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Abstract

Titanium dioxide (TiO,) nanoparticles were prepared by sol gel route. The preparation parameters were optimized in the removal of
4-nitrophenol (4-NP). All catalysts were analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM). An artificial
neural network model (ANN) was developed to predict the photocatalytic removal of 4-NP in the presence of TiO, nanoparticles
prepared under desired conditions. The comparison between the predicted results by designed ANN model and the experimental data
proved that modeling of the removal process of 4-NP using artificial neural network was a precise method to predict the extent of 4-NP

removal under different conditions.
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Introduction

One of the most active areas in environmental research
is the development of highly efficient methods for the
elimination of hazardous pollutants from air, soil and
water (Castro et al., 2008). Recently, chemical treatment
methods, based on the generation of hydroxyl radicals,
known as advanced oxidation processes (AOPs) have been
developed (Behnajady et al., 2007a). AOPs have attracted
wide interests in wastewater treatment since the 1990s
(Modirshahla et al., 2007).

The development of UV/TiO, process to achieve com-
plete mineralization of organic pollutants has been widely
tested for a large variety of industrial dyes (Behnajady
et al., 2007b). Semiconductors used for such applications
should have a high resistance to photocorrosion, water
hydrolysis processes and low cost. Their photosensitivity
should be efficient when using the solar spectrum and have
high quantum efficiency. However, the material having
these ideal properties has not been obtained (Bessekhouad
et al., 2003). The semiconductor photocatalysis, using
titania powders, is recognized as one of the promising
techniques for this purpose. In fact, considering photo-
catalysis research, the synthesis of titania materials with
optimized properties has been an actual target of reach
(Castro et al., 2008). TiO, exists in three different crys-
talline habits: rutile (tetragonal), anatase (tetragonal) and

* Corresponding author.

brookite (orthorombic). All three crystalline structures
consist of deformed TiOg octahedra connected differently
by corners and edges. Rutile is the stable form, whereas
anatase and brookite are metastable and can be readily
transformed to rutile when heated. Anatase is the phase
normally found in the sol gel synthesis of TiO, (Di Paola
et al., 2008). It is well known that the anatase polymorph
presents higher photoactivity when compared to brookite
or rutile polymorphs (Castro et al., 2008). Thus, it is
important to prepare TiO, samples, where parameters
such as crystal structure, surface morphology and phase
stability, could be controlled and optimized. The effect of
various operational parameters on photocatalytic removal
of aromatic compounds has been reported (Chwe et al.,
2008; Giri et al., 2008; Zhang et al., 2010), but to the
best of our knowledge, the application of artificial neural
network (ANN) for predicting the performance of 4-NP
removal by prepared nano TiO;,, has not been reported.

This work is devoted to the study of the influence of
different thermal conditions on the preparation of TiO,
nanoparticles by sol-gel route. The photocatalytic efficien-
cy of these materials was evaluated in the removal of 4-NP
as a refactory.

Because of the complexity of the readtions in a pho-
tocatalytic system, a few studies have been conducted
involving the kinetics of the photocatalytic removal of
organic pollutants. The phenomenological treatment of a
photochemical system is, in general, quite gomplex. This s
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caused by the complexity of solving the equations that in-
volve the radiant energy balance, the spatial distribution of
the absorbed radiation, mass transfer, and mechanisms of
a photochemical photocatalytic removal involving radical
species. Due to these reasons, the modeling of the removal
process via artificial neural network (ANN) techniques is
quite appropriate (Gob et al., 1999; Calza et al., 2008;
Pareek et al., 2002; Khataee, 2009).

Therefore another aspect of this work was the develop-
ment of a multilayer feed-forward neural network model
to predict the efficiency of photochemical removal of 4-NP
by UV/TiO, process.

1 Materials and methods

1.1 Materials

Tetraisopropylorthotitanate Ti(OCsH7)4, methanol
(MeOH) and 4-NP were obtained from Merck (Germany)
and used without any further purifications. Deionized
water was used throughout the work.

1.2 Ultrasonic bath (T 460/H)

The ultrasonic bath Elma (GmbH) was used with the oper-
ating frequency of 35 kHz and a rated output power of 170
W. The bath has the dimensions of 240 mmx137 mmx100
mm. The total internal body is made from stainless steel.

1.3 Method

To get nanostructured TiO,, 12 mL Ti(OCs;H7)4 solution
was dissolved in 1.35 mL. MeOH and the mixture was
sonicated for 3 min and agitated at 70°C for 210 min under
magnetic stirrer. Water was added dropwise into the hot
solution (70°C) during this period of time. The precipitate
was isolated by filtration, washed with hot water and
organic solvents to remove the adsorbed impurities, and
calcined at different temperatures for 3 hr.

1.4 Photocatalytic experiments

All experiments were carried out in a batch photoreactor.
The radiation source was a low pressure mercury UV lamp
(30 W, UV-C, Apax = 254 nm, manufactured by Philips,
Holland), which was placed above a batch photoreactor of
0.5 L volume. The incident UV light intensity was mea-
sured by a Lux-UV-IR meter (Leybold Co. Ltd., Japan). In
each experiment, a known amount of TiO, was added to
500 mL of the solution and a magnetic stirrer was used in
order to achieve a homogeneous mixture.

1.5 Analytical method

In the presence of TiO, as photocatalyst, 4-NP was used
as pollutant. Sample solutions were sonicated before ir-
radiation for 5 min. At known irradiation time intervals,
the samples (5 mL) were taken out and then analyzed
by UV-Vis spectrophotometer (Ultrospec 2000, Biotech
Pharmacia, England) at 400 nm. A linear correlation
was established between the 4-NP concentration and the
absorbance, in the range 0-60 mg/L. with a correlation
coefficient, R>= 0.9991. The Eq. (1) was used to calculate

the photocatalytic removal efficiency (R, %) in the experi-
ments:

R= (%)x 100 1)

0

where, Cy (mg/L) and C, (mg/L) are initial concentration
of 4-NP and the concentration of 4-NP at time .

The crystal structure of the powders was checked by
powder X-ray diffraction (XRD) using Siemens X-ray
diffraction D5000 with Cu K radiation. An accelerating
voltage of 40 kV and emission current of 30 mA were used.
The average crystalline size of the samples was calculated
according to the Debye-Scherrer formula (Bartram and
Kaelble, 1967; Rodrigerz and Ferndndez-Garcia, 2007):

D= 0.894 @

BcosO
where, D (A) is the average crystallite size, A is the
wavelength of the X-ray radiation (Cu Ka= 1.54178 A),
B is the full width at half maximum intensity of the peak
and 0 is the diffraction angle. If a sample contains anatase
and rutile forms, the mass fraction of rutile ()) can be
calculated from the following equation (Bessekhouad et
al., 2003).

Ir

- ) 3
0.8IA+IR ( )

X
where, I and Ix represent the integrated intensity of the
anatase (101) and rutile (110) peaks, respectively.

Scanning electron microscopy (SEM) of samples was
carried out on a Philips XL 30 microscope.

1.6 Artificial neural network software

All ANN calculations were carried out using Matlab 7.8
(2009R) mathematical software with ANN toolbox. A
three-layer network with a sigmoidal transfer function with
back-propagation algorithm was designed in this study.

2 Results and discussion

2.1 Preliminary results

A thermal treatment is necessary to improve the crystallini-
ty of amorphous compounds. Several syntheses conditions
have been assayed. When TiO, powders are calcinated at
higher temperature, crystal structure transformations may
occur. The amorphous-anatase and anatase-rutile transi-
tions depend strongly on the calcination conditions.

The prepared titania nanopowders have been character-
ized by XRD and SEM (Figs. 1 and 2).

The results for structural and morphological properties

of the prepared samples have been presentgdTm Tabte -
Interesting correlations can be establisfed between the
morphology and the hydrothermal condit{ons of prepara-
tion. All the prepared samples present Heterogeneity in
shapes and sizes of nanoparticles. We dan ascribe this
observation to different crystal growth rates.
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Table 1 Crystallization conditions, species of phase and Crystallite size
Sample Crystallization Species of phase Crystallite size (nm)
temperature (°C) Anatase (%) Rutile (%) Anatase Rutile
A 400 100 - 6.5 -
B 500 100 - 8 -
C 600 100 - 10.2 -
D 700 78.64 21.36 15.35 26.50
E 800 - 100 - 10.60
2008).
500°C
400°C

fersocdmadl

700°C

600°C

Tosanci s}

TT0n - ake

sy e

.

Fig. 1 X-ray diffraction patterns of TiO, nanopowders calcinated at 400—
800°C.

Fr—

In order to test and ensure the phase stability of the
prepared samples some calcination experiments were per-
formed under different temperatures, ranging from 400
to 800°C. The physical properties of the samples are
compared (Table 1), it can be seen that the anatase phase
remains pure and stable until 600°C, some rutile conver-
sion starting at 700°C and the change of anatase to rutile
phase was completed at 800°C where the grain sizes of
samples are different. This is due to the fact that at low
temperatures, the crystallization is slow, and it performs
at low rate and a more homogeneous way (Castro et al.,

2.2 Photocatalytic studies

To examine the photocatalytic activity of the prepared
samples, the photocatalytical removal of 4-NP in presence
of nonopowders was studied. The results have been given
in Fig. 3. It is found that the photocatalytic performance of
various TiO, samples decreased in the following order of:
400 > 500 > 600 > 700 > 800°C.

The results can be explained in terms of the preparation
steps involved in the synthesis of these samples. Photocat-
alytic activity of mesoporous TiO; is strongly dependent
on its phase structure, crystallite size and pore structure
(When et al., 2005). It is well known that anatase type
TiO, has higher photocatalytic activity than rutile type
TiO, and in anatase phase, the samples with small grain
size have higher photocatalytic activity than the others,
which also is consistent with the experimental results
(Ambrus et al., 2008; Yang et al., 2005). Additionally, it

100 —e—400°C
90F —=—500°C
80 —a—500°C
70+ —o—700°C

—x— 800°C
60

50
40
30F
201
10

Removal (%)

0 20 40 60 80 100 120
Time (min)

Fig. 3 Removal percentage of 4-NP in the presence of TiO, nanopho-
tocatalysts (refer to Figs. 1 and 2). Conditions: nano TiO, concentration
0.04 g/L, initial 4-NP concentration 20 mg/L, UV 30.3 W/mz.

B0O°C.
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has been reported that calcination also reduces the number
of hydroxyl ions on the surface of the catalyst, leading
to an overall reduction in the photoactivity of catalysts
(Yang et al., 2005). The effect of operational parameters
such as irradiation time, UV light intensity and 4-NP initial
concentration with various amount of nano TiO, (sample
A) was studied.

2.3 Neural network modeling

ANNs are direct inspiration from the biology of human
brain, where billions of neurons are interconnected to
process a variety of complex information. Accordingly, a
computational neural network consists of simple process-
ing units called neurons (Gontarski et al., 2000; Slokar
et al., 1999). In general, a neural net (multilayered per-
ceptron), as shown in Fig. 4, has interconnected structure
in parallel form consisting of: (1) input layer of neuron
(independent variables), (2) a number of hidden layers, (3)
output layer (dependent variables). The number of input
and output neurons is fixed by the nature of the problem.
The hidden layers act like feature detectors can be more
than one hidden layer. Universal approximation theory,
however, suggests that a network with a single hidden layer
with a sufficiently large number of neurons can interpret
any input-output structure (Daneshvar et al., 2006).

The topology of an ANN is determined by the number of
layers in the ANN, the number of nodes in each layer and
the nature of the transfer functions. Correct identification
of the set of independent input variables and the output
variables is the first task in building ANN model for a
process. Optimization of ANN topology is probably the
next important step in the development of a model. We
used threelayered feed forward back propagation neu-
ral network (4:14:1) for modeling of UV/TiO, process
(Fig. 4). In the present work, the input variables to the
feed forward neural network were as follows: initial nano
TiO, dosage (mg/L), removal time (min), UV light inten-
sity (W/m?), initial concentration of 4-NP (mg/L). 4-NP
removal percentage (R, %) was chosen as the experimental
response or output variable.

In this work, we tested different numbers of neurons,
from 2 to 20, in the hidden layer. Each topology was
repeated three times to avoid random correlation due to the
random initialization of the weights. Figure 5 illustrates
the relation between the network error and the number

Input layer Hidden layer

Output layer
N

CR (%)

Fig. 4 Structure of the used ANN in the present study.

35

30rm
25 M

MSE x 10*
w5 a8

234567 8 91011121314151617 181920
Number of hidden neurons

Fig.5 Effect of the number of neurons in the hidden layer on the
performance of the neural network. MSE: mean square error.

of neurons in the hidden layer. The mean square error
(MSE) was used as the error function. MSE measures the
performance of the network according to the following
equation:

N
MSE = 1/N > (1, — a;)? 4)

i=1

where, N is the number of data point, #; the network
prediction, a; experimental response and i is an index of
data. We can see that the performance of the network
stabilized after inclusion of an adequate number of hidden
units just about fourteen. The network with few neurons in
the hidden layer cannot converge effectively.

In this work, for threelayer network the sigmoid
(log(sig)) and linear (Purel(in)) transfer functions were
used as transfer functions in hidden and output layers,
respectively. The train gradient descent with momentum
and adaptive learning rate (traingdx), as a transfer function
and the training-and-test method were used to evaluate the
ANN. Traingdx is a network training function that updates
weight and bias values according to gradient descent and
an adaptive learning rate. The range of variables studied
is summarized in Table 2. Totally 147 experimental sets
were used to feed the ANN structure. The data sets were
divided into training, validation and test subsets, each of
which contains 75, 36 and 36 samples, respectively. The
validation and test sets, for the evaluation of the validation
and modeling power of the networks, were randomly
selected from the experimental data.

For the best result all samples from the training, valida-
tion and test sets were scaled to a new value with premnx
function in Matlab. In order to calculate training, validation
and test error, all of the predicted responses by postmnmx
function in Matlab (outputs) were returned to their original
scale and compared them with experimental responses.

Table 2 Range of studied variables

Variable Range
Input layer
Nano TiO; initial dosage (g/L) 0.01-0.05
Time (min) 0-60
UV light intensity (W/m?) 8.6-45.3
4-NP initial concentration (mg/L) 5-50
Output layer
Removal of 4-NP (%) 0-100
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Fig. 6 Comparison of the experimental results with values calculated via
neural network modeling for test set.

Training initial weights were randomly selected and
training was terminated when the error gradient was less
than 1073. A weakness of the neural network is that it can
be easily overfitted, causing the error rate on validation
data to be much larger than the error rate on the train-
ing data. It is therefore important not to overtrain data.
Overfitting is more likely to occur at later epochs than
earlier ones. A good method for choosing the number of
training epoch is to use the validation data set periodically
to compute the error rate for it while the network is being
trained. The validation error decreases in the early epochs
of backpropagation but after a while, it begins to increase.
The point of minimum validation error is a good indicator
of the best number of epochs for training and the weight
at that stage are likely to provide the best error rate in
new data (Khataee and Mirzajani, 2010; Khataee et al.,
2011). Our results indicated that the minimum error of the
validation set could be achieved in the epochs just about
4000.

Figure 6 shows a comparison between calculated and
experimental values of the output variable for test sets
by using neural network model. Plot in this figure has
correlation coefficient of 0.9925 for test set. These results
confirmed that neural network model reproduces the re-
moval in this system, within experimental ranges adopted
in the fitting model.

The neural net weight matrix can be used to assess the
relative importance of the various input variables on the
output variables. It was proposed an equation based on the
partitioning of connection weights (Aleboyeh et al., 2008):

m=Ny ) N; )
5 (w3 ) o)
=y ; 5)

T k=N; (m=N, . N; .
2 {72 (1wl 3 ) < s

k=1 \m=1

where, I} is the relative importance of the jth input variable
on the output variable, N; and N, are the numbers of
input and hidden neurons, respectively, Ws are connection
weights, the superscripts ‘i’, ‘h’ and ‘o’ refer to input,
hidden and output layers, respectively, and subscripts ‘k’,
‘m’ and ‘n’ refer to input, hidden and output neurons,
respectively.

The relative importance of input variables on the value
of 4-NP removal efficiency was calculated by Eq. (4) and

shown in Table 3. As can be seen, all of the variables

have strong effects on the 4-NP removal efficiency. But
the effect of 4-NP initial concentration is more than others.
Therefore, none of the variables studied in this work could
have been neglected in the present analysis.

Table 3 Relative importance of input variables on the value of 4-NP
removal efficiency

Input variable Importance (%)

Nano TiO; (g/L) 239
Time (min) 26.1
UV light intensity (W/m?) 19.9
4-NP initial concentration (mg/L) 30.1

2.4 Parameters on photodegradation efficiency

Figure 7 shows the photocatalytic removal of 4-NP in
aqueous solution under different conditions.

2.4.1 Nano TiO, dosage

The photocatalytic removal of 4-NP in aqueous solution
with various nano TiO, dosage (prepared at 400°C was
studied. The experimental and ANN calculated values of
removal are shown in Fig. 7a. Apparently, the photodegra-
dation efficiency of 4-NP increased when the concentration
of TiO; increased from 0.01 to 0.05 g/L. After 60 min of
irradiation, about 88.26% of 4-NP degraded in the aqueous
solution with 0.04 g/L TiO,, while only 26% of 4-NP was
photodegraded at 0.01 g/L TiO, suspended solution. This
was mainly because of the increase of hydroxyl radical
produced from irradiated TiO,. The optimum amount of
TiO, should be added to avoid superfluous catalyst and
also to ensure total absorption of radiation photons for
efficient photodegradation (Habibi et al., 2005; Muru-
ganandham and Swaminathan, 2006; Zhang et al., 2008).
When we increased the dose of the catalyst, of course, it
would increase the adsorption amount of the reaction target
resulting in a faster degradation rate. However, high dosage
of TiO, particles became much easier to aggregate and
reduced the light transmission. The comparison between
ANN and experimental data in Fig. 7 shows that the results
are in good agreement.

2.4.2 Irradiation time

Reaction time influences the treatment efficiency of
the UV/TiO, process. Figure 7b shows the relationship
between the removal efficiency and the photocatalytic
reaction time. According to the results shown in Fig. 7b the
optimum reaction time was 60 min for 4-NP removal from
solution. It shows good agreement between predictions
from ANN model and experimental results. From this plot
it can be seen that obtained results from the proposed ANN
model are in good agreement with the experimental data.

2.4.3 UV light intensity

The variation between experimental and ,t.NN calculated
values of 4-NP removal efficiency during the reaction peri-
od under different UV light intensity havel been presented
in Fig. 7c. The figure clearly shows that the remoyal
rate increases by increasing UV irradiatiop intensity. The
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Fig. 7 Comparison between predicted ANN and experimental values of 4-NP removal with various factors. (a) nano TiO, dosage change; (b) effect
of irradiation time; (c) effect of UV light intensity; (d) effect of 4-NP initial concentration. Other conditions: TiO, concentration 0.04 g/L, initial 4-NP

concentration 20 mg/L, UV 30.3 W/Inz, 60 min.

increase of radiation intensity from 8.6 to 45.3 W/m?2, in-
creases the removal from 24.13% to 84.26%. This increase
is due to the enhanced production of hydroxyl radicals.

2.4.4 The 4-NP initial concentration

It is important from an application point of view to
study the dependence of removal efficiency on the initial
concentration of the 4-NP. Therefore, the effect of 4-NP
concentration on the removal efficiency was investigated
at different 4-NP initial concentrations. The experimental
and ANN predicted values of 4-NP removal was plotted
versus initial 4-NP concentration (Fig. 7d).

When the 4-NP concentration increases, the amount of
4-NP molecules adsorbed on the surface of the catalyst
increases. This affects the photocatalytic activity of TiO,
and reduce the photocatalytic efficiency. The increase in
the 4-NP concentration also decreases the path of photons
into the 4-NP solution. At high concentration, the 4-NP
molecules may absorb a significant amount of light and this
may also reduce the photocatalytic efficiency (Chakrabarti
and Dutta, 2004).

3 Conclusions

TiO, prepared by sol-gel route was optimized using
4-NP during photocatalytic test. The results presented the
anatase-type TiO, has higher photocatalytic activity than
rutile type TiO, and in anatase phase the samples with
small grain size have higher photocatalytic activity than

the other’s. A simulation based on the ANN model can esti-
mate the behavior of the process under different conditions.
One of the characteristics of modeling based on artificial
neural networks is that it does not require the mathematical
description of the phenomena involved in the process,
and might be useful in simulating and up-scaling complex
photochemical systems. The removal performance of 4-NP
was successfully predicted by applying a three- layered
neural network with 14 neurons in the hidden layer, and
using back-propagation algorithm.
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