negative than relative to the CB position (Hu et al.,
2011). Therefore, the amount of E; of TiO, was —0.19 eV.
When these two types of semiconductor materials come
together, they create a heterogeneous structure. After obtain-
ing Fermi equilibrium, CB of BiVO, varied from 0.35 eV to
—1.35 eV and VB changed from 2.71 eV to 1.01 eV. Based
on the above reported results, a schematic diagram of the band
position for the BiVO,4/TiO, heterostructure was drawn
(Fig. 12). In the traditional heterojunction model, the electrons
produced in the CB of BiVO, are transferred to CB of TiO,,
while the holes in the VB of TiO, are transferred to VB of
BiVO,, which In this case, efficient separation of photoelec-
trons and holes is obtained. Also, the OH" radical can be pro-
duced in the BiVO, photocatalytic system, which may be
formed by further reduction of O5, and is an indirect way
to form this type of radical. A series of reaction processes
related to the photocatalytic mechanism can be described by
the following equations Egs. (11)~(17) (Zhang et al., 2014;
Wu et al., 2015).

BiVO, + visible light — BiVO, (h*vs + ¢ cp) (11)
AO10%+TiO2 — AO10x+ +TiO, (e cp) (12)
e” + 0, > Oy (13)
Oy~ + e~ + 2H" —H,0, (14)
0Oy~ + H,0 — OH- + OH + O, (15)
H,0, — 20H: (16)

AO10+" +(h*yg, O, e 4, HO,', and/or *OH — degraded products
(17)

On the basic of the above experimental results, it can draw
a conclusion that the photocatalytic reaction of prepared
BiVO,4/TiO, heterojunctions, which could improve the photo-
generated electron—hole pairs separation and reduction ability
for efficiency removal of organic pollutants.

3.14. Influence of aeration rate and FeSO, adding on AO10
removal

Effect of aeration in improving the photocatalytic removal
process of AO10 dye by continuous air injection were studied
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Fig. 12 Reaction mechanism of BiVO,4/TiO, catalyzed removal
of AO10 dye.

with regard to 20 mg/L AO10 solution and 0.2 g/100 mL cat-
alyst at pH of 5 at room temperature. For comparison, the
amount of different aeration flows of 5, 10 and 20 mL/min
was performed using 10% BiVO,/TiO, nanocomposite in com-
bination. Fig. 13a reveals that when aeration was performed in
conjunction with nanocomposite, the removal efficiency of
AOI10 was slightly improved. In this study, aeration was con-
tinuously injected into AO10 solution to improve the reaction
rate of the composite and further production of O3 radicals,
which in section 3.10 related to the effect of scavengers, it
was revealed that O3 radicals play the most important role
in the photocatalytic process of the present study. It also dis-
perses the catalyst into the aqueous solution during the aera-
tion reaction to prevent the catalyst from aggregation.
Accordingly, in 90 min with 20 mL/min aeration, removal effi-
ciency was 66.91% comparing to 53.59% in non-aeration
condition.

The effect of adding FeSO,4 ion on the removal of AO10 has
been studied through varying the loading of FeSO, ions in the
range of 5, 10, 20 and 50 mg/L using 10% BiVO,4/TiO,
nanocomposite in combination. Based on the results of
Fig. 13b, it can be seen that the amount of iron ions can be
one of the parameters affecting the Fenton process. By increas-
ing the concentration of iron ions from 5 to 20 mg/L at 90 min,
the de-colorization increased from 61.87.1% to 84.05%,
respectively. This process of increasing dye removal with
increasing iron concentration is similar to the results of
research by Gan et al., (Gan and Li, 2013). In this study, the
results of dye removal with Fenton-like oxidation system
showed that increasing the catalyst concentration from 0.5 g/
dm® to 0.2 g/dm?, leads to a significant reduction in the
amount of dye. However, the results of other studies have
not shown a key role for iron concentration in the dye removal
process. Hou et al., (Hou et al., 2011) investigated the effect of
zero-valent iron concentration on the Fenton process to
remove Rhodamine B dye. The results showed that this param-
eter does not play a key effect. So that with increasing the con-
centration of zero-valent iron from 0.25 to 1.5 g/L, the
percentage of increase in dye removal was very small. In the
continuation of the present study, with increasing the concen-
tration of FeSO4 to 50 mg/L, the removal rate decreased

(Fig. 13b). The reason for this is that with the increase of
FeSO,, this substance has a destructive effect and causes the
conversion of HO" radical to HO™ ion according to Eq. (18):

Fet? + HO* —HO™ + Fe'? (18)

The materials used at room temperature were 10% BiVO,/
TiO,, 5 mL/min aeration/10 %BiVO,/TiO,, 10 mL/min aera-
tion/10 %BiVO4/TiO,, 20 mL/min aeration/10 %BiVO,/
TiO,, 5 mg/L FeSO,4/10 %BiVO,4/TiO,, 10 mg/L FeSO4/10 %
BiVO,/TiO;, 20 mg/L FeSO4/10 %BiVO,4/TiO,, 50 mg/L
FeSO4/10 %BiVO,4/TiO, and 20 mL/min aeration/20 mg/L
FeSO4/10 %BiVO,/TiO, denoted by 10 %BT, 5a-10 %BT,
10a-10 %BT, 20a-10 %BT, 5F-10 %BT, 10F-10 %BT, 20F-
10 %BT, 50F-10 %BT and 20a-20F-10 %BT, respectively.
After adding two optimized aeration and FeSO,4 parameters
to the 10% BiVO,4/TiO, nanocomposite process, the perfor-
mance of 20a-20F-10 %BT was generally greatly improved,
capable of removing 99.99% of the dye under visible light.
Considering the degree of de-colorization of AO10 dye in
90 min, the order of the reaction is as follows:

10 %BT < 5a-10 %BT < S5F-10 %BT < 10a-10 %BT
< 50F —10%BT < 20a — 10 %BT < 10F — 10%BT
< 20F — 10 %BT < 20a — 20F — 10 %BT.

According to the above reaction order, the 20a-20F-10 %
BT process had the highest efficiency in removing AO10 dye
when it reached 99.99%, which shows the high superiority of
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Fig. 13 Influence of: a) aeration; b) FeSO4 loading, on AO10
removal efficiency.
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this system over others. Much higher AO10 removal can be
attributed to the production of efficient radicals to facilitate
of Fenton-like excitation of H,O,.

3.15. Influence of H>O, on AO10 removal

At the beginning, the effect of UV/H,O, alone at a dose of
50 mg/L, pH = 5 on dye removal was investigated. In this
experiment, it was not much dye removal observed. Then,
the effect of H,O, in the range of 20, 40 and 50 mg/L using
10% BT nanocomposite in combination was measured, but
in this case, no high removal occurred. Therefore, further
experiments were carried out with aeration and FeSO,4. The
effect of H,O, concentration with 10% BT nanocomposite,
aeration and FeSO, on AO10 de-colorization was investigated
and the results are illustrated in Fig. 14.

The materials used at room temperature were UV/H,0,,
10% BT, 20 mg/L H,0,/10 %BiVO,4/TiO,, 40 mg/L
H,0,/10 %BiVOy4/TiO,, 50 mg/L H,0,/10 %BiVO,/TiO,,
and 20 mL/min aeration/20 mg/L FeSO,/50 mg/L
H,0,/10 %BiVO,4/TiO, denoted by UV/H,0,, 10 %BT,
20H.10 %BT, 40H-10 %BT, 50H.10 %BT, and 20a-20F-
50H.10 %BT respectively. After adding three optimized aera-
tion, FeSO, and H,0, parameters to the 10% BT nanocom-
posite process, the performance of 20a-20F-50H.10 %BT
was generally greatly improved, capable of removing 95.71%
of the dye under visible light. Considering the degree of de-
colorization of AO10 dye in 90 min, the order of the reaction
is as follows:

UV/H,0, < 10 %BT < 20H_10 %BT < 40H-10 %BT
< 50H_10%BT < 20a —20F — 50H_10 %BT.

3.16. Mineralization study

In the discussion of using processes on an environmental scale,
in addition to removing the contaminant in question, the effi-
ciency of the process in reducing the load of organic pollution
is also important. Fig. 15 shows the process of removing TOC
in optimum condition by 20a-20F-50H.10 %BT. 95.71%
AO10 removal rate was in 100 min while 87.39% mineraliza-
tion occurred in 160 min reaction time. Accordingly, as
expected, the removal of TOC showed a much slower reaction
rate due to the formation of more resistent molecular struc-
tures or intermediate products, especially linear compounds
and it will take more time to complete the mineralization
(Babaei et al., 2017). However, these intermediate products
can be further decomposed with longer reaction times to
non-toxic CO, and H,O.

3.17. Comparison of the performance of different photocatalytic
processes for the removal of dyes in the textile industry

Table 8 compares the performance of the developed system in
this study (20a-20F-50H.10 %BT) with previously published
photocatalytic processes for the removal of various dyes. As
can be seen in Table 8, the removal of AO10 dye obtained in
the system was much higher than in the other reported photo-
catalytic processes. This confirms that the 10% BT nanosphere
has a much higher catalytic activity with aeration, ferrous sul-
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Fig. 14
processes.

Influence of H,O, on AO10 dye removal by different

fate and peroxide hydrogen compared to other dual and tern-
ary catalysts. Accordingly, it was clearly established that the
10% BT nanospheres fabricated in the present study are a
highly active catalyst that can be effectively activated even at
different pHs using low-dose LED lamps. High catalytic activ-
ity with the positive points mentioned above along with low
cost and low toxicity introduces the 10% BT composite as a
promising catalyst for photocatalytic removal of contaminants
in textile wastewater.

3.18. Coagulation/precipitation process for simultaneous
removal of AO10 and 10% BT

In connection with the problems related to treatment by nano-
materials, it is necessary to separate them. The simplest possi-
ble suggestion is to use coagulant such as FeCl; (Kagaya et al.,
1999; Baran et al., 2005). This coagulant also appears to have
excellent precipitation/removal capability for dye. Therefore,
for simultaneous removal of AO10 dye and 10% BT by coag-
ulation/precipitation processes, FeCl; after catalytic reduction
of dye was added with the following conditions: 0.2 mg/L cat-
alyst, 50 mg/L AO10, pH of 5, 20 mL/min aeration, 20 mg/L
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Fig. 15 AOI10 and TOC removal efficiencies by 20a-20F-
50H_10 %BT (pH of 5, 50 mg/L AO10, 0.2 mg/100 mL 10% BT).
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Table 8 Application of different nanocomposites for the photocatalytic removal of dye pollutants.

Process Textile Removal Conditions
pollytants (%) Wight of Solution Reaction time Irradiation Ref.
photocatalyst (g) concentration (mg/L) (min) source
Fe’ " -TiO2/FAC MB*** 50.0 1.800 20 - Vis* (Wang et al.,
2011)
N-TiO,/FAC; MB 58.0 1.800 20 540 Vis (Li et al.,
2013)
Graphene-TiO, MB 94 1 20 60 UV** (Huimin et al.,
2012)
La/TiO)—graphene MB >80 1 10 60 Vis (Khalid et al.,
2012)
ZnO/graphene MB 72.1 0.5 10 56 uv (Fan et al.,
2012)
rGO-Bi,WOgq MB 93.5 0.5 15 90 Vis Xu et al.,
2013)
CoFe,04—graphene MO*#** 71 0.25 20 240 Vis (Fu et al.,
2012)
Agi;VOy/ MO 81 1 10 180 Vis (Wang et al.,
TiO,/graphene 2013)
S, NCo/ TiO, MO 65 0.2 20 60 Vis (Lv et al.,
2013)
g-C3N4/NTiO2 MO 72.2 - 20 180 Vis (Zhao et al.,
2017)
Ag@Ag;PO-/rGO MO 97 2 12 18 Vis (He et al.,
2013)
Graphene- MO 70 1 10 180 Vis (Khalid et al.,
neodymium/TiO, 2013)
Au@Mo-GO R Bk 80 - 10 120 Vis (Barras et al.,
2013)
TiO,—dx-—rGO RB >90 0.2 5 <60 uv (Shi et al.,
2012)
AgCI-TiO2 RB 95 0.2 12 180 Vis (Huo et al.,
2010)
PVP/BiOBr RB 83 0.1 15 80 Vis (Lin et al.,
2014)
TiO,/C@SiO, RB 95 0.02 19 100 Vis (Chen et al.,
2016)
Fe-N-TiO2/FACs- RB 93.1 0.2 8 240 Vis (Song et al.,
Cts 2017)
MnO,/TiO, Brilliant Red 95 0.15 100 90 uv (Zhang et al.,
X-3B 2009)
Zn0O-Bi,03/GO Reactive 44.23 0.5 10 120 Vis (He et al.,
Blue 2012)
20a-20F-50H_10 % AOI10 95.71 0.2 50 90 Vis Present study

BT

*Visible light; **UV light; ***Methylene blue; ****Methylene orange; *****Rhodamine B.

FeSOy4, 50 mg/L H,O, and reaction time of 90 min. The vari-
ables mentioned in the 20a-20F-50H.10 %BT process were
adjusted to simulate conditions that may exist in the real treat-
ment conditions. Preliminary experiments showed that 90 min
reaction time for the 20a-20F-50H_10 %BT process as well 1 h
of sedimentation time related to the coagulation/precipitation
process was sufficient to achieve 100% removal of 50 mg/L of
dye. The results are summarized in Table 9 Without coagula-
tion, complete removal of the dye and catalyst will not be
done, in which FeCl; demonstrated a high ability. Therefore,
the combined usage of “20a-20F-50H.10 %BT + coagulation
with Fe(III)” is recommended for the treatment of high con-
centrations of the dangerous AO10 dye in real conditions.

Table 9 The removal rate of the entire AO10 dye after pre-
oxidation and coagulation.

Fe (III) mg/L

Removal (%)

0 95.71
3 97.45
5 100

Preoxidation conditions: 0.2 mg/L catalyst, 50 mg/L AO10, pH of
S, 20 mL/min aeration, 20 mg/L FeSO,4, 50 mg/L H,O, and reac-
tion time of 90 min.
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4. Conclusions

BiVO,/TiO, heterojunction nanocomposite was hydrothermally syn-
thesized and characterized by XRD, FESEM, EDX, FTIR, BET and
DRS spectra. In this work, removal of acid orange 10 (AO10) azo
dye in wastewater was investigated using 25 removal processes. Dye
removals were evaluated for each oxidation system. Considering the
degree of de-colorization of AO10 dye in 90 min, the order of the reac-
tion is as follows: LED < TiO, < BiVO; < 10% BT/without
LED < BiVO,/ LED < 50% BT < 40% BT < 30% BT < 20%
BT < UV/H,0, < 10% BT < 5a-10 %BT < 5F-10 %BT < 10a-1
0 %BT < 50F-10 %BT < 20a-10 %BT < 10F-10 %BT < 20F-10
%BT < 20H.10 %BT < 40H-10 %BT < 50H.10 %BT < 20a-20F
-10 %BT < 20a-20F-50H.10 %BT.

In general, the processes that use H,O, with FeSO, get better
results. The highest AO10 dye removal was achieved by the 20a-
20F-50H.10 %BT process, which had an elimination of 95.71%
at a concentration of 50 mg/L in 90 min. In the case of heteroge-
neous photo-catalysis using bismuth vanadate/titanium dioxide, the
20a-20F-50H_10 %BT process achieves better results for AO10 dye
removal. The use of nanomaterials to remove dye requires a post-
treatment in which BiVO,; and TiO, must be removed from the
wastewater. For this purpose, we used FeCl; as a coagulant, and
the result is that the combined use of nanomaterials and coagula-
tion may be a practical solution for the treatment of dye
contamination.
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