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Mechanism of oxidative decomposition of direct red 89 by Bi,O,/TiO, composite
under visible light irradiation: effect of co-existing cations and anions and
artificial neural network modeling of key factor
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ABSTRACT

In the present study, the Bi,O,/TiO, composite was successfully synthesized by the solvothermal
method and used for photocatalytic degradation of direct red 89 (DR89) from aqueous solution
under visible light and UV-C irradiation. The effects of influencing parameters including solution
pH, Bi,O,/TiO, dose, initial DR89 concentration, reaction time, co-existing cations and anions, and
persulfate (PS) dose were examined. Finally, the artificial neural network (ANN) model was devel-
oped for the prediction of the photocatalytic removal of DR89. The results showed that with increas-
ing solution pH from 3 to 4, the DR89 degradation promptly enhanced from 33.8% to 54.4% and
after that, vigorously declined to 2.5% at a pH of 8. In addition, the increase of Bi,O,/TiO, dose from
100 to 800 mg/L led to the DR89 degradation efficiency increase from 60.7% to 94.8%. It was found
that for achieving a high DR89 degradation efficiency under visible light irradiation at 20 mg/L of
DR89, the solution pH and reaction time should be 4 and 45 min, respectively. When PS was added
in the photocatalysis process, the highest removal efficiency of DR89 was observed at PS dose of
2.5 mg/L under UV-C irradiation. The presence of co-existing anions in the medium inhibited the
DR89 removal efficiency following a trend that PO}~ > CI- > SO and for co-existing cations was in
the order of Na* > Ca* > Mg?. The decomposition of the DR89 obeyed the first-order reactions and
the rate constant was 0.012 mg/L min. The correlation coefficient for ANN was calculated 0.993, con-
firming that the predicted data from the designed ANN model were in good agreement with the
experimental data.

Keywords: ANN model; Bi,O,/TiO, composite; Co-existing cations and anions; Direct red 89

1. Introduction

Nowadays, dyes are considered as one of the biggest
environmental polluters and are widely used in many
industries like textiles, food, leather, plastics, paper, phar-
maceutical, and cosmetics [1,2]. The textile industry is the

* Corresponding author.

greatest consumer of dyes and as a result, high volumes
of wastewater were produced in the different dyeing steps
[3]. The main characteristics of dye compounds are car-
cinogenic behavior and low biodegradability [4]. Hence, its
efficient treatment is mandatory before discharging textile
wastewater into the environment [1].
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The photocatalysis process based on the TiO, nano-
particles is considered an efficient treatment method for
textile effluents due to eco-friendly and cost-effective in
nature. The main characteristics of TiO, nanoparticles
including low toxicity, low cost, and stability against pho-
tolytic lead to its widely used for the degradation of organic
pollutants [5,6]. However, the dominants drawbacks of
TiO, application are first, exciting the large bandgap (about
3.2 eV) with UV light, and second, increasing the recom-
bination probability of the photo-generated electrons due
to the simultaneous conducting of photooxidation and
photoreduction on the reaction site of TiO, surface. In
order to improve the photocatalytic characteristics of the
TiO, catalyst and overcome the mentioned problems, the
researchers proposed some solutions including TiO, link-
ing with magnetic metals, semiconductors doping, and
stabling on carbon-based nanomaterials. Furthermore, the
coupling of TiO, by semiconductors with narrow bandgap
can be used for modifying TiO, activity in visible light [7].
Among semiconductors, Bi,O, has been proposed as the
most important photocatalysts due to a narrow bandgap
and visible light absorbability [8]. Comparing to Bi,O,,
the TiO, has a low energy level of the conduction band
and leads to the transfer of the photogenerated electrons
from Bi,O, to TiO, and consequently, the TiO, performance
under visible light irradiation improved [9].

In the previous study, many light sources such as xenon
and fluorescent lamps have been used and depicted oper-
ational difficulties including high-temperature production,
UV light generation, and high costs related to the reflec-
tor for photocatalyst nanoparticle activation. In order to
overcome the above-mentioned concerns, some research-
ers have proposed the light-emitting diodes (LED) lamp
as a light source [10,11] and demonstrated that the LED
lamps have a longer lifespan, lower consumption of power,
smaller size, superior physical strength, and faster switching
comparing to traditional light sources [12].

The artificial neural network (ANN) model as a pow-
erful statistical tool is proposed based on the human brain
and used for establishing the complex nonlinear relation-
ships between independent and dependent influencing
factors. The ANN is optimized with training the model
by introducing some part of experimental data to find the
nonlinear correlations between the input and output data
sets [13]. The dominant advantages of the ANN are sim-
plicity in operation, high ability to learn the patterns with
minor adaptations, effective estimate of complex systems
even without the variables relationship recognition, and
independence from any regular experimental design [14-16].

In the present study, the researchers focused on the
synthesis of Bi,O,/TiO, catalysts by the solvothermal
method and used the synthesized composites for direct red
89 (DR89) degradation efficiency from aqueous solutions
under UV and visible light irradiations. The effect of some
parameters such as initial DR89 concentration, solution pH,
reaction time, Bi,)O,/TiO, dose, and co-existing inorganic
ions was studied. In addition, the combination of Bi,O,/TiO,
photocatalysis and persulfate for DR89 removal was exam-
ined. An important objective was to obtain an ANN model
which could make a reliable prediction of DR89 degradation
efficiency of the Bi,O,/TiO, photocatalysis process.

2. Materials and methods
2.1. Chemicals

In the present work, tetrabutyl titanate (Ti(OCH,),),
bismuth nitrate (Bi(NO,), + 5H,O), acetic acid (HAc), and
polysorbate 80 (T80) for catalysis synthesis were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA) without fur-
ther treatment. Sodium chloride (NaCl), calcium chloride
(CaCl, +2H,0), potassium dihydrogen phosphate (KH,PO,),
manganese sulfate (MnSO, + 4H,0), potassium nitrate
(KNQO,), magnesium sulfate (MgSO,), ammonium chloride
(NH,CI), NaOH, HCI, and sodium persulfate (Na,S,0,) were
collected from Merck Co. (Darmstadt, Germany). The DR89
(a double azo class, molecular formula: C,,H, N, Na,O, S,
molecular weight: 1,177 g/mol, CAS registry number:
12217-67-3, and A __: 494 nm) was obtained from Baharjin
Textile Factory, (Iran).

2.2. Bi,0,/TiO, catalyst synthesis

The schematic illustration of Bi,O,/TiO, catalyst fabri-
cation is shown in Fig. 1. The Bi,O,/TiO, was chemically
prepared using Bi(NO,), + 5H,0 and Ti(OC,H,), [17].

The synthesized Bi,O,/TiO, catalyst was subjected to
transmission electron microscopy (TEM), energy-dispersive
X-ray spectroscopy (EDX), Brunauer-Emmett-Teller (BET)
test.

2.3. Photocatalysis experiments

The removal efficiency of the synthesized Bi,O,/TiO,
catalyst was evaluated by monitoring the photodegrada-
tion of DR89 in an aqueous solution using LED (125 W) and
UV lamp (150 W, UV__, 254 nm). The photodegradation
experiments were carried out in a glass vessel (1,000 mL

Dissolving 14.0 mol of Bi(NO;); ¢ SH20 in
350 mol of HAc
|
Addition of 1 mol of Ti(OC4Hg),; and 0.17 mol
of T80 into solution with vigorous stirring
|
Ageing with stirring
(25 - 30 °C, 200 rpm and 24 h)

Annealing (150 °C for 24 in Teflon lined
stainless steel autoclave)
and cool to room temperature

l
Solution filtration and rinse gray particles
(3-5 times with deionized water)

|

\ Particles drying (105°C for 1 h) |

Catalysts calcination
(muffle furnace at 550 °C for 5.5 h)

Fig. 1. Schematic representation of Bi,O,/TiO, catalyst
fabrication.
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with 10 em inside diameter). The light source distance from
the top solution surface was fixed to 12 cm. In order to pro-
vide perfect mixing, a magnetic stirrer was used (200 rpm)
during all experiments. Several sets of photodegradation
experiments were conducted to determine the effects of pri-
mary parameters on DR89 removal including solution pH,
reaction time, initial DR89 concentration, Bi,O,/TiO, dose,
light source type, a dose of persulfate (PS), and co-exist-
ing cations and anions. The employed experimental con-
ditions for DR89 removal by Bi,0,/TiO, photocatalysis are
summarized in Table 1.

Before conducting the experiments, the solution was
put in a dark chamber for 30 min to achieving adsorption-
desorption equilibrium between the Bi,0,/TiO, catalyst
and the DR89 molecule. The residual DR89 concentration
in samples was quantified using a visible spectrophotom-
eter (Milton Roy Company 20D) at the wavelength (A )
of 494 nm.

2.4. Protocol of ANN modeling

The ANN modeling and calculations were carried
out using Matlab 14 mathematical software with neural

Table 1
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fitting toolbox (nftool). In the present study, a three-layer
feed-forward network with a sigmoid hidden neuron trans-
fer function (trainscg) and linear output neurons (fitnet), with
Levenberg—Marquardt back-propagation algorithm (trainim)
was constructed.

3. Results and discussion
3.1. Characterization of Bi,0,/TiO, catalyst

In order to observe the surface morphology of Bi,O,/TiO,
composite, TEM micrographs were taken and are illustrated
in Fig. 2.

As seen in Fig. 2, the Bi,O,/TiO, catalyst particles have
a hexagonal shape with typical lengths in the range of
22-150 nm. Karunakaran et al. [18] reported that Bi,O,/
TiO, particles are spherical in shape with a size between 72
and 110 nm. In addition, Sood et al. [19] synthesized Bi,O,/
TiO, using the hydrothermal method and concluded that
the nanoparticles formed aggregates or clusters with sized
particles ranging from 8 to 15 nm.

In order to calculate the BET specific surface area, pore
size, and pore volume of Bi,O,/TiO, composite particles, the

Experimental conditions employed in DR89 removal by Bi,O,/TiO, photocatalysis process

Studied parameter

Experimental conditions

Solution Reaction DR89  BiO,/ Light Persulfate  Cation type Anion type
pH time conc. TiO, dose  source dose
(min) (mg/L) (mg/L) (mg/L)

Solution pH 3 30 20 100 LED - - -
Reaction time 4 5-90 20 100 LED - - -
Bi,0,/TiO, dose 4 45 20 100-800 LED - - -
DR89 concentration 4 45 10-60 800 LED - - -
Light source 4 45 10-30 800 LED, UV - - -
Co-existing cations 4 45 20 800 LED, UV - Na*, K*, Ca*, Mg*
Co-existing anions 4 45 20 800 LED, UV - - CI, SOz, PO
PS dose 4 45 20 100 LED, UV  25-125 - -

(a)

(b)

150 nm

Fig. 2. TEM image of catalyst Bi,O,/TiO, catalyst (a) 100 nm and (b) 150 mn magnification.
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N, gas adsorption analyzer was used. The pore size distribu-
tion curves and N, adsorption-desorption isotherms Bi O,/
TiO, composite are shown in Fig. 3.

The BET examination indicated that the BET surface
area (S,,,), total pore volume (V,_ ), and mean pore diam-
eter were 1.56 m?g, 0.011 cm?*/g, and 29.26 nm, respec-
tively. The S_ . of commercial Bi, O, (0.4 m%g) was lower
than Bi,O, modified by TiO, [20]. A high S, of catalyst
provides more active sites, which are a clear reason for
enhancing the photocatalytic performance [21]. In addition,
the S, of Bi,O,/TiO, was lower than pure TiO, (82 m?/g)
[22]. According to Ayekoe et al. [22] study, when the Bi/Ti
ratio increased, the S, had reduced, probably due to the
low surface area of bismuth oxide. Sood et al. [19] observed
that the S, V, ., and mean pore diameter of synthesized
Bi,O,/TiO, composite were 156.8 m*g, 0.394 cm®/g, and
13.78 nm, respectively. Furthermore, Ayekoe et al. [22]
reported that V,_ , S, and mean pore diameters were
0.153 cm?®/g, 87 m*/g, and 3.5-7.5 nm, respectively. The EDX
pattern of the Bi O,/TiO, catalyst is depicted in Fig. 4.

As seen in Fig. 4, the peaks of Bi, Ti, and O could be
clearly seen which indicated the chemical composition
of Bi,O,/TiO, catalyst includes oxygen (11.62%), titanium
(0.19%), and bismuth (87.99%). According to Sood et al. [19],
the Bi,O,/TiO, catalyst included 19.76%, 33.19%, and 47.04 %
of Bi, Ti, and O elements, respectively.

3.2. Photocatalysis process performance

In the present study, the efficiency of Bi,O,/TiO, pho-
tocatalytic by using LED and UV lamp as a light source in

dVy/dr, x 10%
w

1 10 100
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the degradation of DR89 dye from aqueous solution was
systematically investigated (Table 1).

3.2.1. Effect of solution pH

The previous studies have reported that solution
pH significantly affects the photocatalytic process by
changing the surface charge properties of the semicon-
ductor [23,24]. In order to examine the effect of solu-
tion pH on the degradation efficiency of DR89 by Bi,O,/
TiO, photocatalysis, the experiments were carried out
by changing solution pH from 3 to 8 under LED light
irradiation and the obtained results are illustrated
in Fig. 5.

As seen in Fig. 5, the degradation efficiency of DR89
increased at acidic pH and decreased at alkaline pH. With
increasing solution pH from 3 to 4, the DR89 removal effi-
ciency was enhanced and then promptly depleted. The
highest and lowest DR89 removal efficiency by Bi,O,/TiO,
photocatalysis was obtained at a solution pH of 4 and 8 and
equal to 54.4% and 2.5% removal efficiency, respectively.
Thus, the DR89 removal efficiency by Bi,O,/TiO, is more
favorable under acidic conditions. This behavior is related
to the pH of PZC (pH,,.) of Bi,O,/TiO, composites. The
pH,,. of Bi,0,/TiO, composites was 6.8 and the solution pH
lower than pH,,. resulted in the positive charge of Bi,O,/
TiO, composites [25]. The existence of positive charges
under acidic pH on the surface of Bi,O,/TiO, composites
and the negative charges of DR89 dye molecules resulted
in the vigorous electrostatic interactions between them
and led to higher DR89 degradation [26].

(b)
—e—ADS
—~—DES

V, (cm¥g)

Element W% |A%
o 11.82 |63.47
Ti 0.19 0.35
Bi 87.99 |36.18
Total 100.00 | 100.00
e BiLer BiLg eV
10 15 )

Fig. 4. Energy-dispersive X-ray spectroscopy pattern of Bi,O,/TiO, catalyst.
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Fig. 5. Variation of DR89 removal by Bi,O,/TiO, photocataly-

sis (DR89 concentration: 20 mg/L; Bi,O,/TiO, dose: 100 mg/L;
reaction time: 30 min; LED as light source).

Conversely, the application of solution with pH values
above pH,,. and the surface of BiO,/TiO, composites was
charged positively [27]. In this condition, the electrostatic
repulsion between Bi,O,/TiO, composites surface and DR89
dye was predominant, indicating the unfavorable condition
for DR89 removals by Bi,O,/TiO, photocatalysis under LED
light irradiation from aqueous solution [28]. Sajjad et al. [29]
reported that the highest methyl orange degradation efficiency
was obtained for 25 mg/L of initial concentration at a pH of 4.

3.2.2. Effect of reaction time on Bi,0/TiO,
photocatalysis efficiency

In order to determine the optimum reaction time
for DR89 removal by the BiO,/TiO, photocatalysis, a
series of experiments were conducted at various reaction
times under optimum solution pH. In addition, the DR89
removal efficiency was examined by Bi,0,/TiO, adsorption
and LED radiation alone. Fig. 6 depicts the DR89 removal
efficiency by LED light, Bi,O,/TiO, adsorption, and Bi,O,/
TiO, photocatalysis.

As illustrated in Fig. 6, in each process, the DR89
removal efficiency was enhanced with reaction time incre-
ment. In addition, the Bi,0,/TiO, photocatalysis was exhib-
ited higher DR89 removal efficiency in comparison with
LED radiation and Bi,O,/TiO, adsorption. In case of Bi,O,/
TiO, photocatalysis, the DR89 removal efficiency was

Table 2
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Fig. 6. DR89 removal efficiency as a function reaction time by
Bi,0,/TiO, photocatalysis and Bi,O,/TiO, and LED light alone
(DR89 concentration: 20 mg/L; Bi,0,/TiO, dose: 100 mg/L;
solution pH: 4).

intensively enhanced from 17.7% to 60.77% with increasing
reaction time from 5 to 45 min and no significant removal
efficiency enhancement was observed with increasing
reaction time up to 90 min. During the trials involving
Bi,O,/TiO, photocatalysis, a reaction time of 45 min was
selected as optimum reaction time.

Many active sites are available on the surface of the cat-
alyst which can a reason for the high degradation rate of
the DR89 dye [30]. In case of Bi,O,/TiO, photocataysis pro-
cess under visible light irradiation, the DR89 removal was
constant with increasing reaction times from 45 to 90 min
(60.77%) since the active sites became saturated gradu-
ally [31]. The obtained data are in line with Pirinejad et
al. [32], who reported that the degradation efficiency of
acid black 1 improved from 19.8% to 71% with increasing
reaction time from 10 to 60 min but the efficiency slightly
increased and with increasing reaction time to 120 min.

3.2.3. Kinetic study

The kinetic study of Bi,O,/TiO, photocatalysis was pro-
cessed with the zero-order, first-order, and second-order
kinetic model to understand the constant rate of DR89
removal by Bi,O,/TiO, photocatalysis. The equation of
kinetic models Egs. (1)—(3) being used in the present study
are summarized in Table 2.

Integration and differential methods used to determine reaction rate coefficients

Rate expression Integration method Integrated form Equations
Zero-order T = Z—f =k, C-C,=—kyt 1)
First-order r= % =kC ln—o =kt 2)
Second-order r.= ac _ k,C? 1 1. k,t 3)

<4t
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Table 3
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Rate constants of kinetics models for DR89 removal by LED radiation, Bi,O,/TiO, adsorption, and Bi,O,/TiO, photocatalysis

Kinetic type Parameters Value
LED light Bi,0,/TiO, adsorption Bi,0,/TiO, photocatalysis

Zero-order k, 0.009 + 0.005 0.085 + 0.02 0.125+0.03

Reduced Chi-Square 0.15 3.22 7.42

R, 0.25 0.64 0.67
First-order k, 0.0004 + 0.0001 0.006 +0.01 0.012 +0.0001

Reduced Chi-Square 0.15 0.022 0.205

R, 0.25 0.99 0.98
Second-order k, 0.00003 +0.0001 0.0003 +0.0001 0.0011 £ 0.0001

Reduced Chi-Square 0.15 0.022 0.69

R? 0.24 0.98 0.93

adj

where C; and C indicate the influent and effluent concen-
tration of DR89, respectively, k, k,, and k, represent the rate
constant of zero, first and second-order kinetic, respec-
tively, and ¢ is the reaction time. The values of rate constants
of studied kinetics and their regression coefficients are
presented in Table 3.

Based on the Ridj, the degradation of DR89 was fol-
lowed by first-order reaction kinetics in LED radiation,
Bi,0,/TiO, adsorption, and Bi,O,/TiO, photocatalysis pro-
cesses (Table 3 and Fig. 7).

Many studies have shown that the decomposition of
the pollutants in the photocatalytic oxidation process fol-
lows the first-order kinetic model [33]. As presented in
Table 3, the significant enhancement of the DR89 removal
rate (k ., light+B1,0,7Ti0, 0.012 mg/L min) was observed during
the application of the Bi,O,/TiO, photocatalysis process.
The synergistic effect between LED light and Bi,O,/TiO,
could be quantified as the normalized difference between
the rate constants obtained under Bi,O,/TiO, photocatalysis
and the sum of the separate LED light and Bi,O,/TiO, rate
constants. Eq. (4) was used to evaluate the synergistic effect
on the DR89 removal rate in the Bi,O,/TiO, photocatalysis
process.

Kiep light + Bi,0,/TiO,

Synergetic effect = P

=19 )
LED light T kBizOﬂiOz

The rate constant of the Bi,O,/TiO, photocatalysis was
around twice (0.012-0.0064) the sum of the individual LED
light and Bi,0,/TiO, processes.

3.2.4. Effect of Bi,0,/TiO, composite dose

By applying different doses of Bi,O,/TiO, composite
in photocatalysis experiments, the effect of catalyst dose
on DR89 removal efficiency has been investigated and the
obtained results are revealed in Fig. 8.

As illustrated in Fig. 8, the removal efficiency of DR89
by Bi,O,/TiO, photocatalysis was increased from 60.7% to
94.8% with increasing the dose of Bi,O,/TiO, composite from
100 to 800 mg/L. This situation was presumably related to

the increase in the surface area and the number of active
sites on the Bi,O,/TiO, composite surface. Consequently,
the generation of electron-hole pairs on the surface of the
catalyst was increased and led to the higher production of
*OH radicals and resulted in higher DR89 removal efficiency
[24]. Egs. (5)-(8) show the formation of the reaction of *OH
by the photocatalytic process [34].

h"+H,0—->H"+‘OH (5)
h*+OH —°OH (6)
e +0,>°0; (7)
"0, +H,0+H' - H,0, + OH" 8)
H,0, +e” - "'OH+OH" )

In addition, another reason for more efficient removal
with the increasing catalyst dose was that the number of
dye molecules adsorption on catalyst surface was increased
[35]. Fu et al. [36] indicated that LR5B degradation effi-
ciency enhanced when the catalyst dose increased from 10
to 80 mg/L. Furthermore, Uheida et al. [24] demonstrated
that the dose of catalyst is an effective parameter in the
destruction of organic pollutants and degradation efficiency
was improved by increasing the catalyst dose. An over-
view of previously published research on organic pollut-
ant degradation by different photocatalysts is summarized
in Table 4.

3.2.5. Effect of initial DR89 concentration

The variations of DR89 removal efficiency by Bi,O,/TiO,
photocatalysis as a function of initial DR89 concentration
are depicted in Fig. 9.

As depicted in Fig. 9, the DR89 removal efficiency
was raised with increasing initial DR89 concentra-
tion from 10 to 20 mg/L and then the steepness trend of
removal efficiency was observed with increasing initial
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Fig. 7. The non-linear fitted plot of kinetic models of DR89 removal by (a) LED radiation, (b) Bi,O,/TiO, adsorption, and (c) Bi,O,/TiO,

photocatalysis.
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Fig. 8. Effect of different Bi,O,/TiO, composite dose on DR89
removal efficiency (DR89 concentration: 20 mg/L; solution
PpH: 4; reaction time: 45; LED as a light source).

DR89 concentration. The results of this study are in line
with the findings reported by Rahimi et al. [40]. Further,
some studies reported that dye degradation efficiency
was reduced with an increase in dye concentration [46,47].

The decreasing trend of dye degradation with high initial
concentrations is due to (i) the constant number of active
catalyst positions [48], (ii) the production of ‘OH is con-
stant at all dye concentrations and the reaction between
dye molecules and *OH radical decreases [49], and (iii) the
dye molecules acts as a filter and reduces the penetra-
tion of radiated beam [50]. The radical formation during
the photocatalysis process with Bi,O,/TiO, composite
under LED and UV-C irradiation are illustrated in Fig. 10.

3.2.6. Irradiation source type

Fig. 11 illustrates a comparison of DR89 removal effi-
ciency with Bi,O,/TiO, photocatalysis by using UV-C and
LED irradiation as a light source.

As can be seen, the DR89 removal efficiency by Bi,O,/
TiO, photocatalysis under LED radiation at a low initial
concentration of DR89 (10 mg/L) was significantly higher
than Bi,0,/TiO, photocatalysis by UV-C radiation. Siddiqa
et al. [51] studied the removal of dyes and phenol and indi-
cated that the photocatalytic performance of the nanocom-
posites under visible light irradiations was much higher
than for UV irradiation. Furthermore, higher initial DR89
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Table 4
Removal of organic pollutants using different photocatalysts
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Catalyst type Catalyst Contaminate Concentration pH Reaction Light Degradation References
does (mg/L) time source (%)
(mg/L) (min)
Bi,0,/TiO, 500 Ofloxacin 25 7 120 Solar 92.4 [19]
Bi,0,/TiO, 1,000 Dibutyl phthalate 5 - 240 Visible 45 [8]
Bi,0,/TiO, - Orange 11 50 - 220 UV-Vis 100 [37]
Bi,0,/TiO, 50 Quinalphos 25 8 100 Visible 92 [25]
Ag/Bi,O,/TiO, - Methyl orange - 180 uv 99 [38]
Cu-Bi,0,-TiO, 1,200 Methyl orange 10 4 - Visible 74 [33]
GO/TiO, 1,000 Rhodamine B 20 4 120 UV-Vis 100 [39]
BiVO,/TiO,-zeolite 1,700 Acid orange 10 10 3 50 Visible  99.9 [40]
Fe,0,@Si0,@TiO,/rGO 200 2,4-dinitrophenol 40 7 30 uv 88.8 [41]
BiVO,/TiO, 2,000 Arsenic 3 45 120 LED 99.9 [42]
TiOz/FesO4/multi—walled 100 1-methylimidazole- 10 60 uv 82.7 [43]
carbon nanotubes 2-thiol
TiO, 50 Ibuprofen - 7 60 uv 80 [44]
TiOZ/AB/PS 500 Tetracycline 30 — 120 Visible 93.3 [45]
Bi,0,/TiO, 800 DR89 20 4 45 LED 94.8 Present study
120 cations and anions (5 mmol/L) using LED and UV-C as a
light source (Fig. 12).

100 + As observed in Fig. 12, the presence of co-existing anions
9 in both photocatalytic systems have a more pronounced
= %01 Q/&’\/@\@ effect comparing with co-existing cations, and the highest
é 60 - inhibiting effects on DR89 removal efficiency are related
] to PO} ions. The effect of co-existing anions on the photo-
2 40 catalytic activity of Bi,O,/TiO, composite is summarized
8 in the reducing order as shown below.

20 PO}>Cl->SOx
° 0 10 20 30 40 50 60 70

Initial DR89 concentration (mg/L)

Fig. 9. DR89 removal efficiency by Bi,0,/TiO, photocataly-
sis as a function of initial DR89 concentration (solution pH: 4;
reaction time: 45 min; BiZO3/T i0, dose: 800 mg/L; LED as a light
source).

concentration led to approximately equal DR89 removal
efficiency under LED and UV-C radiation. The LED lamps
were suggested as a light source in this study due to many
drawbacks related to the UV lamps including fragility, the
danger of explosion for their high pressures, working tem-
peratures, and the hazardous and toxic substances in UV
lamp structure, and the advantages of LED lamps [12].

3.2.7. Effect of co-existing cations and anions

In order to study the effect of co-existing cations and
anions on the photocatalytic activity of Bi,O,/TiO, com-
posite, the mono, di, and trivalent co-existing cations and
anions including Na*, K*, Mg*, Ca*, CI-, SO and PO were
selected. The Bi,0,/TiO, photocatalysis experiments were
carried out at the constant concentration of co-existing

The previous study reported that the presence of anions
would change the ionic strength of the medium as well as
the generation of various radical species, influencing the
degradation efficiency of organic pollutants [52]. The sul-
fate ions react with holes and *OH radicals and produce
sulfate radicals (SO;") based on Egs. (10) and (11).

SO%™ +*OH — SO;" + OH~ (10)

SO +h* —»S0O;* (11)
Hence, the amount of holes and *OH radicals reduced
[53] and °*OH radicals are more reactive than SO;* rad-
ical [41]. In case of CI” ions, it can scavenge the holes in
the photocatalysis system and reduce the yield of the
in-situ H,O, formation based on the Egs. (12) and (13) [54].

Cl" +*OH - Cl' + OH" 12)

Cl'+h" > CI’ 13)

Eskandarloo et al. [52] studied triphenylmethane dye
removal and indicated that the dye degradation efficiency
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Fig. 11. Variation of DR89 removal by Bi,O,/TiO, photocatalysis

under LED and UV-C radiation (solution pH: 4; reaction time:
45 min; BiZOS/T i0, dose: 800 mg/L).

decreased with SO and CI" addition into the medium.
The degradation efficiency of DR89 is significantly inhib-
ited in the presence of PO;". This result may be attributed
to the increased charge of PO? ions. The photo-generated
holes can be consumed by POs‘ which can be converted to
H,PO, and H,PO? ions. The HPOj‘ ions can capture pho-
to—generated holes and can be converted to H,PO; ions
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[55]. In addition, the presence of H,PO; in solution leads
to lowers the photocatalysis efficiency by scavenging
*OH radicals as shown in Eq. (14) [56].
HO" + H,PO; > OH™ +H,PO; (14)

Fu et al. [36] investigated the influence of the PO
ions as co-existing anion on the decomposition of Lanasol
Red 5B and concluded that the presence of PO} ions
inhibit the degradation efficiency of the photocatalysis
process.

As illustrated in Fig. 12, the presence of K' ions as
co-existing cations showed promoting effects on DR89
removal efficiency by Bi,O,/TiO, photocatalysis under LED
irradiation. This result may be attributed to the adsorption
of K* cation at the interface of Bi,O,/TiO, composite and
electrolyte and lead to the more positive surface charge of
catalyst. Therefore, the interactions between the dye mole-
cules and the catalyst surface increased, and consequently,
the degradation efficiency of the photocatalysis process
increased [57].

In addition, the presence of Na' cation in the photocat-
alytic system was depicted to have a more inhibiting effect

on DR89 removal efficiency than other studied cations.
The overall DR89 removal efficiency drops by Bi,O,/TiO,

(b)100

90 A1
80 1
70 A1
60 1
50 1
40
30 1
20 A1
10
0

None SO
Anion tvpoe
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ll

DR89 removal (%)

Fig. 12. Effect of co-existing (a) cations and (b) anions on photocatalytic activity of Bi,O,/TiO, composite (DR89 concentration:

20 mg/L; solution pH: 4; reaction time: 45; Bi,

Og/TiO2 dose: 800 mg/L; LED and UV-C as light source).



342 A. Bazmeh et al. /| Desalination and Water Treatment 212 (2021) 333-346

photocatalysis using LED as a light source are summarized as
follows.

Na+ > Ca2+ > Mg2+

Similar results have been presented by Fu et al [36],
demonstrating that the degradation efficiency of Lanasol
Red 5B decreased from 95% to 87% with the application of
Ca? ions as co-existing cations. By adding Ca? and Mg?* ions,
the photocatalytic decomposition of DR89 was decreased,
which may be due to the reaction of Ca* and Mg* with
DR89 molecules or intermediates to form stable metal com-
plexes, which are more difficult to be degraded [36,58]. Fan
et al. [59] stated the presence of Mg* ions in the medium
slightly inhibited the photocatalytic degradation of naproxen.

In case of UV-C irradiation, the reduction of DR89
removal efficiency for studied cations was in the order of
Na*> K> Mg?* > Ca?.

When UV-C was used as a light source in Bi,0,/TiO,
photocatalysis, the divalent cations (Mg? and Ca*") showed
a lower depleting effect on DR89 removal efficiency com-
paring with monovalent cations (Na" and K*). This was
presumably related to high ionic strength due to the exist-
ing cations in medium and preventing the electrostatic
repulsive by a compression of the electric double layer due
to high valency. The strong electrostatic field of cations
was the most efficient at compressing the electric double [43].

3.2.8. Application of persulfate as additives

The performance of Bi,O,/TiO, photolysis in DR89 removal
was investigated by adding the PS under LED and UV-C irra-
diation. Fig. 13 illustrates the effect of various PS doses (2.5-
12.5 mg/L) on the decomposition efficiency of DR89.

As shown in Fig. 12, the highest removal efficiency of
DR89 under LED and UV-C irradiation was observed at PS
dose of 2.5 and 5 mg/L, respectively. The increase of removal
efficiency could be ascribed to the generation of photo-in-
duced electron and hole under UV-C and LED irradiation
which reacted with PS to form more SO;* radical. Thus, the
highly active *OH radicals are generated with the subsequent
reaction of SO, radical and water molecules. As a result, the
aromatic rings of DR89 could be effectively broken down
with the combination of *“OH and SO;* radicals [60]. The
main reaction processes are listed below (Egs. (15)—(18)) [61].

S,0% +2e” — 2507 (15)
S,0% +hv - 250;° (16)
250, +H,0 - 2507 + ‘'OH+H" (17)
SO* +*OH - SO;" + OH" (18)

Zhang et al. [45] reported that with increasing PS
dose from 0 to 3 mmol/L, the tetracycline decomposition
increased and the degradation of tetracycline decreased
by applying the PS dose higher than 3 mmol/L. This
behavior was presumably related to this fact that SO;*

100
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DR89 removal (%)

—e—LED
—A—UV

0 2 4 6 8 10 12 14
Persulfate dose (mg/L)

Fig. 13. Variation of DR89 removal efficiency by Bi,O,/TiO,

photocatalysis with persulfate surplus (DR89 concentration:

20 mg/L; solution pH: 4; reaction time: 45; Bi,O,/TiO, dose:

100 mg/L).

radicals scavenging would occur at higher PS concen-
trations based on Egs. (19) and (20). Furthermore, SO,
was more reactive than S,0;° [62].

SO;" +5,07 —5,0;" + S0 (19)

SO," +50," > 5,07 (20)

3.3. ANN modeling

In the present study, the ANN was constructed by
determining the number of layers, the number of nodes in
each layer, and the nature of the transfer functions to pre-
dict the removal by the Bi,O,/TiO, photocatalysis process.
The ANN topology optimization is presumably the criti-
cal steps in the model development. In this study, a three-
layered, feed-forward back-propagation neural network
was used. The ANN examined in the present study was
comprised of four inputs parameters including solution
pH, reaction time, Bi,O,/TiO, dose, and initial DR89 con-
centration. Table 1 summarizes the range of studied param-
eters. The output layer comprised one neuron represent-
ing DR89 removal efficiency. In order to feed the ANN
structure, 26 experimental sets were randomly divided
into training (70%), validation (15%), and test subsets
(15%). Since the used transfer function in the hidden layer
was sigmoid; all samples should be scaled into the 0.1-0.9
range according to Eq. (21).

X =X .
X, =[0.8——™— |+0.1
i,norm _
xi,max xi,min

where x, . and x,__ represent the lowest and high-
est values of variable x. The sigmoidal transfer function
was used as a transfer function in the hidden and out-
put layers. This is the most widely used transfer function,
given by Eq. (22).

210

1

f)= 1+ exp(—x) (22)
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where f(x) represents the hidden neuron output. In order
to optimize ANN, the different numbers of neurons rang-
ing from 2 to 20 in the hidden layer were examined and
judged based on the minimum value of the mean square
error (MSE) of the training and validation sets (Fig. 14).

A good method for choosing the number of train-
ing epoch is to use the validation data set periodically
to compute the error rate for it while the ANN is being
trained. Fig. 15 shows the progress of the MSE with the
number of iterations of training, validation, and test.

As seen in Fig. 15, the MSE decreases in the early epochs
of backpropagation but after a while, it begins to increase.
The obtained results indicated that the minimum MSE of the
validation set could be achieved in the epochs about 11. After
11 epochs, the MSE slightly increased. Therefore, 11 epochs
were selected as the optimum epoch number. The optimized
ANN consisted of input, hidden and output layers of 4,
13, and 1, respectively, which was used to the modeling
of DR89 removal efficiency by photocatalysis (Fig. 16).

The precision of the ANN model was investigated with
a comparison between predicted values and experimental
data. It should be noted that each topology was repeated

60

50

40

30

MSE x 102

20

three times to avoid random correlation due to the ran-
dom initialization of the weights. Fig. 17 shows a com-
parison between normalized experimental and predicted
values of DR89 removal efficiency by using the optimum
neural network model with 13 neurons in the hidden layer.

The plot in Fig. 17 has a correlation coefficient of 0.993
for the test set which confirmed that the ANN model is a
good method of predicting the experimental data within
the adopted ranges. All the DR89 removal efficiency per-
formed an inverse range scaling to return the predicted
responses to their original scale and compared them with
experimental responses (Fig. 18).

These results confirm that the ANN model reproduces
the DR89 removal efficiency in the photocatalysis pro-
cess within the experimental ranges adopted in the model
fitting. The relative importance of input parameters on
the DR89 removal efficiency was computed based on the
partitioning of connection weights (Eq. (23)).

m=N,,

k=N;
> [[l Wi 1= W |]x|wj;g |]
k=1

m=1

I =

J k=N,| m=N, ) k=N, )
> (IWJ,‘H‘}HZIWI(‘;IJXIWKI
k=1 m=1 k=1

(23)
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Fig. 14. Performance of ANN as a function of neurons num-
ber in the hidden layer.
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Fig. 16. Structure of optimized ANN.
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Fig. 17. Comparison of the normalized experimental results of
DR89 removal efficiency with ANN predicted for the data set.
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where [, represents the relative importance of the j* input
parameters on the output variable, N, and N, represent
the numbers of input and hidden neurons, respectively;
W indicates connection weights, the superscripts “i”, “h”
and “0” refer to input, hidden and output layers, respec-
tively; and subscripts “k”, “m” and “n” refer to input, hidden
and output neurons, respectively. The calculated relative
importance of various input parameters is shown in Fig. 19.

As seen in Fig. 19, all independent parameters (solution
pH, reaction time, Bi,0,/TiO, dose, and initial DR89 con-
centration) strongly influence the DR89 removal efficiency
and none of the parameters could be neglected in the pres-
ent analysis. However, the solution pH with a relative
importance of 37.5% appeared to be the most influential
parameter in the photocatalysis process.

4. Conclusions

In this study, Bi,0,/TiO, composite has been success-
fully synthesized by the solvothermal method and BET,
EDX, and TEM analysis used for composite characteri-
zation. The synthesized Bi,O,/TiO, composite was subse-
quently used for DR89 removal efficiency from aqueous

Bi,04/TiO, dose U U24'3
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: . (==
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Fig. 19. The relative importance of input parameters on DR89
removal efficiency.

solutions under LED and UV-C light irradiation. The kinetic
data indicated that the adsorption process was followed
by the first-order kinetic model. The results indicated that
the optimum conditions for DR89 removal efficiency were
solution pH of 4 and a Bi,O,/TiO, composite dose of 800 at
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20 mg/L of initial DR89 concentration. Under optimum con-
ditions, the Bi,O,/TiO, photocatalysis under LED light was
achieved to 94.8% removal efficiency of DR89 at 45 min
reaction time. In comparison with other co-existing anions
and cations, the PO ion, showed more inhibition effects on
photocatalytic decomposition of DR89. In addition, adding
the PS enhanced the DR89 removal efficiency at the con-
centration of 2.5 and 5 mg/L under UV-C and LED irradi-
ation. The correlation coefficient for ANN was calculated
0.993, confirming that the predicted data from the designed
ANN model were in good agreement with the experimen-
tal data. The obtained results proposed that the Bi,O,/TiO,
composite under visible light could be efficiently used
for photocatalytic degradation of organic pollutants from
textile mills and other similar industries.
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