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ABSTRACT

The aim of this work was to test the efficiency of anew photocatalytic reactor made of recycled materials.
To perform this stu  dy a textile effluent was treated by different AOPs and the solar/H,0,/TiO,, ...,
method showed the higher percentage of degradation after the reaction time. Through a factorial
design, it was possible to find the more significant variable in order to reach higher percentages of
degradation. The performance of the reactor with recirculation allowed obtaining degradation kinetics
parameters by adjusting the removals to a second order model, with k, ._=0.175 L.mol".s"and 90% of
dye removal after 30 min for the solar/H,0,/TiO,, .., system. The use of artificial neural network was
proven to be efficient to predict the degradation of a real effluent, with an absolute error of 0.02266.
Other parameters such as COD, apparent color and nitrate were importantly reduced after treatment.
The use of the reactor made of recycled material (PET) brings economic advantages, due to the low
cost of the used materials and its respective easy construction. The treatment with the new reactor is
suitable for the removal of contaminants from textile effluents since it presented higher efficiency than
the conventional treatment used in the textile industry under study.
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1. Introduction

Pollution and environmental destruction caused by
industrialization have been causing serious problems for the
environment due to the large number of effluents generated
by different processes such as tanneries, textiles, pharmaceu-
tic, pulp and paper, petrochemicals, among others. Due to
the complex composition of effluents, each industrial pro-
cess has specific difficulties to reach effluents disposal limits
established by the current legislation [1]. The textile segment
is often associated with negative environmental impacts due
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to the use of large quantities of dyes in the dyeing process.
Therefore, the discharge of this type of wastewater impairs
the quality of the aquatic environment by changing its colour
and creating conditions for eutrophication, low reoxygen-
ation and decrease in sunlight penetration [2,3].

Considering the increasing awareness and concern about
the negative effects on the discharge of industrial wastewater
into the environment, more restrictive legislation were
adopted regarding the concentrations of pollutants in efflu-
ents. Therefore, it is necessary to develop and implement
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environmental friendly, sustainable and energy efficient
technologies for the treatment process [4]. Techniques such
as electrocoagulation [5,6], adsorption [7,8] and membranes
[9,10] have been used in the treatment of textile effluents,
however they are not able to degrade the organic contami-
nants, achieving only the phase-transfer [11].

Among the techniques used for the treatment of indus-
trial effluents, the advanced oxidation processes (AOP) were
increasing their importance in the last decades. AOP can
reach complete or partial oxidation of organic molecules
due to the formation of reactive free radical species, such as
hydroxyl radicals (HO®) [12-14]. AOP are characterized by
non-selectivity radicals and the use of potent oxidizing spe-
cies such as H,0, and semiconductors such as TiO, [15,16].
Many synergistic effects were reported by the combination of
these species in AOP systems [17].

The most studied AOP are the Fenton reaction, photo-
chemical and photocatalytic processes [18,19]. Photochemical
processes consist of oxidizing agents decomposition into
free radicals when they are exposed to radiation, as in
the UV/H,O, system, which HO, absorb radiation with
A <290 nm andis broken homolytically in HO® [15,20]. In
contrast, photocatalytic processes, such as UV/TiO, system,
involve the production of radical son the catalyst surface,
usually based on more complex mechanisms. TiO, is a semi-
conductor material, which absorbs energy equal to or greater
than its energy band gap (3.0-3.2 eV at 25°C), thus promoting
the excitation of electrons (e”) of the valence band (VB) to the
conduction band (CB), resulting in positive (h) hole in the
valence band. This hole, when combined with oxygenated
species such as water and hydroxyl groups, can generate var-
ious free radicals. TiO, usage appears as a new technology for
environmental protection with several advantages for its use
in photocatalysis such as high efficiency, low toxicity, photo-
chemical stability, low selectivity and low cost [21-23].

The kinetic study of oxidation process of effluents is
often challenging due to the lack of knowledge about all
the possible reactions steps and present compounds. One
of the most promising modeling techniques is the artificial
neural network (ANN). ANN does not require the physical
comprehension of the phenomena involved in the process, it
has been applied to solve a great variety of tasks which are
difficult to solve by computational programs based in more
simple rules. ANN can be used as mathematical tools for
non-linear problems even with multiple inputs and outputs,
which make them useful to analyze compounds degradation
patterns in complex chemical processes [24,25]. ANN is able
to generate a proper model to describe an effluent degrada-
tion since it can be fitted to several variations on the response.

Different models of catalytic photoreactors have been
used to degrade organic pollutants [26-28]. Many studies
have focused on developing more efficient AOP treatment sys-
tems by adding cost savings and increasing energy efficiency
through reactor design with the objective of overcoming chal-
lenges such as the uniform distribution of radiation, internal
and external mass transfer (MT), catalysts surface increase,
activate sites and large-scale efficiency [29,30]. Several config-
urations and materials have been employed, most of which
are batch operated, operating in various systems such as elec-
trocoagulation, recirculation, fixed and packed beds, nano-
tubes, etc. seeking to reduce MT limitations [29,31].

TiO, can be used in suspended powder or immobilized
on a support. The use of the catalyst in powder form is very
common and its dispersion in the liquid phase is usually per-
formed by magnetic stirring [32]. The aeration of the solution
is also maintained to prevent recombination of the electron/
hole and favor the dispersion of the catalyst [33]. The photo-
degradation efficiency is proportional to the amount of TiO,
due to the higher availability of surface area for adsorption
and degradation. However, values higher than the optimum
can hinder light penetration, thus reducing the efficiency of
the photocatalytic process. Therefore it is important to opti-
mize the amount of the photocatalyst applied to the system
[34,35]. Alternatively, a supported photocatalystis used.
This strategy has the following advantages: facilitate recov-
ery at the end of the process and allow better handling of
the catalyst [36-39]. Many attempts have been also made in
the investigation of the heterogeneous applications of TiO,
in the forms of nanotubes, support structures and surface
coating [40]. However, these processes use materials with
high added value as support and the present work had the
motivation to construct a reactor with recycled material, with
construction cost extremely low, while having efficiency in
the treatment and the advantage to have supported catalyst.

The objective of this work was to develop an efficient
wastewater treatment process able to treat effluents from the
textile industry using a photocatalytic bench reactor made
of a recyclable material of poly (terephthalate ethylene)
(PET) with supported TiO, on aluminium (a recyclable
post-consumer material) sealing loop. In addition, the work
aims to evaluate the degradation kinetics of the best system
from ANN modeling.

2. Methodology
2.1. Effluent characterization

The effluent samples were collected from a jeans washing
factory located in the city of Toritama (Pernambuco, Brazil).
They were collected at the inlet (EI) and outlet (EO) of the
effluent treatment plant of the factory. The EI was collected
shortly after the passage through railing. The EO was treated
through the following processes: flocculation and sedimen-
tation process. The samples were characterized in terms of
pH, turbidity, conductivity, apparent colour, total dissolved
solids, nitrate and chemical oxygen demand (COD) [41].

2.2. Method for impregnating and characterization TiO, in the
aluminium ring mesh

Aluminum seals (ring) were obtained from cans of
soda (a recyclable post-consumer material). The aluminum
meshes were made by cutting and fitting the seals. After the
cleaning process, the aluminum sealing meshes were cal-
cined at 490°C for 26 h. In order to impregnate the aluminum
seals with TiO, P25 Degussa, an aqueous dispersion of TiO,
(2% w/v) at pH 2.5 was prepared according to the procedure
described by Barros et al. [37]. Then, the sealing meshes were
submerged in the TiO, dispersion for 10 s. Afterwards, the
sealing meshes were dried in the stove (QUIMIS Q315M25)
for 1 h at 35°C. The impregnation procedure was repeated
in order to achieve the desired mass of TiO, on the surface
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of the mesh. After the TiO,immobilization, the impregnated
sealing rings were muffled at 490°C for 4 h.

The samples were analyzed on a SHIMADZU UV-2550
spectrophotometer in reflectance mode. They were analyzed
in continuous mode, varying the wavelength from 190 to
900 nm. The Wood and Tauc method [42] was used to inter-
pret the UV-Vis spectrum. This model divides the spectrum
into three regions according to the gap.

The samples were analyzed in an XRD-6000 diffractome-
ter from SHIMADZU, with Cu Ka radiation, 2 kVA of power,
the voltage of 30 kV and 30 mA of current. Scans were per-
formed in the range of 20 between 20° and 80°, with a pitch
of 0.02° and a velocity of 2° s™. The characteristic peaks of
the materials were compared with the crystallographic charts
21-1272 and 21-1276 (International Center for Diffraction
Data) and were compared with the crystallography of the
aluminium seal prior to the immobilization of TiO,.

The Fourier transform infrared spectroscopy (FTIR)
analysis was performed on a Bruker Tensor 27 Spectrometer,
in a range of 4,000-500 cm™ with 16 scans. The attenuated
total reflectance probe coupled to the spectrometer provided
aresolution of 4 cm™ in order to verify the availability of TiO,
in the samples.

The morphological evaluation of the TiO, nanoparticles
of the aluminium support after calcination and after calcina-
tion and impregnation was performed by scanning electron
microscopy (SEM Tescan MIRA3).

2.3. Photocatalytic reactors

The first sets of experiments were performed in a batch
photocatalytic reactor. The reactor consisted of a 68x14x26 cm
of an internal chamber, internally coated by reflective metallic
material and containing a UV-C lamp (ILUMISAMPA T8,
20 W) in the cover. The overall radiation intensity of the sys-
tem was estimated at 7.5 W.m™. The container inside the box
was built with a 300 mL cylindrical recycled PET container
with 8.1 cm high and 8.3 cm in diameter (Fig. 1). These con-
tainers came from the bottom of a bottle of mineral water of
1.5 L. It was placed over a magnetic stirrer.

Based on preliminary experiments in the batch system
described in Fig. 1(a), the creation of a recirculation system
(Fig. 1(b)) was proposed. The recirculation system was
assembled consisting of two parts: a reservoir containing a
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Fig. 1. Batch photocatalytic reactor built with PET bottles (a),
Photocatalytic reactor with PET bottles and recirculation system
containing peristaltic pump and aluminum meshes supporting
TiO, (b), and Details of the aluminium ring mesh (c).

pump and a PET bottle connected to a second part composed
of two horizontally connected cylinders.

A washing machine electro-pump (Robertshaw, 34 W)
was used in the recirculation system connected to the res-
ervoir bottle. The bottles used were 1.5 L mineral water
(Villa©). Longitudinal apertures were made in the horizon-
tal direction of two bottles and the bottom of the third bottle
in the vertical direction, as shown in Fig. 1(c). These holes
were implemented along the material’s surface to achieve
higher light penetration rates directly into the solution. Each
bottle of the reactor had approximately 160 cm? of surface
area. Silicon connections with an internal diameter of 1.2 cm
were used to connect the reservoir to the inlet and outlet of
the two bottles, having the inlet tubing a flow control valve.
Aluminum meshes homogeneously impregnated with TiO,
P25 Degussa are shown in detail in Fig. 1(c). The aluminum
mesh with photocatalytic material in solid form was laid sub-
merged on the surface of the effluent during the treatments.

A tubular reactor made with two transparent beverage
PET bottles (2) within a metal material reflecting chamber
(F) (3).

An external reservoir (R) made with a transparent PET
bottle connected to an electropump (E) and an inlet pipe for
the reactor (1) and another reactor outlet pipe (4) at the top
of the reservoir; The inlet pipe (1) is provided with a flow
control valve.

Mesh lattice of beverage cans made of aluminum (3)
made according to Fig. 3 and homogeneously impregnated
with TiO, in solid form to be laid submerged on the surface
of the solution and under the radiation during the treatment.

2.4. Analytical methodology

Samples obtained during the experiments were quan-
tified by UV-Visible Spectroquant Pharo 300 Spectrometry
(Thermo scientific). They were read at absorptions peak at
a wavelength of 254 and 655 nm for the aromaticity and tex-
tile dyes, respectively. The percentage of dye removal (%)
was used as a response. All samples containing TiO, were
centrifuged at 3,500 rpm for 40 min before analysis to avoid
interference of TiO, in the analysis. UVC light experiments
were performed on a photocatalytic bench reactor shown in
Fig. 1. The lamps were preheated for 30 min to stabilize the
emissions. The solar experiments were conducted in Recife,
Brazil (8°04'03”'S; 34°55'00” W), during sunny days.

2.5. Preliminary tests

Preliminary tests were performed for 360 min under
solar radiation or using a UVC lamp in a photocatalytic
reactor, varying the amounts of H,O, and TiO,, as shown in
Table 1. Prior to the experiments with radiation, all systems
were under magnetic stirring in the dark for 30 min. The
established time for the experiments was determined in the
laboratory by previous tests on similar systems. Experiments
without radiation source, TiO, H,O, and TiO,/H,0, and
direct photolysis process were also performed as blanks
to evaluate the influence of radiation source, oxidants and
photocatalyst. In all experiments using TiO, the amount used
was 100 mg, based in the work of Nascimento Janior et al.
[43]. The TiO, P25 used was from Evonik Degussa Brasil



A.A. Barbosa et al. / Desalination and Water Treatment 151 (2019) 82-92 85

Table 1 Table 2
AOQOP used in preliminary tests Variables levels of the 23 factorial planning
UVC radiation Solar radiation Levels TiO, (mg) H,O, (g L™
uvc Solar -1 100 2.68
UVC/H0, Solar/ H,O, 0 250 521
UVC/T%OZSuspended SO]ar/TiQZsuspended +1 400 804
UVC/TIOZsuported SOlar /TIOZSuported
UVC/HZOZ/TiOZSuspended SOlar/HZOZ/TiOZSuspended . . .
UVC/HZOZ/TiOZSupme 4 SOlar/HZOZ/TiOZSUPOHed wavelength absorption as input variables to generate a

Ltda. The TiO, P25 Degussa is constituted by 75% of anatase
and 25% of rutile and has surface area of 50 m?.g™[44]. The
concentrations of H,O, (50% v/v of Coremal/Pochteca) used
in the degradation experiments were 2.68 and 1.88 g L' in the
EI and EQO, respectively, with values based on stoichiometric
calculation. The sample volume was 300 mL. The used TiO,
concentration was based on previous studies, while the
amount of H O, was calculated as a function of the amount
of oxygen given in the COD analysis and the obtained value
was tripled. TiO, was recovered at the end by centrifugation.
Samples were collected after 1, 5, 30, 60, 90, 120, 180, 240, 300,
and 360 min.

2.6. 23 factorial planning for UV-Solar/H,0,/TiO, system

The factorial planning 2° was performed for the best
system according to the preliminary tests using the batch
system. The studied parameters were H,O, concentration and
TiO, dose. The center point of the 23 factorial planning was
made in triplicate to determine the error, amounting seven
experiments. The studied levels are described in Table 2.

The SOlar/HZOZ/TiOZSuportc 4 System was chosen to perform
the factorial design due to its high percentage of degradation
in preliminary tests. Thus 200 mL of solution was used in
each container to perform the runs. The experimental time
was chosen to be 120 min.

2.7. Kinetic modeling study

From the best conditions obtained for the Solar/H,O,/
TiO, oea SYstem, the degradation kinetics was studied in
the recirculation reactor. The experiment was performed
in triplicate. The results obtained in the experiment were
adjusted to kinetic models of zero order, pseudo-first order
and second order. The kinetic constant in Eq. (1) and half-life
(Eq. (2)) were calculated for the model that best describes the
reaction, which in this case was the second order.

1

ke
Abs ' Abs(t=0) (1)

2
= II’IE )

Kinetic models using ANN were established for solar/
H,O,/TiO,, ..q SYstem using as response aromaticity and
dye removals. The ANN was developed with the time and

curve of concentration over time, as used by Gob et al. [45]
and Giroto et al. [46]. For this purpose, a software was cre-
ated based on C# language in Unity 3D°, commonly used to
develop games and apps. The ANN is composed of input,
hidden and output layers with a different number of neu-
rons. A group of procedures was set to turn the adjustment
possible. The type of ANN used was 2:3:1 (2 input variables,
3 hidden layers, and 1 output variable). The training method
was based on particle swarm optimization (PSO) as exposed
by Kennedy and Eberhart [47], which a small disturbance
was induced in the weights and biases to verify if the resul-
tant network is a better adjustment according to the experi-
mental data. Related to the computational effort, the training
times were 86,600 s according to the requirements of enough
interactions for the fit. All training was performed on a regu-
lar desktop computer.

3. Results and discussion
3.1. Characterization of aluminium ring mesh

The spectra obtained by UV-VIS diffuse reflectance anal-
ysis are shown in Fig. 2. TiO, P25 (Degussa) was used as a
reference to verify the possible increase of the E-gap in the
sample in the place that the catalyst was immobilized.

The optical band gap (E-gap) was estimated by the Wood
and Tauc method [42], according to the authors the optical
band gap is associated with the absorbance and energy of the
photon. The values (E-gap) were calculated by extrapolating
the linear region of the curve. As observed in Fig. 2, there
is a slight increase in band gap when comparing TiO, P25
(Degussa) and TiO, immobilized in an aluminum seal after
calcination. The sample of pure TiO, shows Egap of 3.03 eV
while the sample immobilized in aluminium ring shad an
E-gap of 3.1 eV. Probably this lower band gap may favor the
degradation of the compounds when solar radiation is used.

The X-ray diffraction (XRD) spectra of TiO, immobilized
on the aluminum seal are shown in Fig. 3. The qualitative
interpretation of the compounds present in the catalysts was
performed from the inorganic crystal structure database
(ICSD) database: 21-1272 and 21-1276. It is possible to note
the presence of the anatase and rutile phases of TiO,, as well
as the presence of the metallic aluminum substrate (sealing).
Peaks at 25.53°, 37.20°, 38.6°, 48.31°, 55.00°, 62.6° and 75.06°
refer to the anatase phase of TiO, for different crystalline
planes. The rutile phase of peaks refers to 27.88°, 41.2°, 54.48°,
65.26° and 69.46°. The peaks at 43.22° and 44.84° are probably
related to the presence of the aluminum metal substrate.

Fig. 4 shows the FTIR spectrums for the aluminum sup-
port, calcined, and immobilized with TiO, and calcined and
immobilized with TiO, after the treatment of the effluent.
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Fig. 4. FTIR analysis of aluminium supports without calcination,
with calcination, calcined with immobilized TiO, and calcined
with immobilized TiO, after the treatment of the textile effluent.

In the case of the support calcined and immobilized on TiO,
after the treatment, the stretch of characteristic groups of tex-
tile dyes containing hydrogen, such as the hydroxyl group
(3,650-3,590 cm™), amine (3,500-3,300 cm™) and aromatic ring
(3,050-3,000 cm™) containing drawn hydrogen are observed.
This confirms the interaction of the effluent with the sup-
ported TiO, after the treatment. A characteristic peak of the

CH, group is observed in the range of 2,400-2,300 cm™, while
at 1,680-1,620 cm™ the stretching of covalent C=C bonds of
the aromatic ring is observed [36]. Peaks in frequency ranges
of less than 1,000 cm™ refer to stretches of metal interaction
with TiO,. At 700 cm™ the M—OH stretcher peak was observed
and at 550 cm™ the O-Ti-O interaction, confirming that the
catalyst remained in the aluminium support after treatment.
Similar results can be found in the work of Santos et al. [37],
which immobilized TiO, in polystyrene.

The SEM micrographs shown in Fig. 5 show the
magnified surface at 20x for the aluminium support with-
out calcination, with calcination and with calcination and
immobilization of TiO,.

It shows differences that the heat treatment made in the
material, which became rough and uneven after calcination.
The immobilized TiO, layer presented as a rough film
(Fig. 5(c)) from TiO, agglomeration on the surface of the alu-
minum rings with subsequent thermal fixation. In the work
of R. Ludwichk et al. [38], steel wires were covered with TiO,
by thermal fixation, the rough surface of the support material
is essential for the complete coating of its surface with the
catalyst.

3.2. Preliminary tests

EI and EO effluents presented COD of 659.8 and
484.3 mg O,.L. Initially, tests were performed with EI and
EO exposed to solar radiation. The results obtained of dyes
and aromaticity removals are presented in Fig. 6. One can
observe the effectiveness of each treatment over time.

As expected, direct photolysis did not show a significant
decrease after 360 min of treatment. Organic pollutants, com-
monly present in textile effluents, have a complex structure
and are hardly degradable with radiation alone [21], thus it
is necessary to form reactive compounds such as HO- and
0O,/‘O0H in the system to obtain an effective degradation
[48]. The Solar/H,0, system did not present a good result,
reaching a removal percentage less than 20% for aromatic-
ity and slightly more for the dye removal after 360 min of
treatment. In this case, the solar radiation was not enough
to promote an efficient H,O, cleavage into HO-, thus the
application of hydrogen peroxide in combination with solar
radiation was not effective to remove colour as observed in
previous studies [49]. The solar/TiOZsuspcn 1eq System obtained
higher removals, mainly dye removal in both effluents. The
improvement with TiO, addition is related to the generation
of reactive products such as HO-,0,"and HOO- [48]. The use
of solar/TiOzSuspm 1/ H,0, reached a very high dye removal
rate, achieving for both affluent almost 100% of removal. The
aromaticity removal was lower, however it was in the vicin-
ity of 60% and 80% in EI and EQ, respectively. Although, that
method presents satisfactory results, the use of suspended
catalysts presents some disadvantages as the complicated
process of its removal and high cost [50]. The efficiency of the
photochemical process can also be reduced due to the high
concentration of the photocatalyst, causing a poor distribu-
tion of the solar radiation, due to a high effluent turbidity
[51,52]. The UV—solar/TiO2Supportc J/H,0, system presented a
slightly lower removal of aromaticity and dyes when com-
pared with the UV—solar/TiOzSupportc . System. That great effi-
ciency resulted from the interaction of hydrogen peroxide
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Fig. 5. SEM analysis of (a) aluminum bracket, (b) calcined
aluminium bracket and (c) TiO, supported on aluminium mesh.
Magnification of 100x.

and TiO,, which increased the oxidative power due to higher
HO-formation [48,53]. Although, supported TiO, presented
lower removals than the supported system, it does not need
the filtration step to remove the catalyst, thus making the sys-
tem more applicable.

The same type of experiments was performed with the
use of UV-C radiation. The results of aromaticity and dye
removal of EI and EO are shown in Fig. 7.

The direct UV-C photolysis in both EI and EO effluent was
more effective than direct solar photolysis. The low impact
of solar radiation, which has about 5% of UV radiation, was
expected since wavelengths and quantum yield are very low
due to the less energetic bands [54]. The UV-C/T iOzsuspen ded
system showed very high dye removals, although the aroma-
ticity removal was lower. It was expected that the use of TiO,
in the UV-C system presented a higher percentage of degrada-
tion when compared with the Solar system since TiO, is able
of absorbing only a small fraction of the solar radiation [51,52].
The UV-C/H,O, system obtained also an expressive percentage
of dye and aromaticity degradation than that obtained with
solar radiation, reaching more than 60% in both cases. This
result shows that solar radiation does not have enough energy
to effectively break down H,0O, molecules, thus generating
hydroxylradicals [55]. The UV-C/TiO,_ . .., /H,0, system due
to the higher concentration of oxidant species was the most
efficient system, presenting degradation higher than 80% for
dye removal in both effluents. A lower aromaticity removal
was obtained in the EI effluent. The UV-C/TiO, .., /H,0,
system presented a slightly lower result for degradation of the
dyes and also when compared with the suspended system,
which is similar to the solar systems.

3.3. Factorial planning for the solar/H,O,/TiO

2suported SyS tem

The choice of EI to be used in the factorial planning was
carried out by comparing the two effluents (EI and EO) after
the applied treatments. The EI treated by the best system
(Solar/TiO, /H,0O,) obtained its highest percentage of degra-
dation in 300 min of treatment, reaching 86% for aromatic
compounds and 99% for dyes removal. The EO effluent had
an aromaticity removal of 63% and 97% for the dyes removal
when treated by (Solar /TiOZSuspen 1d/H,0,)- The choice of the
Solar/TiO,/H,O, system was based on the degradation time
for the EI effluent since it was the system that presented the
highest aromaticity and dye removal. The economic benefits
of using solar radiation have also been taken into account.
The Pareto graph (Fig. 8) evaluated the statistical significance
of the variables employed. The dating analysis was carried
out using the Statistica 6.0 software.

The result of the statistical analysis indicates that the
amount of H,0O, was the only variable with statistical sig-
nificance in the degradation process. After the significance
analysis, the highest concentration of hydrogen peroxide and
lower TiO, dose were used in the recirculation reactor for the
kinetic study.

3.4. Kinetics of textile effluent treatment by Solar/H,0,/TiO

K . . 2suported
in recirculation reactor

Considering the best treatment condition obtained
through the factorial design, the experiment was repeated
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in the recirculation reactor. Fig. 9 shows the aromaticity
and dye removal throughout 360 min of treatment using the
solar/H,0,/TiO,, ., System.

According to the results, it was observed that there was a
significant increase in the degradation percentage between 60
and 90 min, reaching about 30% for aromaticity and 61% for
dyeremovals. High percentages of degradation were obtained
after 240 min of treatment, which more than 90% degradation

H202 (maiL)

Ti02 x H202 £

Tio2 (ma)

L
p=0.05
Effect Estimate (Absolute Value)

Fig. 8. Pareto chart for the 22 factorial design.
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Fig. 9. Aromaticity and dye removal using solar/H,O,/TiO,
during 360 min to dyes and aromatic compounds.

was achieved for the dyes. The obtained standard deviation
was 0.06. From the degradation kinetics of dyes and aromatic
compounds, the linear adjustments for the zero-order,
pseudo-first order andsecond-order kinetic models were per-
formed. The second order model described the degradation
of both the dyes (* = 0.9726) and the aromatics (r*= 0.8929).
As expected, zero-order kinetics did not adequately describe
the kinetics of the reaction, since the reaction encompasses
complex mechanisms of radical formation, successive attacks
of m-bonds on complex organic molecules, and transforma-
tion of organic carbon into the form of carbon dioxide [56].
According to Rosario-Ortiz et al. [57], second-order kinetics
has been reported for many organic compounds, which are
successively attacked during the POA process by the OH
radicals formed.

Based on the kinetic constant obtained for the second-order

model k, . = 0.175 L.mol™.s™, the sample half-life (¢,,) was
estimated from Eq. (3) to be 20.3 min.
_ 1
3 k[Abs(t=0)] 3)

Several studies have reported the isolated and combined
use of H )0, and TiO, for the degradation of textile effluents,
as shown in Table 3.

Despite the long experimental time used in this study, the
use of natural solar radiation eliminates the energy costs that
would exist in other photocatalytic processes, with the use of
UVC or mercury lamps. In addition, another important factor
is that the system uses supported TiO,, avoiding later steps of
recovery of the photocatalyst. The recirculation system used
in this work eliminated 95% of the colouration of the textile
effluent and more than 70% COD, showing the efficiency of
the combination of solar radiation, H,0,and TiO,.

3.5. Kinetic modelling through ANN

The training of simple ANN topology was tested and the
result according to the mean absolute error was adopted for
both solar/H,0,/TiO,_ . . for the aromaticity (254 nm) and
dye (655 nm). A two-layer feed forward NN was adopted,
with a sigmoid neuron-response function, and an indepen-
dent (bias) term for the intermediate and output neuron
layers, as described by Haikin [63]. To perform the ANN
analysis the input and output values were normalized and

Table 3
Literature survey for the treatment of textile effluents by TiO, and H,O,
[H,0,] (mmol.L")  [TiO,] (mg.L™")  Radiation Power (W) % Color removal % COD  Time  Reference
200 - UV lamp 7.2 37 7 60  [58]
35 - High-pressure 250 22.47 - 40  [59]
- 200 mercury lamp 36.28 120
- 2,000 Mercury vapor lamp 125 88 20 360  [60]
- 500 Low-pressure 400 93 40 240  [61]
mercury lamp
100 1,000 UV lamp 55 - 1,440  [62]
236 1,000 Solar light - 95 75.6 360  This study
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established between -1 and 1 for all set of data in order to
guarantee the training to be reliable and rapid as exposed by
Haikin [63].

ANN results of degradation data training for the effluent
is presented in Fig. 10. In Fig. 10, the input layer (wavelength
and time) and the output layer (representing the degradation
response) are exhibited. The weights (values above the lines
connecting the neurons) indicate the values which multiply
the output values of a neuron before the value gets to next
neuron, while the bias (the arrows pointing to the neurons)

-4.400229

-6.057145

-0.9624139
D N
CyAx)
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Fig. 10. ANN resulting from degradation data training by Solar/
H,0,/TiO
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indicate the added values to the neuron inputs. This model
is able to predict the degradation response for the effluent
degradation under the given conditions.

Fig. 11 shows the adjustment of the training results to the
experimental data in the Solar/H,0,/TiO,, .-

According to the chart, a good prediction model could
be achieved by the training with an absolute mean error esti-
mated in 0.02266 after 9297552 interactions for photolysis, is
possible to observe that ANN can detect subtle changes on
experimental conditions, even if it is similar to experimental
noise, but the point in 60 min in both wavelengths cannot
be well predicted, since in Neural Networks the question of
overfitting is always avoided, because the model need to gen-
eralize the data set.

3.6. Effluent characterization

The characterization of the textile effluents used in the
present study was performed and it is presented in Table 4.
The analyzed parameters were: pH, apparent color, conduc-
tivity, turbidity, total dissolved solids, nitrate and COD.

The obtained results for the effluents characterization
before the photocatalytic treatment indicate the need for an
alternative treatment to obtain better results before being
discharged into water bodies. The other parameters, despite
having suffered a reduction after the physical-chemical
industrial treatments, did not present satisfactory values
indicating that industrial (conventional) treatment is not effi-
cient. With the application of the photocatalytic treatment,
all the parameters suffered a reduction in their values. The
COD decreased 75.6% in relation to the initial effluent and
66.7% in relation to the effluent after the conventional treat-
ment of the industry. This result confirms the efficiency of the
photocatalytic treatment in the treatment of effluents from
the textile industry. The use of the reactor made of recycled
material (PET) brings economic advantages, due to the low
cost of obtaining the material and its respective construc-
tion. In addition, this reactor can be arranged in series for the
treatment of a larger volume of effluent.

4. Conclusion

From the preliminary tests, using different processes
of advanced oxidation, the most efficient degradation sys-
tem for the aromatic compounds and dyes of the indus-
trial effluent could be determined. The EI treatment by

Parameters EI EO Solar/HZOZ/TiOZsuporte B recirculation reactor
pH 7.4 7.4 9.0

Apparent color (mg Pt.L™) 385 200 48.8

Conductivity (us.cm™) 11,220 9,620 9,970

Turbidity (NTU) 183 19.5 3.1

Total dissolved solids (mg.L™) 5,600 4,810 4,890

Nitrate (mg.L7) 0.9 0.9 0.5

COD (mg O,.L™) 659.8 484.3 161.3
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solar/TiO, .../H,O, showed a higher percentage of degra-
dation in a reasonable time of treatment. The high efficiency
of the solar radiation when compared to the germicidal
radiation presents several economic and environmental
advantages, due to the abundance and gratuity of the solar
radiation, leading to a decrease in energy costs and simplicity
of the treatment. As expected, the combined TiO, and H,O,
were more efficient when compared with the other systems.

Through a factorial design, it was possible to find the best
treatment conditions for this system, in order to reach higher
percentages of degradation in shorter time intervals, with a
lowercost. The performance of the experiment in the recir-
culation reactor allowed obtaining degradation kinetics by
adjusting to a second order model. The use of artificial neural
network was proven efficient to predict the degradation of
a real effluent, resulted in mean absolute errors of 0.02266
for solar/H,0,/TiO, ..., with the increasing application of
machine learning, the use of the neural network in this paper
show to be promising. With the results obtained in the pres-
ent study, it was concluded that the treatment is suitable for
the removal of contaminants from textile effluents presenting
higher efficiency than the conventional treatment used in the
industry under study.

The results presented in this new and cost-effective
reactor can be scaled up and used to treat small volumes of
textile wastewater, thus solving the problem of textile effluent
treatment as well as use the fate of recyclable materials such
as soda cans and PET bottles.
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