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This study examined the implementation of artificial neural network (ANN) for the predic-
tion and modeling of methylene blue (MB) and methyl orange (MO) dyes decolorization in
aqueous solution using Sn/Zn-TiO, nanoparticles prepared by sol-gel method. Operational
parameters such as amount of catalyst, concentration of dye, reaction time, and temperature
of solution were employed as inputs to the network and dye decolorization efficiency was
the output of the network. ANN predicted results are in good agreement with the experi-
mental results data with a correlation coefficient (R?) of 0.9839 and 0.9887 for MB and MO
dyes, respectively. The sensitivity analysis investigated that studied parameters have differ-
ent effect on dyes decolorization. For both dyes, reaction time is the most influential param-
eter and the temperature of solution is the less influential variable in the removal efficiency
of both dyes. The results indicated that neural network modeling could effectively predict
and model the photocatalytic activity of the prepared Sn/Zn-TiO, nanoparticles.
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1. Introduction

Large quantities of dyes are produced and used in
various industries including textile, cosmetic, paper,
leather, pharmaceutical and nutrition industries [1].
The presence of dyes even at very low concentrations
in effluent is highly visible and undesirable. It causes
some serious problems to aquatic life and human
health [2]. Diverse methods such as precipitation,
adsorption, air stripping, flocculation, reverse osmosis,
and ultrafiltration have been wused for pollutant
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removal from aqueous solution. However, these pro-
cesses only transfer organic pollutants from liquid to
solid phase, giving rise to new type of pollution and
requiring further treatment [3-6]. In recent years,
advanced oxidation processes (AOPs) have been used
for complete decolorization of organic pollutants [7].
Heterogeneous photocatalysis as one of the AOPs can
provide an interesting route to complete destruction of
contaminants to CO,, H,O, and corresponding mineral
acids [8]. Among various semiconductors, much con-
sideration has been given to TiO, due to its outstand-
ing chemical stability, nontoxicity, low cost, and
excellent destruction of organic contaminants [9].
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However, photocatalytic efficiency is low due to fast
recombination of photogenerated electron-hole pairs
[10]. Doping of a metal ion in a semiconductor is
known to improve the trapping of electrons and inhi-
bit electron-hole recombination [11]. There are many
reports in the case of doping single metal ion which
can enhance the photocatalytic efficiency of TiO,.
However, there are only a few papers concerning with
codoping both metal ions for nanosized TiO, [12].

Intrinsic and extrinsic factors can influence decol-
orization of pollutant. The factors such as crystallinity,
surface area, morphology, and optical absorption are
related to intrinsic factors. Extrinsic factors are related
to the operational parameters such as pollutant con-
centration, photocatalyst loading, intensity and wave-
length of UV light, temperature, and reaction time.
Also, the destruction rate can be affected by the pres-
ence of oxidants, dissolved metal ions, and organic
materials [13,14]. From both application and economic
point of view for photodecolorization process, the
influence of extrinsic factors are considered as impor-
tant factors to be determined particularly from the
optimum decolorization conditions and limitations.

In recent years, artificial neural networks (ANN5)
are applied for simulations in different fields of sci-
ence and engineering. Applying of ANN as the mod-
eling technique is a suitable procedure, due to the
intricacy of the reactions in a photocatalytic treatment
processes including solving the equations that include
the radiant energy balance, the spatial distribution of
the absorbed radiation, mass transfer, and mecha-
nisms of these processes [15].

It is known that ANN model can be applied to
solve environmental engineering problems. For exam-
ple, Moral et al. applied the ANN technique for Mod-
eling of DOC Removal from Antibiotics Aqueous
Solution by Fenton Process Treatment [16]. Prakash
et al. applied ANN to predict the physiochemical
wastewater treatment [17]. Frontisti et al. employed
ANN for modeling of the photodecolorization of 17a-
ethynylestradiol (EE2) in various process conditions
using TiO,-P25 nanoparticles and calculated the rela-
tive significance of the operational parameters on the
value of 17a-ethynylestradiol photocatalytic decolor-
ization [18]. Ayodele et al. employed ANN to investi-
gate the hierarchy of importance of process variables
influencing the degradation of amoxicillin in a hetero-
geneous photo-Fenton process [19]. However, there
are few studies on applications of ANN model in
AOPs.

The aim of this research work is to investigate the
influence of various parameters on the photocatalytic
decolorization of two textile dyes, namely methyl
orange (MO) and methylene blue (MB), by UV-light
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irradiation in the presence of Sn/Zn-TiO, nanoparticles.
The effects of some operational parameters (such as
photocatalyst dosage, initial pollutant concentration,
temperature of solution, and reaction time) on the pho-
tocatalytic decolorization of MO and MB were investi-
gated and modeled using a multilayer feed-forward
neural network model. Also, the relative importance of
each operational parameter was calculated based on the
connection weights of the ANN model.

2. Experimental
2.1. Materials

MB and MO were two pollutants studied in these
experiments which were purchased from Merck and
used without any further purification.

In our previous work, we reported preparation of
Sn/Zn-TiO, nanoparticles from tetrabutyl titanate [Ti
(OC4Hy)y, TBOT], ethanol, and water by sol-gel
method [20]. Initially, 5ml TBOT was slowly dissolved
in 15ml ethanol. Then, a mixture of 5 ml distilled H,O
and 10 ml ethanol was added dropwise into the above
mixture. After continuous stirring for 3h at room
temperature, the yellowish transparent sol was
obtained. The sol was allowed to stand for 24h at
room temperature and TiO, xerogel was obtained.
Finally TiO, xerogel was calcined in air at 450°C for
3 h and TiO, nanoparticles were obtained [21]. Sn/Zn-
TiO; (0.75mo0l.% Sn, 0.75mol.% Zn) nanoparticles with
a total metal doping of 1.5mol.% were prepared by
the above method, except that the water used for the
preparation contained the required amount of SnCly
and ZnCl, [10]. Table 1 shows the percentage weight
as well as percentage of atomic elements in the sample
which resulted from energy dispersive X-ray spectros-
copy (EDX) data.

5n/Zn-TiO, nanoparticles was characterized by
means of various analysis methods such as X-ray dif-
fraction (XRD), transmission electron microscopy
(TEM), EDX and N, adsorption-desorption isotherm,
and Brunauer-Emmett-Teller (BET). The prepared
sample showed specific surface area of 106.3m’g !,

Table 1
Composition (0.75mol.% Sn, 0.75mol.% Zn) of Sn/Zn-TiO,
nanoparticles

Element Weight (%) Atomic (%)
Ti 60.15 35.878

@) 34.95 62.622

Sn 3.165 0.75

Zn 1.735 0.75
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Fig. 1. TEM image of Sn/Zn-TiO, nanoparticles.

mean pores diameter of 8.3 nm, and crystallite size of
8-10nm [20]. The TEM image of the prepared Sn/Zn-
TiO, nanoparticles is shown in Fig. 1.

2.2. Studies and analysis

Photocatalytic decolorization studies were carried
out at atmospheric pressure in a batch quartz reactor,
as previously reported [20]. The light was provided by
15W (UV-C) mercury lamp (with a wavelength peak
at 254 nm), which was put above the batch photoreac-
tor. In each run, desired amounts of Sn/Zn-TiO, nano-
particles and dyes were fed into the quartz tube
reactor and placed in the darkness for 30 min in order
to establish an adsorption—desorption equilibrium. The
zero time reading was obtained from blank solution
kept in the darkness. While vigorous stirring, the reac-
tion mixture was illuminated by UV lamp. Then at
certain reaction intervals, 5ml of sample was with-
drawn, centrifuged for 15min at 5,000rpm and the
concentration of dyes was determined by UV-vis Per-
kin-Elmer 550 SE spectrophotometer at wavelengths of
665nm (MB) and 465nm (MO). Scheme 1 shows
chemical structures of MB and MO.

3. Results and discussion

3.1. Effect of the amount of Sn/Zn-TiO, photocatalyst on
photodecolorization of MB and MO dyes

Fig. 2 shows the effect of the amounts of Sn/
Zn-TiO, nanoparticles on photodecolorization of MB
and MO which investigated under predetermined
experimental conditions with MB concentration of
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35mg L', MO concentration of 10 mg L}, reaction
time equal to 9min at room temperature, and chang-
ing the weight of Sn/Zn-TiO, in range 0.1-0.6 gL ™" Tt
was observed that percentage decolorization of MB
was increased from 51.6 to 93.7% in MB and from 46.4
to 88.1% in MO when Sn/Zn-TiO, amount was raised
from 0.1 to 04gL™". This increase in the efficiency
was due to an increase in the number of active sites
on Sn/Zn-TiO, surface that in turn increases the rate
of “OH and °O, formation. Further increase in the cat-
alyst amount beyond 0.4gL™", the rate of decoloriza-
tion slightly decreased for both dyes. This reduction
in the efficiency was due to the decline in the penetra-
tion of UV light with surplus amount of Sn/Zn-TiO,
nanoparticles [22]. The solution becomes more turbid
with the surplus addition of Sn/Zn-TiO, nanoparticles
and light penetration was deferment [23]. Also, acti-
vated molecules could be deactivated due to collision
by ground state molecules in the result of the addition
of surplus Sn/Zn-TiO, nanoparticles [24]. An amount
of 04gL™" of photocatalyst was used for the subse-
quent photocatalytic decolorization experiments.

The results showed that photodecolorization rate
of MB is much higher than MO. The required irradia-
tion time for 35mgL™" MB is equal to the required
irradiation time for 10mg L™ MO. It is concluded that
photocatalytic decolorization rate of dyes is affected
by the chemical structure of dyes. It is well known
that under illumination of Sn/Zn-TiO, by UV light,
electron-hole pairs are generated. As shown in
Scheme 1, MO is an azo dye and MB is a thiazine dye.
The existence of a positively charged N* group in MB
molecular structure causes to interact it by the excited
electrons of the photocatalyst Sn/Zn-TiO, leads to the
fast oxidation of MB through holes, whereas the pres-
ence of a withdrawing group, SO3~, is probably at the
origin of the less efficient of MO decolorizations. The
low decolorization rate of MO as an azo dye is due to
difficult conversion of N atoms in the structure of MO
into oxidized nitrogen compounds. The interaction of
aliphatic chain with "OH is small and these radicals
are short lived [25]. However the decolorization of
MO solution is related to cleavage of the azo linkage
in MO molecules. The nitrogen to nitrogen double
bonds (-N=N-) as characteristic of azo dyes are the
most active bonds in azo dye molecules and deter-
mine their olors. These bonds can be oxidized either
by positive holes or “OH [26].

3.2. Effect of initial dye concentration

The effect of change in initial dye concentration on
decolorization percentage in range (10-70 mgL™") was
investigated by keeping other experimental conditions
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Fig. 2. Effect of Sn/Zn-TiO, dosage on the decolorization efficiency of MB and MO. [MB];=35mgL™", [MO],=10mgL™"},

t =9 min, and temperature of solution =298 K.

constant at room temperature, reaction time equal to
9min, and 0.4gL™" catalyst concentration. It can be
seen from Fig. 3 that the decolorization efficiency
decreases as the initial dyes concentration increases.
This behavior can be explained by following reason:

e With increasing of the dye concentration, more
and more organic substances and intermediates
are adsorbed on the surface of photocatalyst,
and therefore the reaction of dye molecules with
photogenerated holes or hydroxyl radicals is
inhibited due to the lack of any direct contact
between them [27,28].

e At high concentration of dye, the photocatalyst
surface was covered mainly by pollutant mole-
cules and production of “OH and "O, superox-
ide radicals were decreased [29].

3.3. Effect of reaction time

The effect of UV-light irradiation time on the pho-
tocatalytic decolorization of MB and MO was investi-
gated from 2 to 17 min, at 35mg L ' MB concentration,
10mgL™" MO concentration, 0.4gL™" catalyst concen-
tration, and at room temperature. The results are
shown in Fig. 4. The results clearly show that the
photodecolorization efficiency increases with time.
After 9min, the percentage of decolorization is not
changed so much.

3.4. Effect of temperature

The effect of change in reaction temperature on
decolorization percentage in range (293-313K) was
investigated by keeping other experimental conditions

100
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=
z 70
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=
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=
S
a
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o
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Fig. 3. Effect of initial dyes concentration on the decolorization efficiency of MB and MO. [Sn/ Zn—TiOz]O:O.ALgL_l,

t =9 min, and temperature of solution =298 K.
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Fig. 4. Effect of reaction time on the decolorization efficiency of MB and MO. [Sn/Zn-TiO,lo=0.4gL™", [MBl,=35mgL"",

[MOJy=10mgL™", and temperature of solution =298 K.

constant at MO concentration of 10mgL™", MB con-
centration of 35mgL™~", reaction time equal to 9 min,
and Sn/Zn-TiO, catalyst dosage of 04gL™'. The
results are plotted in Fig. 5. It can be seen that decol-
orization rate of MB increased from 90.11 to 99.05% in
MB and from 89.2 to 95.14% in MO when the temper-
ature was increased from 293 to 313K for both dyes.
Therefore, the photocatalytic reaction is not very tem-
perature dependent. It is well known that electron-
hole pair generation in the presence of light source is
responsible for initiation of photoreaction. Therefore,

the photodecolorization systems are usually operated
at room temperature and do not need heating.

3.5. ANN modeling

ANNs is a well-known method for its ability in
learning, simulation, and prediction of experimental
data. A multilayered perceptron neural net has an
input layer of neuron (independent variables), a num-
ber of hidden layers, and the output layer (dependent
variables). The number of input and output neurons is

Decolorization efficiency (%)

293 285 298

300 305

310 313

Temperature {0 )

Fig. 5. Effect of temperature of solution on the decolorization efficiency of MB and MO. [Sn/Zn-TiOz]O:O.ALgL_l,

[MBly=35mgL~", [MOly=10mgL™", and =9 min.
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Table 2
The ranges of input and output variables
Variable Range of the parameter value
Input layer

Sn/Zn-TiO, dosage (gL ™) 0.1-0.6

Initial dye concentration (mgL™") 15-70

Reaction time (min) 2-17

Temperature (K) 293-313

Output layer

Decolorization efficiency (%) 31-99.9 (for MB)
14-100 (for MO)

0.016

0.014 -

0.012 -

0.01 4

0.008 -

MES

0.006 -

0.004 -

0.002 -

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Number of Hidden Neurons

Fig. 6. Effect of the number of neurons in the hidden layer on the performance of the neural network.

Hidden layer

Input layer Output layer

[SW/Zn-TiO:]s
[Dye]o

—> Decolorization efficiency (%)
Reaction time

213

Temperature

Fig. 7. Schematic illustration of the optimized ANN structure.
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Fig. 8. Comparison between ANN predicted and experimental decolorization efficiency (%) values for the test set of

(a) MB and (b) MO dyes decolorization.

determined by the nature of the problem. The hidden
layers act like feature detectors; there can be more
than one hidden layer. In this study, Matlab mathe-
matical software, 2011a version, was used for ANN
calculations. Moreover, a three-layered back-propaga-
tion algorithm with tangent sigmoid transfer function
(tansig) at hidden layer, and a linear transfer function
(purelin) at output layer were designed.

3.6. Modeling of operational variables

The input operational variables of the network
were the Sn/Zn-TiO, dosage, initial dye concentration,
reaction time, and temperature, and the corresponding

decolorization efficiency (%) was used as an output of
the network. The ranges of operational parameters are
given in Table 2.

The ANN model used experimental data-sets in
different conditions to test training. The experimental
data-sets were split into training (1/2), validation
(1/4) and test (1/4) subsets. All inputs and target data
must be scaled within a specified range. Therefore, all
data (X;) were scaled (x;) into the 0.2-0.8 ranges,
through Eq. (1) [30];

0.6 (Xi — Xmin)

1
Xmax - Xmin ( )

X = 0.2+
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Fig. 9. Comparison between ANN predicted and experimental values of MB and MO decolorization efficiency (%) as a
function of operational variables: (a) catalyst dosage, (b) initial dye concentration, (c) reaction time, and (d) temperature.
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Table 3

Weight matrix for decolorization of MB dye: weight between input and hidden layers (W;) and weights between hidden

and output layers (W)

W1 W2
Input variable Output
Sn/Zn-TiO, Initial MB Reaction Decolorization
Neuron  dosage concentration  time Temperature  Bias Neuron efficiency (%)
1 —2.242 —0.391 0.216 0.561 23534 1 0.282
2 —0.652 0.134 —1.417 —-1.267 —2422 2 0.9069
3 1.0984 1.108 -13 —-1.106 —-0.87 3 —0.619
4 0.4838 —-1.692 —1.604 —0.633 0.0857 4 1.0474
5 2.2505 0.784 0.808 0.545 —0.258 5 —-1.268
6 0.7263 1.715 —-0.227 1.389 0.9056 6 0.2462
7 0.1748 0.027 —-1.414 1.638 19446 7 1.0727
8 1.3965 1.73 —0.074 —0.679 23724 8 —0.506
Bias 0.1255

where Xpnin and Xpmax refer to the lowest and the high-
est value of the input variable X;, respectively.

The number of neurons in the hidden layer affects
the performance of the ANN model. To determine the
optimum number of hidden nodes in this study, dif-
ferent numbers of neurons were tested in the range of
1-16, in the hidden layer. Each topology was repeated
three times to avoid random correlation due to ran-
dom initialization of weights. Fig. 6 shows the rela-
tionship between the mean square error (MSE) and
the number of neurons in the hidden layer. As it can
be seen, the lowest MSE is obtained in about eight
neurons; therefore, eight neurons were selected for the

best performance of neural network model. Fig. 7
shows the schematic illustration of the optimized
ANN structure.

Fig. 8 shows a comparison between experimental
and predicted decolorization efficiency (%) values for
the test set by using neural network model. The plots
in these figures have correlation coefficient (R®) of
0.9839 and 0.9887, respectively, for MB and MO dyes.
From this plots, it can be seen that the results obtained
from the models are in good agreement with the
experimental data, and the model can accurately pre-
dict decolorization efficiency of both MB and MO dyes
under different conditions.
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Table 4
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Weight matrix for decolorization of MO dye: weight between input and hidden layers (W;) and weights between hidden

and output layers (W)

Input variable Output
Sn/Zn-TiO, Initial MO Reaction Decolorization
Neuron  dosage concentration  time Temperature  Bias Neuron efficiency (%)
1 0.6477 —0.775 2.097 —0.343 23577 1 —0.048
2 —0.4 —-1.184 1.034 -1.36 2.0052 2 0.3215
3 —1.448 0.789 0.285 1.747 -0.729 3 —0.265
4 —-1.789 —1.032 —0.943 0.613 -0.355 4 0.6447
5 —0.389 -1.32 1.905 —0.243 -0137 5 0.7305
6 —0.888 0.751 —0.858 1.976 09176 6 0.933
7 0.9963 —0.637 1.72 —-1.024 -1.711 7 0.4353
8 —0.809 1.001 -1.727 0.951 23528 8 —0.113
Bias 0.345

Fig. 10. Relative importance (%) of the input (a) synthesis and (b) operational variables on the decolorization efficiency

(%) values.

N
CH
H_‘C—l‘ld S ﬁ}/ !
CH;

CH;
Methylene Blue (MB)

Scheme 1. Chemical structures of MB and MO.

Fig. 9 shows a comparison between the predicted
values from ANN model and experimental results of
the output variable (removal efficiency (%)) as a
function of operational variables. These results con-
firm that the designed ANN model provides a reli-
able method to predict adequately the photocatalytic
decolorization efficiency of both MB and MO dyes
under different conditions, since agreement between
the values predicted by the ANN model and the
experimental results is good.

(CHS))N—<:/>7N R— N_O S0;Na

Methyl Orange (MO)

3.7. ANN model sensitivity analysis

Tables 3 and 4 show the weights produced by the
ANN models used in this study for decolorization of
both MB and MO dyes, respectively. The relative
importance of the influence of each input variable on
output variable can be obtained through the neural
weight matrix [31].

For every input variable, the percentage change in
the output, as a result of the change in the input vari-
able, was calculated using the following Eq. (2) [32]:
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where [; is the relative importance of the jth input var-
iable on the output variable, N; and Nj, are the number
of inputs and hidden neurons, respectively; W’s are
connection weights, the superscripts “i”, “h”, and “0”
respectively, refer to input, hidden, and output layers,
and subscripts “k”, “m”, and “n”, respectively, refer to
input, hidden, and output neurons.

Fig. 10 represents a comparison between the rela-
tive importance of input variables as calculated by
Eq. (2) on the decolorization efficiency of MB and
MO dyes. As Fig. 10 indicates, for both dyes, reac-
tion time has greater effect on the photocatalytic
decolorization of dyes, followed by initial dye con-
centration and catalyst dosage, while the solution
temperature was determined as the parameter with
weak influence on the decolorization efficiency of
both dyes.

4. Conclusions

The photocatalytic decolorization of two textile
dyes mediated by Sn/Zn-TiO, nanoparticles was
successfully achieved. Results showed that the pho-
tocatalytic activity of Sn/Zn-TiO, nanoparticles syn-
thesized via sol-gel method is highly depending on
the photocatalyst dosage, initial concentration of dye,
UV-irradiation time, and solution temperature. Also,
the effect of these operational parameters on the
photocatalytic decolorization of MB and MO was
modeled by the ANN technique. A three-layered
back-propagation neural network with tangent sig-
moid transfer function (tansig), at the hidden layer
with eight neurons, was designed to predict the
removal of MB and MO under different operational
conditions. The performance of synthesized Sn/Zn-
TiO, nanoparticles in the dyes decolorization was
successfully simulated by wusing neural network
modeling, and a good agreement was obtained
between the predicted results from the ANN model
and the experimental results, with a correlation coef-
ficient (R*) of 0.9839 and 0.9887 for MB and MO
dyes, respectively. The sensitivity analysis showed
that the reaction time has a larger effect on the pho-
tocatalytic decolorization of dyes, whereas the tem-
perature of solution has the lowest effect on the
photocatalytic decolorization of dyes.
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