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Synthesis of nano-SnQO, and neural network
simulation of its photocatalytic properties
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Decolouration of Acid Red 27 (AR27) was investigated using UV irradiation in the presence of SnO,
nanoparticles synthesized via the hydrothermal method. The average crystallite size of SnO, nanoparticles
synthesized for 2 h was about 3.73 nm, according to X-ray analysis, and the specific surface area, which
was estimated from the Halsey based ¢ plot, was about 288 m*/g. The effects of UV irradiation in the
absence of a photocatalyst and in the presence of pure SnO, nanoparticles without any light source were
negligible. An artificial neural network (ANN) was used to build an empirical model for the results. The
results of neural network analysis are in good agreement with the experimental data which show that
AR27 decolouration exhibits pseudo-first-order kinetic behaviour.
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1. Introduction

Dye wastewater has become one of the major by-products of several industries,
especially the textile and paper industries. These hazardous materials introduce toxic-
ity to their environments and water sources. Due to their simple dyeing procedure and
good stability during washing processes, demands for the use of textile dyes are in-
creasing drastically. Thus elaboration of procedures reducing harmful environmental
effects of these dyes seems to be inevitable [1-3].

Many various methods of wastewater treatment have been applied, including:
electroflotation, membrane filtration, electrocoagulation, ion exchange, irradiation,
etc. [4]. Using solid catalysts, especially semiconductor photocatalysts, involves ad-
sorption of pollutant molecules on a solid surface [5—7] and advanced oxidation proc-
esses (AOP). AOPs are the main processes involved in the photocatalytic decolour-
ation of azo dyes. Oxide semiconductor photocatalysts are the most promising
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semiconductors, which have been used successfully in the photocatalytic decolour-
ation of azo dyes [8—12].

SnO, is a wide bandgap semiconductor, having the bandgap of about 3.65 eV at
bulk state. SnO, has been reported as a suitable gas sensing oxide and recently its
composites have been studied as promising semiconductors in the photocatalytic de-
colouration of wastewaters [13—17].

In the present paper, SnO, nanoparticles with small crystallite sizes and high spe-
cific surface area have been synthesised. Photocatalytic reactions involving these
nanoparticles have been studied in detail, using Acid Red 27 as a pollutant. The results
of experimental tests were analysed using artificial neural network (ANN) models.
Also ANN has proved an important role for predicting a model based on the decolour-
ation kinetics of AR27 by SnO, nanoparticles. To authors’ best knowledge there are
few papers which apply ANN in order to investigate decolouration kinetics in the
presence of a heterogeneous photocatalysts [18—20].

2. Experimental

Materials. NaOH and SnCl, were purchased from Merck and were used without
further purification. AR27 was purchased from Boyakh Saz Company (Iran). It is
a commercial dye and was used without further purification. Its chemical structure and
UV absorption spectra are shown in Fig. 1.
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Method of synthesis. The sample (SP-1) was prepared via the hydrothermal route.
Firstly, 29.5 cm® of SnCl, was added dropwise to a 100 cm® of 1 M NaOH solution.
The mixture was stirred continuously until a transparent solution formed. Then it was
poured into a 35 cm’ Teflon-lined autoclave and maintained at 170 °C for 2 h. After
that, the autoclave was cooled to room temperature naturally and then the precipitates
were filtered and washed several times with distilled water and ethanol. Finally, the
obtained powder was dried at 50 °C for 24 h.

Photocatalytic decolouration procedure. All experiments were carried out in
a200 cm’ batch photoreactor. The irradiation source was two mercury UV lamps
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emitting light at 254 nm (15 W, UV-C, Philips, Holland) placed 15 cm above the bath
photoreactor. In each experiment, 100 cm® of the dye solution with double the nominal
concentration was prepared. Then, the photocatalyst powder was added to in 100 cm’
of distilled water and sonicated for 30 min to achieve a homogeneous dispersion
which was added to the dye solution to get the desired concentration. After very vig-
orous stirring, the mixture was left for 30 min to enable adsorption of AR27 on the
surfaces of SnO2 powders in each reactor. The calculations of AR27 decolouration
efficiency after the photochemical process were performed using the following for-
mula:

(1)

where Cy and C are the concentrations of the dye before and after irradiation, respec-
tively.

Analysis. Crystallographic structures of the materials was studied using a Siemens
D-5000 X-ray diffractometer (XRD) with CuK,, radiation (4 = 0.154178 nm). Trans-
mission electron microscope (Philips CM200) was used to study the morphologies of
the prepared samples. The AR27 concentration was analyzed with a UV—Vis spectro-
photometer (Aquarius-CECIL CE9500) at 4 = 521nm. It was used to monitor the de-
colouration of the dye and also to calculate the bandgap of the prepared SnO,. The specific
surface area of the nano-SnO, particles were determined by the Brunauer
—Emmett-Teller and Halsey method (BET-N, adsorption, Micromeritics Gemini 2375).
Also, the #-plot method was used to estimate the median pore size of the obtained sample.
The powder was degassed at 200 °C in vacuum for 1.5 h before adsorption.

Neural networks strategy. In this study, our main goal was to identify an optimal
ANN architecture. Due to the nonlinear behaviour of the input data, the architecture
which produced the most accurate results was found to be a three-layer, feed-forward
network. The first layer represents the input data which is fed into the system in
a vector form. The hidden layer receives the results from the first layer and after proc-
essing, they are sent to third layer to be the desirable output for the system modelled
with ANN. Figure 2 shows the scheme of this architecture. The activation functions
were considered to be linear for the first and third layers

U =3 W, @)

A linear activation function was not the best type to be used in the second layer,
and after testing various activation functions, the logarithmic sigmoid was found to be
the best type to deliver the desired results [21]
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F(Ut = 1 j 3)
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For the sake of simplicity, the training algorithm used for the ANN was a basic
back propagation algorithm implemented in C++. This algorithm enabled one to
achieve the best possible result, with the accuracy of about 10™*. By using this algo-
rithm, errors will decrease to reach a reasonable range by changing weights to reflect
errors.

input hidden layers output

bias

Fig. 2. Architecture of a feed-forward neural network
with three layers and two inputs for decolouration analysis

Figure 3 shows the effect of number of neurons in the hidden layer on the overall
performance of the neural network.
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Fig. 3. Effect of number of neurons in the hidden layer
on the overall performance of the neural network
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3. Results and discussion

3.1. Synthesis

X-Ray diffraction patterns of samples are shown in Fig. 4. The Bragg peaks in all
samples are in good agreement with those of cassiterite SnO, having a rutile structure
(space group p42/mnm) with a = 4.73727 A and c = 3.186383 A.
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Fig. 4. XRD Pattern of SP-1

The average crystallite sizes were calculated from the full width at half maximum
(FWHM) of the diffraction peaks of (101) planes using the Debbye—Scherrer formula:

kA
Pcosé

“

where D is the mean crystallite size, & is a grain shape dependent constant (assumed to
be 0.89), 4 is the wavelength of the incident beam, & is the Bragg reflection peak and
is the full width at half maximum [22]. The obtained results are listed in Table 1.

Table 1. The properties of SP-1 sample

Average crystallite- | Specific surface Initial absorbance
size [nm] area [m%/g] of AR27 after 30min
3.73+0.05 188 0.071

In Figure 5, TEM images of SP-1 sample are shown. Under low magnification
(Fig. 5a), it can be seen that the grid was covered by thin layers of SnO,, also some
agglomerates with median sizes of about 300 nm are visible. The selected area elec-
tron diffraction pattern (SAED) taken from these fine particles is shown in Fig. 5b.



382 A. E. KANDJANI et al.

The four indicated diffusion rings were identified as diffractions from the (211), (310),
(312) and (411) planes of rutile type SnO,. These types of diffused rings are attributed
to extremely fine grain structures. A higher magnification image (Fig. 5b) shows that
these layers and agglomerates are composed of fine spherical particles, typically hav-
ing diameters smaller than 5 nm. Due to the extremely fine particles and strong ag-
glomeration tendency in these samples, estimation of the true particle size distribution
would involve high statistical errors. Therefore the median size of particles has not
been indicated here.

a) b)

200 nm 50 nm

Fig. 5. TEM Images of SP-1

The direct bandgap values of the SnO, nanoparticles were estimated using UV absorp-
tion spectra. Figure 6 shows the UV-Vis absorption data. The sample shows a blue shift in
comparison with its bulk state. Such a shift in the onset of absorption indicates a decreas-
ing optical bandgap of the semiconductor, which is attributed to size quantization effects.
The bandgap of the prepared sample was estimated to be ca. 4.15 eV.
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Fig. 6. UV absorption spectrum (a) and bandgap of the prepared SnO,

The specific surface areas of the obtained samples were calculated from the Brun-
auer—-Emmett-Teller (BET) equation. The obtained results are listed in Table 1. The high
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surface area of these samples makes them good candidates as absorbents. Adsorption iso-
therms of the sample correlate strongly with a type I isotherm, as shown in Fig. 7a.
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Fig. 7. BET adsorption isotherm (a) and t-plot of the sample (b)

It has been shown that if a solid contains micropores, its adsorption isotherm tends
to resemble a type I isotherm. This phenomenon is attributable to overlapping of po-
tential fields of neighbouring walls of porosities and corresponding by the increase in
interaction energy of solid with gas molecules [23, 24].

The Halsey equation is generally used as estimation for the statistical thickness of
adsorbed film as a function of nitrogen adsorption pressure at 77 K (the #-method) [25]
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It can be used for calculating the monolayer surface area and the micropore vol-
ume size of the powders, as shown in Fig. 7b. The results are listed in Table 2.

Table 2. Results of the #-method for surface area and micropore volume of the SP-1 sample

Slope 1 Slope 2 Intercept | Total area | External area | Micropore volume
[em® STP/(grnm)] | [em® STP/(gnm)] | [em® STP/g]| [m%g] [m%/g] [cm’/g]
187.4780 2.5968 47.0607 | 288.9462 4.0023 0.0729

This type of adsorption can be observed in many solids like xerogel of silica [26],
titania [27] and zeolites [28]. Due to the fine particle sizes of these samples and their
high agglomeration tendency, the resultant agglomerates act as microporous hosts.

During the hydrothermal process each mole of Sn*" ions react with 4 moles of
OH ions to form crystals [29]:

Sn*+40H™ ——Sn(OH), +4H" (6)

Sn(OH), ——Sn0, +H,0 (7)
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Formation of crystalline SnO, during the hydrothermal process can be described
using the growth unit model, first proposed by Zhong [30]. It is assumed in the model
that during the crystallization process cations are in the form of complexes with OH™
ions as ligands. The growth units are complexes whose coordination numbers are the
same as those of the crystal. It has been shown that during the hydrothermal formation

of SnO,, the growth units are complexes of Sn(OH);" [31, 32].

3.2. Experimental data for decolouration of AR27

Figure 8 Shows the UV-Vis spectra of AR27 dissolved in water with SP-1 colloi-
dal nanoparticles.
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Fig. 8. UV-Vis spectra of [AR27]y= 60 ppm in aqueous SnO,
colloids [SP — 1]sn,02 = 20 ppm after various irradiation periods
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The spectra indicate that the intensities of the spectral peaks depend on the irradia-
tion time. The concentration of AR27 in the solution is lower if no irradiation is ap-
plied, even if an initial period of 30 min is given for absorbance of the azo dye layer
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on the surface of the SnO, particles. If this step was omitted, the photocatalytic efficiency
would be decreased due to insufficient interaction of the dye with the active sites on the
surface of the nanoparticles. The change in the dye concentration versus time profile dur-
ing the photocatalytic decolouration of AR27 with SP-1 nanoparticles is shown in Fig. 9.

The removal of AR27 under irradiation without using any photocatalysts was neg-
ligible. The procedure steps of decolouration are as follows [33-36]:

SnO,+ hv ——Sn0O, excited (pair electron—hole) (8)
h,, +H,0——H"+ OH" 9)

h,, + OH ——OH" (10)

e +0,——0"" (11)

0" + dye—— dye-0O° (12)

O +20H'+ H'—— H,0,+ O, (13)

H,0, + v—— 20H’ (14)

OH" 4+ dye —— decolouration of the dye (15)
hy, + dye —— oxidation of the dye (16)

3.3. Development of the neural network model

To obtain the optimal network, we tested 132 various neural network architectures
with different activation functions and different number of neurons. The data was di-
vided into regions; for each region, training input and test input were selected. This
was done continuously, beginning with big regions and reaching smallest possible
one. For testing accuracy, the obtained experimental data were plotted versus ANN
data in Fig. 10.
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Experimental results are in good agreement with a root mean square errors
(RMSE) of 0.04053. If the experimental and ANN data have the same values, the bi-
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sector line which is shown in Fig. 10 will be carried out. These results confirm that the
neural network model could accurately predict the results.

Table 3. Matrix of weights; W1: weights between input and hidden layers;
W2: weights between hidden layers and output layers

Wi w2

Variables
Neuron Bias Weight
Time [AR27]
-12.177 11.2939 15.2658 | —0.62608
4.0292 —22.6975 | —-14.5133 | -0.07613
6.6108 17.036 —-13.1714 | —0.77583
8.2375 -12.972 | —12.1513 | —-0.03141
—28.0891 —6.5282 10.8794 —0.1265
15.4685 -1.9166 | -10.2164 | —0.55046
-3.3571 2.8618 —-8.9042 1.1693
2.5164 1.9812 7.9623 —0.02208
11.3862 | —14.7485 | -7.0389 0.60311
-16.8626 | —0.61672 5.7468 0.12029

-13.3589 | -8.4081 4.7322 —-1.0515
16.5848 9.1167 -3.7837 | —0.12174
10.8791 8.8175 -2.5057 | —0.35808
12.7837 8.2848 —-1.5429 0.77107

9.054 -9.1145 —0.40496 | 0.022744

-17.1134 5.5002 —0.55457 0.522
15.6028 2.4898 1.3464 0.83982
11.455 —13.1046 2.5528 —0.06878
2.7418 —11.1861 3.6116 -0.22561

—_——— = = ==
O PXAAUNE WL~ PRI WD —

20 19.567 2.5307 4.5889 —0.15973
21 7.7435 10.0099 5.0492 —0.28686
22 —7.6892 | —13.1195 —7.2321 1.5975

23 11.4763 10.1527 8.0373 -0.2725
24 —13.0984 | -9.4735 -8.9793 —0.12483
25 10.7286 14.0612 9.9007 —0.97063
26 -11.6994 | -8.8096 -11.298 | —0.36194
27 —-15.5001 2.3851 -12.3374 | -0.10918
28 —12.3388 7.7683 -13.2593 | —0.02288
29 —11.1478 10.7477 | —14.3433 0.77464
30 7.5182 12.9188 15.2121 —0.07348

A neural network with thirty neurons in the hidden layer was used with 800 itera-
tions, providing the weights listed in Table 3. The weights are the coefficients between
artificial neurons being analogous to synapse strengths between the axons and den-
drites in real biological neurons. Therefore, each weight decides what proportion of
the incoming signal will be transmitted into the neuron body. In the neural network,
the connection weights between neurons are the links between the inputs and the out-
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puts, and therefore are the links between the problem and the solution. The relative
contributions of the independent variables to the predictive output of the neural net-
work depend primarily on the magnitude and direction of the connection weights.
Input variables with larger connection weights represent greater intensities of signal
transfer, and therefore are more important in the prediction process compared to vari-
ables with smaller weights. Negative connection weights represent inhibitory effects
on neurons (reducing the intensity of the incoming signal) and decrease the value of
the predicted response, whereas positive connection weights represent excitatory ef-
fects on neurons (increasing the intensity of the incoming signal) and increase the
value of the predicted response [37].

Garson [38] proposed a method for partitioning the neural network connection
weights in order to determine the relative importance of each input variable in the
network. It is important to note that his algorithm uses the absolute values of the con-
nection weights when calculating variable contributions, and therefore is insensitive to
the direction of changes between the input and output variables. The Garson equation
is based on partitioning the weights

m=N,, ‘W’h

2w
m=1 Z|Wlh

I= (17)

k=N; [ m=N, ih
| ho

S| Wien
== S

| ho

where /; 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, the (W)s are the
connection weights, the subscripts 7, # and o refer to input, hidden and output layers,
respectively, and subscripts k, m and n refer to input, hidden and output neurons, re-
spectively, and in this particular case n = 1, because there is only one output neuron in
the neural network used here.

Table 4. Relative importance of input variables

. Importance
Input variables (%]
Initial AR27 concentration 43.8
Irradiation time 56.2
Total 100

The relative importance of the variables based on this equation is listed in Table 4.
The obtained data using normal inputs between 0 and 1 for training ANN show the
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influence of the variables on the decolouration process in which the radiation time is
the most influential parameter.

3.4. Kinetics of AR27 photocatalytic decolouration

Once the performance of the network was tested, a set of ANN results were ob-
tained from the corresponding variables of AR27 initial concentration and time. Fig-
ure 11 shows the output of the ANN as a surface, which enables understanding of the
kinetic behaviour of the system.

20 30 - 101
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fRy 60 _ v/
0 ooy, 70 o 121
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Fig. 11. ANN simulation: effects of the initial pollutant concentration
and irradiation time on the decolouration of AR27

It can be easily seen that as has been reported, this pollutant has pseudo-first-order ki-
netics with respect to the azo dye concentration. Its kinetic profile can be described by:

[AR27] _
—1n—[AR27]O =kt (18)

where ks 1s the pseudo-first-order constant. By applying the least square regression
analysis, the values of ks were obtained.

From Figure 12, which is same as Fig. 11 but from other point of view, it is evi-
dent that at various initial concentrations of AR27, due to changing the concentration
of active organic azo dyes in the vicinity of the photocatalysts and at constant rate of
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electron-hole creation on its surface, it is possible to change k., [39]. By increasing
the AR27 concentration ks decreases.

[AR27], [ppm]

121 111 101 91 81 71 61 51 41 31 21 N
Time [min]

Fig. 12. Irradiation time versus AR27 initial concentration with contour plot of C/C

The pseudo-first-order kinetics of the decolouration process of azo dye under UV
irradiation in the presence of a photocatalyst can be related to the surface adsorption
without saturation of active sites. By assuming the Langmuir—Hinshelwood kinetic
model, the decolouration reaction rate of AR27 should be proportional to the surface

coverage of photocatalytic particles by an organic substance

ko (19)
14 K ,p,, [AR27],

1 1 N [AR27], 20)

k ch AR27 kc

obs

where Karo7 is the adsorption equilibrium constant, k. is the kinetic rate constant of
surface reaction and [AR27], is the initial concentration of AR27 [40].
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Fig. 13. Dependence of K, (1/min) calculated 30 40 50 60 70 80 90

from ANN on the initial concentration of AR27 Initial AR27 [ppm]

Figure 13 shows the dependence of 1/k.,s on initial concentration of AR27, from
the ANN data. In the Langmuir-Hinshelwood equation, k. is related to the limiting



390 A. E. KANDJANI et al.

rate of the reaction at the maximum coverage under the experimental conditions and
Kary7 represents the equilibrium constant for adsorption of AR27 on the surface of an
active photocatalysts [40]. By means of a least square best fitting procedure, the val-
ues of the adsorption equilibrium constant Kary; and the kinetic rate constant of sur-
face reaction k. were calculated to be 0.0331 dm3/mg and 0.1218 mg/(min-dm3), re-
spectively.

4. Conclusions

The synthesis of SnO, nanoparticles with relatively high specific surface area and
small crystallite sizes has been reported. The synthesized nano-SnO, exhibited
mesoporous-like behaviour. The statistical film thicknesses of materials adsorbed were
used for estimating pore sizes which showed a decrease with increase in hydrothermal
period. In addition, the photocatalytic decolouration efficiency of these particles for
decolouration of AR27 has been investigated. Results indicated that the decolouration
rate and efficiency were highly affected by the initial AR27 concentration and the
specific surface area of the photocatalyst. The photocatalytic decolouration of AR27
can be explained in terms of the Langmuir—Hinshelwood kinetic model. The results
obtained from this model are in good agreement with the experimental data. The
mechanism of the photochemical decolouration of Acid Red 27 solution by using
SnO, nanopowders was successfully predicted by applying a three-layered neural net-
work with thirty neurons in the hidden layer, and using a back-propagation algorithm.
Simulations based on the ANN model were performed in order to estimate the behav-
iour of the system under various conditions. The parameters investigated in this work
(i.e., initial concentration of the dye and reaction time) have considerable influence on
the decolouration efficiency and, as expected, the irradiation time with a relative im-
portance of 56.2%, appeared to be the more influential factor. The results of data
modelling confirmed that neural network modelling could effectively predict the be-
haviour of the system.
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