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Abstract

The photocatalytic discoloration of industrial dyes, Novacron blue (NB) and Novacron yellow (NY), was investigated using
composites based on TiO, and natural palygorskite (Pal-Ti10 and Pal-Ti30). The method consisted of synthesizing the compos-
ites starting from a physical mixture of TiO, and natural palygorskite in the presence of alcohol, for impregnation through
calcination under conditions of temperature equal to 450 °C and atmospheric air. The characterization techniques used in this
work were FTIR, XRD, XRF, SEM, particle size analysis and zeta potential. The photocatalysis for the NB dye was investigated
through the application of a factorial 2* experimental design, aiming at the best experimental conditions and finally applying
them in another NY industrial dye. The investigated concentrations of NB were 10 ppm and 30 ppm, the composites were
synthesized using 10 and 30% (p/p) of titanium dioxide in palygorskite, the two pH values were 2.0 and 6.0 and the light
intensities 9 and 18 W were used. Tests performed at pH 2.0, Pal-Ti30 composite, power 18 W and 10 ppm of dye showed 100%
color removal of both dyes in 90 min. The bleaching process followed the pseudo-first order kinetic model, and the apparent
constants (Kjpp) were 0.0216 min "' and 0.0193 min"' for NB and NY dyes, respectively. The results of total organic carbon
(TOC) showed mineralization of 61.70% and 58.06% for NB and NY, respectively, in 90 min of treatment, and the by-products
were detected by GC-MS.
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Introduction

One of the biggest environmental problems resulting from
industrial activity is the contamination of water resources with
waste, providing adverse effects to the ecosystem (Azari et al.
2020). The effluents from the textile industry are one of the
greatest examples of vehicles for contamination of aquatic
bodies and can consist of substances that remain present in
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low concentrations, even after a possible wastewater treatment
process. Among these substances are dyes, persistent and
highly toxic chemical compounds, difficult to be removed in
the conventional treatment process (Bilal et al. 2019).

More than 100,000 synthetic dyes are marketed in order to
meet the demands of the various production sectors. However,
because they are complex molecules and resistant to degrada-
tion and removal, problems arise during their use, causing
impacts on the environment and human health (Yagub et al.
2014). It is estimated that about 10 to 15% of industrially used
dyes are discarded without undergoing any type of treatment
(Silva et al. 2019).

The textile industry is one of the largest generators of in-
dustrial waste and has large amounts of dyes, which are often
non-biodegradable molecules and have some resistance to
some physical-chemical degradation processes. Thus, the lack
of an efficient treatment for these residues can promote envi-
ronmental contamination and cause intense damage to the
health of living beings, considering that the presence of color
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in the water causes it to lose its transparency, reducing the
permeability of sunlight, affecting the absorption of gases
and the balance of the aquatic ecosystem, in addition to the
fact that many of these compounds have carcinogenic effects
(Rocha et al. 2012; Mishra et al. 2018).

The means of water treatment for human use as well as for
returning to aquatic bodies, in most water treatment plants,
rely only on conventional processes that consist of the use of
methods such as coagulation/flocculation, sedimentation, fil-
tration and disinfection. These methods are not sufficient to
promote the removal of some contaminants, such as dyes, and
may generate by-products capable of causing damage to the
environment and living beings. Avoiding a possible scarcity
of water resources has been a major challenge. Therefore,
there is a need for more effective methods so that water is
treated correctly and returned to nature with excellent quality
(Buruga et al. 2019; Queiroz et al. 2019; Azari et al. 2020).

Despite so many studies to achieve the removal of color
and by-products from the degradation of dyes, there is still a
great concern in having efficient, low-cost and sustainable
technologies for this purpose. Among the various effluent
treatment methods, advanced oxidative processes (POAs)
using photocatalysis have gained prominence for being effec-
tive in the process of removing contaminants, in which it is
possible to obtain complete oxidation or mineralization
of organic compounds at temperature and ambient pres-
sure (Matilainen and Sillanpdd 2010; Brillas and
Martinez-Huitle 2015).

Novacron blue (NB) and Novacron yellow (NY) are reac-
tive dyes belonging to the group of azo dyes, characterized by
the presence of the chromophore group —N=N-. Reactive
dyes have non-biodegradable molecules and have low adsorp-
tion and fixation, making them highly concentrated in efflu-
ents, which makes their treatment by conventional methods
difficult (Hassan and Carr 2018; Zhang et al. 2020).

The NB dye is commonly used by Brazilian textile indus-
tries for dyeing jeans. Such a compound has high hydrophi-
licity and solubility in saline and alcoholic solutions, and the
molecule remains stable when conditioned to an acid or alka-
line medium (Rocha et al. 2012; Fernades Régo et al. 2014).
NY dye is widely used in the textile industries of north-
eastern Brazil. When present in the environment, it af-
fects aquatic ecosystems due to its persistent color, in
addition to presenting carcinogenic and mutagenic char-
acteristics (Rocha et al. 2014).

Some works found in the literature report studies of color
removal for the dyes NB and NY in synthetic effluents.
Among the methods used are the electro-Fenton process
(Fernades Régo et al. 2014) and electrochemical oxidation
(Rocha et al. 2012, 2014). Despite presenting satisfacto-
ry results, the works employ expensive technologies that
demand a long treatment time and, consequently, a
higher energy consumption.

Heterogeneous photocatalysis is a process that, through the
activation of a semiconductor by sunlight or artificial light,
has the ability to decompose polluting organic compounds
present in wastewater (Chong et al. 2010). Photocatalysis re-
actions occur on the surface of photocatalysts
(semiconductors) through the pre-adsorption of target com-
pounds on surfaces (Szczepanik 2017). The efficiency of ox-
idation of organic compounds by radicals will depend on
some factors, such as concentration of radicals and contami-
nant, pH, temperature, type of pollutant, concentration of the
semiconductor, dissolved oxygen, presence of ions, type of
radiation and light intensity (Chong et al. 2010; Matilainen
and Sillanpda 2010). Therefore, it is necessary to carry out
studies to optimize operational parameters, providing greater
efficiency in the photocatalytic process and, consequently,
faster and more economical treatment.

Titanium dioxide (TiO,) has been one of the most used
semiconductors in photocatalysis processes, as it has many
advantages, mainly due to the excellent photocatalytic activi-
ty. However, its structure on a nanometric scale limits its use
due to the occurrence of aggregation of its particles when in
suspension, which can decrease its efficiency as a catalyst.
With this, TiO, has been used after being impregnated in other
materials, such as expanded perlite, polymers, zeolites, clay
minerals, laminates and glass fibers, activated carbon, among
others (Papoulis et al. 2010; Stathatos et al. 2012; Kuang et al.
2019; Silva et al. 2019).

Palygorskite (Pal) is a fibrous clay mineral, a natural inor-
ganic material, abundant in the earth, of low course and has
good adsorption capacity. Several studies found in the litera-
ture report the application of palygorskite in environmental
remediation processes, in the form of nanostructures, films
or membranes, to be used as natural or modified adsorbents
and as a support for semiconductors. Previous studies have
shown that Pal has a very positive effect on photocatalytic
activities, as a support for TiO,, and this is due to the ability
to avoid possible agglomerations of this semiconductor, as
well as contribute to a good adsorptive capacity (Papoulis
et al. 2010; Mu and Wang 2016; Al-Mamun et al. 2019;
Awad et al. 2019).

The present work has as main objective the application of
the Pal-TiO, nanocomposite in the environmental remediation
of synthetic effluents from NB and NY dyes via heteroge-
neous photocatalysis. The preparation of the nanocomposite
is widely reported in the literature, including its application in
the treatment of several types of organic pollutants (Bouna
et al. 2011; Chen et al. 2012; Papoulis et al. 2013; Liu et al.
2018; Kuang et al. 2019). However, the synthesis methods
reported are time consuming, with the use of different types
of reagent, making them expensive. Therefore, the present
work also proposes a route for obtaining the simplest Pal-
TiO, nanocomposite and with fewer steps, using low-cost
reagents. Palygorskite was used in its natural form, extracted
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in a deposit present in the same region where the dyes are used
by textile industries, the northeast region of Brazil. The effi-
ciency of the process in removing color from the dye effluents
was evaluated with the application of an experimental design
of the central composite design (CCD) type, by estimating the
effects of the following operational parameters: UV-C light
power, pH of the solution, dye concentration and TiO,/Pal
ratio in the synthesized nanocomposites.

Material and methods
Materials

The palygorskite (Pal) was extracted from a deposit in the
Parnaiba basin, in the municipality of Guadalupe (Piaui-
Brazil) and was supplied by the company Bentonit Unido
Nordeste. The dyes, Novacron blue C-D (NB) and yellow
Novacron C-RG (NY), were supplied by a Brazilian textile
industry. The other reagents used were of analytical grade. All
aqueous solutions were prepared in distilled water. Table 1
shows some physical and chemical properties of the NB and
NY dyes used in this study.

Preparation of the palygorskita-TiO, nanocomposite

The titanium impregnation process in the palygorskite was
carried out according to Hosseini et al. (2007) (Hosseini
et al. 2007) and Silva et al. (2019) (Silva et al. 2019).
Palygorskite was used in its natural form and sieved at 100
mesh. The palygorskite and titanium dioxide (TiO,) were
weighed separately, obeying the proportion for synthesis of
the two composites Pal-Til0 and Pal-Ti30, as described in
Table 2. TiO, was dispersed in ethyl alcohol (99.5%), and
then nitric acid (pH 3.5) was added to reduce turbidity and
favor dispersion. The mixture was placed in an ultrasound
bath for 10 min and then remained under mechanical stirring
for 30 min. After filtering, the material was calcined at 450 °C
for 30 min. The resulting solid was washed three times with
distilled water and dried at 120 °C for 12 h.

Characterization of materials

The characterization of precursor materials (palygorskite and
Ti0,) and composites (Pal-Ti10 and Pal-Ti30) obtained in this
work had their structures analyzed by Fourier transform infra-
red spectroscopy (FTIR), X-ray diffraction (XRD), X-ray
fluorescence (XRF), scanning electron microscopy (SEM),
dynamic light scattering (DLS) and zeta potential (ZP).

Fourier transform infrared spectroscopy (FTIR)

Molecular absorption spectroscopy in the infrared region with
Fourier transform (FTIR) contributed to the characterization
of the functional groups of chemical compounds. To obtain
the infrared spectra, an FTIR-8400S Iraffinity-1 spectrometer
was used, in the following specifications: 32 scans; spectrum
range 400-4000 cm ', 4 cm™ ' resolution and made in KBr
tablets.

X-ray diffraction (XRD)

The X-ray diffraction technique (XRD) was of great impor-
tance for the crystallographic identification of the chemical
compounds used. To characterize the structure, a Bruker
D2Phaser device, CuK« radiation (A = 1.54A) with Ni filter,
current of 10 mA, voltage of 30kV and Lynxeye detector, was
used.

X-ray fluorescence (XRF)

X-ray fluorescence (XRF) analysis was performed on a
Bruker S2 Ranger equipment using radiation with Pd or Ag
anode, 50 W of power, 50 kV voltage, 2 mA current and
XFlash® silicon drift detector.

Scanning electron microscopy (SEM)

The scanning electron microscopy was performed using a Carl
Zeiss Auriga model, field emission scanning electron micro-
scope (SEM-FEG). The samples were dried, fixed to the

Table 1 Physicochemical

properties of Novacron blue (NB) Industrial name

Novacron blue C-D Novacron yellow C-RG

and Novacron yellow (NY)
Chemical structure

Molecular formula

Molecular mass

Solubility

Absorption in the visible region
pH

(C=10mg/L)

C34H4NNaj0 1454 Cy6H 6NgNajO 354

960.794 g/mol 882.664 g/mol
Soluble in water Soluble in water
600 nm 430 nm

6-6.5 5-6
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Table 2 Proportion of reagents
used to prepare the Pal-Ti30 and Pal-Ti composite Pal mass TiO, mass Ethyl alcohol (mL) Nitric acid (mL)
Pal-Til0 composite (®) (@

10 20 150 6

30 20 6 216 18

support using carbon tape and covered with gold forming a
thin film over the materials.

Dynamic light scattering (DLS) and zeta potential (PZ).

The determination of the average particle diameter and zeta
potential was performed using a Zeta Plus analyzer
manufactured by Brookhaven Instruments Corporation. For
the analysis, a dispersion of 20 mg was prepared for each
sample of Pal, TiO, and composites Pal-Til0 and Pal-Ti30
in 50 mL of ultra-pure water in an ultrasound bath for 20
min. In this analysis, the readings of the dispersed samples
were performed in triplicate.

Photocatalytic testing and application of
experimental factorial design

For the photocatalysis test, 0.1 g of the composite was
weighed and mixed with 200 mL of dye solution. The mixture
was taken to the reactor, consisting of a magnetic stirrer and
two germicidal lamps, each with a power of 9 W, emitting
light in the UV-C range, with a wavelength at 253.7 nm. The
total time of the photocatalysis was 4 h, in which aliquots of 3
mL were removed every 30 min to evaluate the time of color
removal of the dye, and the aliquot collected was filtered
through a CHROMAFIL® 0.20-pm filter for remove the
composite dispersed in the sample.

To evaluate the percentage of discoloration, Eq. 1 was
used:

Color removal (%) = [(Absy—Abs;)/Absy] x 100 (1)

where Abs, is the initial absorbance and Abs; is the absor-
bance at time ¢, obtained on a UV-Vis-NIR spectrophotometer
(model Cary 5000 from Agilent Technologies) using quartz
cuvettes with 1 cm of optical path, for reading at the wave-
length of maximum absorption at 600 nm for NB and 430 nm
for NY (visible region).

In the development of the present work, the influence of
some operational parameters on the photocatalytic degrada-
tion process of the Novacron blue textile dye by the Pal-
TiO, nanocomposite was evaluated, through the application
of experimental design 2* of the central composite design
(CCD) type. The parameters evaluated were as follows: tita-
nium dosage in the nanocomposite (10 and 30%), initial

concentration of dye (10 and 30 mg/L), pH of the dye solution
(2 and 6) and power of the UV-C lamp ( 9 and 18 W). The
design and validation of the model were obtained with the aid
of the software Protimiza Experimental Design. Table 3
shows the values used in the CCD for the four factors de-
scribed previously.

Photocatalytic activity and adsorption tests for NB
and YB dyes

The photocatalysis tests under conditions of the optimal pa-
rameters were redone, using a time less than 90 min as the
maximum photocatalysis time, previously determined with
the experimental design of the NB photocatalytic test.

To understand the efficiency of the composite, adsorption
tests of the solid were carried out with the dye solution, obey-
ing the best performance conditions: pH 2, 10 mg/L concen-
tration of dye and Pal-Ti30 composite. The test was carried
out using 100 mg of composite, 200 mL of dye solution and
without UV-C irradiation. The maximum test time was 120
min, in which the adsorption was evaluated at 5, 15, 30, 60, 90
and 120 min.

After determining the adsorption equilibrium time,
photocatalysis studies were performed using the optimal con-
ditions and the adsorption time to obtain the photocatalysis
kinetic curves for the dyes. For this, they were weighed in a
100-mg beaker of the Pal-Ti30 composite, and 200 mL of dye
solution (AZN or AMN) was added. The system was placed in
the reactor and previously agitated without using UV-C

Table 3 Values used in the CCD to evaluate four operational
parameters in the process of NB photocatalytic degradation by the Pal-
TiO, nanocomposite

No. Code Parameter Parameter level
-1 +1

1 X, Composite (% of TiO,) 10 30

2 X5 Initial dye concentration (mg/L) 10 30

3 X3 pH 2 6

4 Xy Potency (W) 9 18

“=1” and “+1” correspond to the lower and upper levels, respectively,
associated with each parameter. The response factor (dependent variable)
evaluated was “Color removal (%) — Y,”.
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irradiation for 60 min (adsorption equilibrium time); soon af-
ter, the lamps were turned on and 3 mL aliquots were removed
at 5, 10, 15, 30, 60 and 90 min. Each aliquot was filtered
through a CHROMAFIL® 0.20-um filter and subsequently
had their absorbances determined spectrophotometrically.

Photolysis

Photolysis tests were performed for each dye. For this pur-
pose, 200 mL of a 10 mg/L concentration solution of the dyes
was prepared and placed in a 250-mL beaker without the
presence of the composite, to perform only the study of the
effect of UV-C irradiation. Three milliliter aliquots were taken
at 5, 10, 15, 30, 60 and 90 min, to compare with the optimal
photocatalysis result obtained by experimental design. The
aliquots had their absorbance values determined in a molecu-
lar absorption spectrophotometer in the UV-vis region, fol-
lowing the maximum absorption length of NB and YB dyes.

Evaluation of the heterogeneous photocatalysis
process: kinetic model

Photocatalysis experiments usually follow the Langmuir-
Hinshelwood model (Eq. 2) (Stathatos et al. 2012), in which
the reaction rate (r) is described as

_dC kiKC
dt 1+KC

(2)

where £ is the reaction rate constant, X is the dye adsorption
coefficient and C is the dye concentration. When the concen-
tration (C) is very small, the KC factor is negligible, and the
equation can be rewritten describing a pseudo-first order
kinetics.

The apparent velocity constant (K,,,) for the photocatalysis
process for each dye was estimated according to the result
obtained with the application of the pseudo-first order kinetic
equation (Eq. 3) (Silva et al. 2019; Tomul et al. 2019).

In <%) — Kyt 3)

where, Cy and C are the concentrations of dyes in the initial
time and time ¢ (when the photocatalysis ended), respectively.
The K., value can be determined using the graph line equa-
tion that relates time (¢) versus In (Cy/C), corresponding to the
slope of the line.

Total organic carbon (TOC)
Samples collected after the end of the photocatalysis process
had their percentages of total organic carbon (TOC) deter-

mined in an Analytic Jena Multi N/C 3100 equipment.
The equipment can measure the amount of total carbon

@ Springer

(TC) and inorganic carbon (IC). TOC is given by
subtracting TC and IC.

Analysis of degradation by-products by gas chroma-
tography coupled to mass spectrometry (GC-MS)

The by-products of the photocatalytic degradation of both
dyes were identified by gas chromatography analysis (model
Shimadzu—GC-2010 Plus) coupled to a mass spectrometer
(QP2020). Samples for GC-MS analysis were prepared from
an extraction using 4 mL of solvent (1:1 mixture-hexane and
dichloromethane) and 1 mL of the product of each dye after
photocatalytic activity. The sample was filtered over anhy-
drous sodium sulfate and subsequently also filtered through
a syringe with a Teflon membrane (PTFE) with hydrophobic
treatment (diameter of 25 mm and pore of 0.22 pm), to elim-
inate traces of water. Samples were injected into the
chromatograph.

The conditions used in the GC-MS analysis are described
in Table 4.

Results and discussion
Characterization of Pal-TiO, nanocomposites
FTIR

The molecular absorption spectra in the infrared region for
Pal, TiO,, Pal-Til0 and Pal-Ti30 are shown in Figure 1.
From the analysis of the spectrum referring to the Pal, it
was possible to observe three bands in 3622 cmﬁl, 3581 ¢cm !
and 3547 cm ', which are associated with the vibrational
stretching of groups O—H in bonds with octahedral cations
(Al, Mg or Fe)-OH. The widened band between 3499 and

Table 4  Conditions used in the GC-MS analysis

Column SH-Rtx-5MS
B0 m x 0.25 mm x 0.25 um)
Composition 5% dimethyl/95% polysiloxane

Heating ramp 40 °C (5 min)
7 °C/min to 180 °C (5 min)

5 °C/min to 280 °C (5 min)

Injector temperature 230 °C
Carries gas Helium

Gas flow 1 mL/min
Injection mode Splitless

Ion source temperature 230 °C
Transfer line temperature 250 °C

Mass range 50 to 500 m/z
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Pal TiO2 Pal-Ti10 —— Pal-Ti30
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Fig. 1 Infrared absorption spectra for Pal, TiO,, Pal-Til0 and Pal-Ti30

3361 cm ' was attributed to the vibrations of OH groups of
water molecules, and in 1651 cm ' it was attributed to the
angular deformations of OH of the water adsorbed on the
surface and in the zeolitic channels present in the palygorskite.
The bands at 987 cm ™' and 1033 cm™' were attributed to the
vibrational deformation of the O—Si—O bond. The other bands
at 791 cm™ ' and 910 cm™ ! refer to the folding of OH bonds in
octahedral cations (Chang et al. 2009; Xavier et al. 2012; Shi
et al. 2017; Damasceno Junior et al. 2020c, b).

The absorption spectrum obtained for TiO, showed a
wide band with low intensity at 3441 cm !, attributed to
the OH groups that are present in TiO,, as well as the
presence of water molecules that can also be attributed
to the appearance of a band in 1630 cm ' (Nguyen and
Juang 2019). It is also possible to observe two intense
bands at 539 and 686 cm !, referring to the deforma-
tions of the O-Ti—O bonds, which characterize the crys-
talline phase anatase titanium (Silva et al. 2019).

Observing the spectra referring to the composites Pal-Til0
and Pal-Ti30, it is possible to notice the occurrence of the
intensity decrease in the bands between 3700 and 3400
cm ', disappearing some bands that corresponded to the
stretches of the OH group on the surface of the palygorskite.
From the increase in TiO, in the composite synthesis process,
itis noticed that the intensity of the broadband in 3700 to 3400
cm ! decreased. It is proposed that titanium may be replacing
water molecules and OH groups in the palygorskite. The de-
crease in intensity by 1651 cm ! was also observed, and by
increasing the amount of titanium in the composite, the band
gradually lost its intensity, and it can be concluded that the
titanium possibly occupied a certain space in the palygorskite
channels. The band corresponding to the stretching of the Si—
O bond by 1033 cm ™" prevailed in the other spectra and only
suffered a decrease in its intensity due to the impregnation of
titanium; however, other bands such as 791, 910 and 987 cm!
were not detected in the spectra of the composites, perhaps
caused by the presence of TiO,. A new band appeared at 679
cm ! for the Pal-Til0 and 664 ¢cm ' for the Pal-Ti30, charac-
teristic of the deformations in the O-Ti—O connections,
as well as the band at 462 cm ' for both composites,
more defined and which is also related to the O-Ti-O
bonds of the crystalline structure of TiO, (Papoulis
et al. 2010; Zhang et al. 2019).

XRD and XRF

Figure 2 shows the diffractograms obtained in the XRD anal-
ysis for Pal, TiO,, Pal-Til0 and Pal-Ti30.

The diffractogram obtained for Pal showed well-defined
reflections, as it is a crystalline material. The first peak, at 26
equal to 8.5° corresponds to the basal spacing (interplanar
distance) of the palygorskite, which provides the value of
1.029 nm and corresponds to the plane (110). The remaining
peaks at 12.6°, 19.9°, 27.7° and 34.6° (20) correspond to the
crystalline planes of Si—O-Si, (200), (121), (400) and (161),
respectively. Reflections corresponding to the presence of
quartz as an impurity at 21.1° and 26.8° were also identified,
which was expected, since the mineral clay was used without
any pretreatment (Xavier et al. 2012; Shi et al. 2017; Xu et al.
2017; Damasceno Junior et al. 2020c, b).

The reflections for TiO, were characteristic of the crystal-
linity of its tetragonal anatase structure, in which peaks were
observed in 20 equal to 25.5°, 37°, 48.0°, 59.9° and 54.8°,
with their respective planes (101), (004), (200), (105) and
(214). The basal spacing for the plane (101) was 0.35 nm.
TiO, has three types of structure (polymorph): anatase, rutile
and brokite, with anatase being the form that presents better
photocatalytic activity and greater thermodynamic stability
(Baccaro et al. 2019; Silva et al. 2019; Zhang et al. 2019;
Nguyen et al. 2020).
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Table 5 Chemical composition of Pal clay and nanocomposites Pal-
Til10 and Pal-Ti30

Itensity (a.u.)

. 2

10 20 30 40 50 60 70

20
Fig. 2 X-ray diffractograms for Pal, TiO,, Pal-Til0 and Pal-Ti30

Comparing the diffractograms of Pal and TiO, with those
of the composites Pal-Til0 and Pal-Ti30, it is observed that
the characteristic peaks of pure materials were detected. The
characteristic reflections of Pal and the main reflections char-
acteristic of TiO, were observed. This shows that the compos-
ites formed had TiO, deposited on the structure of Pal, since it
is possible to identify very clearly reflections characteristic of
its anatase form. As well, it is observed that the intensity of the
characteristic peaks of TiO, has its intensities increased as the
amount of TiO, incorporated in the synthesis increases.

The semi-quantitative chemical composition determined
by X-ray fluorescence (XRF) for PAL, Pal-Ti10 and Pal-
Ti30 is shown in Table 5.

Pal presented in its composition a higher percentage of Si,
which characterizes the silicates present in the tetrahedron
leaves of clay minerals and quartz, corroborating the results
obtained in the DRX. Others that appeared in greater quantity
were Fe and Al, in which the palygorskite is formed mainly by
sheets of octahedron coordinated by aluminum cations, with
greater isomorphic substitutions by iron cations. This is
due to the fact that the soil is rich in iron in the deposit
where the palygorskite was extracted (Xavier et al.
2012; Dos Santos et al. 2013).

The composites Pal-Ti10 and Pal-Ti30 presented a higher
content of titanium (Ti), confirming the data obtained previ-
ously by DRX. It was observed that as the amount of Ti
increased in the composite synthesis, there was a greater in-
corporation of semiconductor in Pal. In addition to the

@ Springer

Element Pal Pal- Pl-
Til0 Ti30
Content (%)
Si 38.10 30.73 20.54
Al 21.27 18.13 12.69
Fe 25.71 22.30 19.11
K 7.08 5.68 4.09
Mg 2.99 2.35 1.69
Ca 247 221 1.36
Ti 1.47 17.63 39.66
Others* <1%

*Mn, V, Zr, Zn and Sr

deposition of TiO, on Pal, the significant drop in the percent-
age of oxides of Si (IV), Al (Ill) and Fe (III or II) may
have happened due to possible isomorphic substitutions
of these cations for Ti** cations. This process is facili-
tated when cations have similar size, charge and prop-
erties (Moraes et al. 2017).

SEM

Figure 3 shows the micrographs for the PAL sample
(Figure 3a), TiO, (Figure 3b) and the composites Pal-Til0
and Pal-Ti30 (Figure 3c,d). The morphologies of the materials
(precursors and composites) were characterized by scanning
electron microscopy. In Figure 3a, it is possible to observe that
PAL presents its typical fibrous morphology, presenting its
fibers aggregated in some regions, entangled in planar struc-
tures. This morphology has also been identified in other works
in the literature (Papoulis et al. 2010; Dos Santos et al. 2013;
Damasceno Junior et al. 2020b). The fibers were needle-like
and varied in length, less than 1 um. In Figure 3b, it was
observed that the fine powder of TiO, presented a morpholo-
gy compared to agglomerated spheres.

In the micrographs of the composites Pal-Ti10 and Pal-
Ti30 (Figure 3c, d), the TiO, particles are deposited on the
surface of the palygorskite. In Figure 3c, the Pal-Til0 com-
posite shows little TiO, distributed along the fibers; however,
in Figure 3d, it is observed that the Pal-Ti30 composite shows
in the micrograph that TiO, is noticeably in greater quantity
on the fibers of the palygorskite.

Zeta potential and particle size

The zeta potential data for the study materials at pH equal to 7
can be seen in Table 6. The values obtained resulted in nega-
tive potentials, which shows materials having surfaces with
negative charges, in accordance with the literature (Silva et al.
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Table 6 Zeta potential
values obtained (mean =
standard deviation) for

Material Zeta potential

the palygorskite (Pal), Pal —-23.79+0.77
TiO, and for composites TiO, —13.84 £1.53
(Pal-Til10 and Pal-Ti30) Pal-Til0 24,04 + 0.89

Pal-Ti30 -36.53 £ 1.36

2019; Damasceno Junior et al. 2020a, b). According to
Gouvéa and Murad (2001) (Gouvéa and Murad 2001), the
larger the zeta potential modulus of a material, the more stable
the particles will be, that is, there will be less probability of
flocculation or agglomeration.

Analyzing the synthesized composites and comparing
them to pure palygorskite and TiO, materials, which present-
ed zeta potential equal to —23.79 mV and —13.84 mV, respec-
tively, it was possible to notice that the zeta potential value for
Pal-Til0 (—24.04 mV) remained close to the palygorskite’s
zeta potential value. Thus, it can be said that the incorporation
of Ti0, in palygorskite was a good strategy, since it made the
dispersion of the titanium particles more stable in aqueous
solution. The increase in modulus was significantly greater
for the Pal-Ti30 composite, as it corresponded to a potential
0of—36.53 mV. This result was of great importance, as it shows
that the increase in the amount of titanium dioxide results in a
more stable composite, and it is possible to predict better per-
formance in the photocatalysis process.

Table 7 shows the values obtained by the gaussian distri-
bution for the average particle size of the materials in the
present study under ambient conditions of temperature and
pressure, obtained by dynamic light scattering (DLS).

The average values for the particle size of all materials were
presented in nanometric order and are consistent with values
recorded in the literature. The particle size of the palygorskite
showed results consistent with those described in the litera-
ture, since it presented values below 1 um (Papoulis et al.
2010). Compared to the results obtained by Dos Santos
Soares et al. (2013), the palygorskite presented in this study
had a particle size in the same order of magnitude (approxi-
mately 500 nm), but with a smaller value, that is, it had a
smaller particle diameter, which was a favorable result, indi-
cating a material with a larger contact surface..

Table 7 Particle size

values (mean + standard Material Particle size (nm)

deviation) for

palygorskite (Pal), TiO, Pal 340.7+14.0

and composites (Pal- TiO, 63.7+£4.9

Til0 and Pal-Ti30) Pal-Til0 364.0 + 10.6
Pal-Ti30 307.9+7.8

@ Springer

The synthesized composites had their values close to the
average particle size of the natural palygorskite.
Comparing the two composites, it was observed that
there was a decrease in the particle size value for the
Pal-Ti30 composite. This has also been observed by
other works in the literature to support the titanium
dioxide composite in other materials (Silva et al. 2019).

Photocatalytic activity

Experimental design for evaluating the color removal
of the NB dye

The photocatalytic activity of the Pal-Ti10 and Pal-Ti30 com-
posites was evaluated by decolorizing the NB dye under ul-
traviolet irradiation (UV-C), and a factorial experimental de-
sign was followed to determine parameters that interfere in the
photocatalysis process. Subsequently, the parameters that con-
ditioned better performance in the photocatalytic activity were
applied to the NY dye.

The literature reports the existence of several factors
that interfere in the photocatalytic process, among them:
the method of synthesis, the quantity, crystalline form
and contact surface of the catalyst; the pH of the solu-
tion, the concentration of the pollutant, temperature, ox-
ygenation, intensity of UV irradiation, among others
(Matilainen and Sillanpidd 2010; Bamba et al. 2017).

Table 8 presents the planning matrix, with the response
values obtained in each experiment.

Table 9 shows the values for the coefficients, the standard
error, the Student distribution point (f) and the p values (level
of significance) obtained for the variables studied using
the linear regression technique. Considering a 95% con-
fidence level and, consequently, a 5% significance level,
we have that, for the main effect of a variable or the
interaction effect to be considered significant, the p val-
ue must be less than 0.05 (Barros Neto et al. 2010;
Rodrigues and Iemma 2014). Therefore, as noted in
the table, the effects for all variables and the interaction
effect X;+X3, can be considered significant.

The relationship between the answer (dependent variable)
and the four main parameters can be described by a first-order
empirical polynomial equation (Barros Neto et al. 2010;
Rodrigues and Iemma 2014). Thus, Eq. 4 describes the color
removal predicted by the model as a function of the variables
that showed statistical significance. The model was built from
coded values.

Y1 =67.83 +4.77X1-19.66X2-13.37X3 + 6.62X4 + 2.31 X 1X3  (4)

Figure 4 shows the graph of adjustment of the theoretical
model to the data obtained experimentally. We can observe a
certain normality, in which there are no points very distant
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Table 8 Color removal results

(Y)) for the NB dye obtained with Experiment  Composite (X;, %  Initial dye concentration pH Potency Color removal*

the application of the of TiO,) (X2, mg/L) (X3) X4 W) (Y1, %,)

experimental design
1 30 30 2 9 55.0+£11.3
2 10 10 2 18 100.0 £ 0.0
3 10 30 2 9 48.1+153
4 30 10 6 18 100.0 £ 0.0
5 30 10 2 18 100.0 £ 0.0
6 30 10 2 9 100.0 £ 0.0
7 30 30 2 18 79.6 6.2
8 10 30 2 18 66.8+5.0
9 10 30 6 18 32.6+0.7
10 10 10 6 9 56.9+43
11 30 30 6 18 43.6+1.7
12 30 30 6 9 325+3.7
13 10 10 6 18 729 +3.1
14 30 10 6 70.1£2.7
15 10 10 2 100.0 + 0.0
16 10 30 6 9 27.0+0.9

*Mean =+ standard deviation

from the line. Thus, it can be inferred that there is a good
agreement between the experimental results and the results
predicted by the model (Barros Neto et al. 2010; Rodrigues
and lemma 2014).

The significance attested previously by the values present-
ed in Table 9 can be confirmed by analyzing the Pareto graph
(Figure 5). The horizontal line represents the ¢ value (Student
distribution point) tabulated, and the vertical bars calculated ¢
values, associated with each variable, at a 95% confidence
level. Therefore, as observed in the graph, we can attest that
all the main effects and the interaction effect X;*X5 can be

Table 9  Estimated regression coefficients and corresponding ¢ and
p values obtained during the central composite design for the
photocatalytic degradation of NB by the TiO,/palygorskite
nanocomposite

Name Coefficient Standard error t calculated  p value
Mean 67.83 1.16 58.70 0.0000
X 4.77 1.16 4.13 0.0002
X —19.66 1.16 -17.01 0.0000
X; -13.37 1.16 -11.57 0.0000
Xy 6.62 1.16 5.73 0.0000
X1°X> —0.26 1.16 -0.23 0.8213
X1° X3 231 1.16 2.00 0.0527
Xi°X, 1.58 1.16 1.36 0.1810
X0 X3 —0.86 1.16 —0.74 0.4625
X0 Xy 0.88 1.16 0.76 04514
Xze Xy 1.20 1.16 1.04 0.3043

considered significant, since the bars are above the tabulated
t value (Barros Neto et al. 2010; Rodrigues and Ilemma 2014).

Table 10 presents the values for the analysis of variance of
the model obtained in the present work.

Analyzing the table previously presented for the Y; answer,
we found that the regression was highly significant (p <
0.0000). For the model to be considered statistically valid,
the F calculated for the regression must be greater than the
tabulated F value. The F obtained for the lack of adjustment
must be less than the value of table F (Barros Neto et al. 2010;
Rodrigues and Iemma 2014; Hassani et al. 2015).

The F value for the regression, according to the degrees of
freedom for the regression and for the residuals, is 2.45 (5%
significance level). Thus, we can attest that the model is sta-
tistically valid, since the F' calculated for the regression has a
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Fig. 5 Pareto graph

considerably higher value. In relation to the F table for the
lack of adjustment, according to the degrees of freedom for the
lack of adjustment and for the pure error, it is 2.16 (5% sig-
nificance level). The calculated F value was higher than the
tabulated one, confirming the model’s proven validity (Barros
Neto et al. 2010; Rodrigues and Iemma 2014).

The regression model also showed a high determina-
tion coefficient (R*> = 92.06%), which implies that 92.06%
of the variations in dye removal can be explained by the
model. Only 7.94% of the variations cannot be explained.
This quite satisfactory value also attests to the statistical
validity of the model obtained. Therefore, we can obtain
the response surfaces for our model, which will be pre-
sented below (Barros Neto et al. 2010; Rodrigues and
Iemma 2014; Hassani et al. 2015).

The response surfaces obtained from the model are shown
in Figure 6.

From the analysis of the response surface (Figure 6) and the
coefficient values presented in Table 9, we can report the
following observations: (i) The variables X7 and X, (titanium
concentration in the composite and power, respectively) had a
positive effect, indicating that by increasing the titanium con-
centration in the composite and the incidence of UV-C radia-
tion, the color removal (%) is maximized; (i) The variables X5
and X3 (pH and concentration, respectively) showed negative
values. Thus, we can infer that greater responses (color remov-
al) are obtained when the values of both variables are minimal.

Therefore, the operational variables chosen for the photo-
catalytic degradation process of NB and NY dyes, optimized
from the experimental design were Pal-Ti30 composite, pH 2,
18 W of UV irradiation and 10 mg/L concentration.

When using the composite containing 30% TiO,, better
results were obtained in the photocatalytic process, as was also
observed in a work previously published by the group (Silva
et al. 2019). According to reports presented by Bamba et al.
(2017) (Bamba et al. 2017), there is a mass considered opti-
mum of the photocatalyst to be used, and that allows an im-
provement in the capitation of ultraviolet irradiation. The
amount of semiconductor used can influence the rate of deg-
radation of the pollutant and, if values are placed more than
ideal, it can cause a negative effect on photocatalytic activity,
since high concentrations of TiO, can generate high turbidity
and, thus, make it difficult the penetration of UV irradiation in
the solution (Matilainen and Sillanpaé 2010).

As seen in the results of the experimental design, acidifica-
tion of the solution to reach pH 2 improved the photocatalytic
process applied to the NB dye, classified as reactive and that
has the azo group in its chemical structure. The pH of the
solution in this effluent treatment method is of great impor-
tance because it affects the surface charge of TiO,, as well as
influences the aggregation of TiO, nanoparticles. Depending
on the type of pollutant, the pH variation can have a positive or
negative impact on the color removal result. Equations 5 and 6
show the influence of the solution's pH on the surface charge
of TiO,. When TiO, is in acidic conditions, its surface is
positively charged and, in alkaline conditions, it will have a
negatively charged surface (Bamba et al. 2017).

TiOH + H"—TiOH,* (5)
TiOH + OH —TiO™ + H,0 (6)

However, not only TiO, will be influenced by the pH of the
medium, but also the pollutant treated in the process, provid-
ing ionization of its structures. For pollutants considered an-
ionic, as is the case of the dyes studied in this work, the rate of
degradation will tend to increase in acidic solutions and de-
crease in alkaline solutions (Bamba et al. 2017).

The concentration of the pollutant influences the photocatalytic
activity, since the color removal or percentage degradation

Table 10 ANOVA for the answer

¥y Variation source Sum of squares Degrees of freedom Mean square F value p value
Regression 30,579.4 5 61159 97.5 0.00000
Residuals 2635.8 42 62.8 - -
Lack of fit 1681.6 10 168.2 5.6 0.00008
Pure error 954.2 32 29.8 - -
Total 33,215.2 47 - - -
R*=92.06%
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decreases with the increase in the concentration of the pollutant. In studies carried out with other reactive dyes, it was ob-

The effects that decrease the photocatalytic activity can be varied; ~ served that the increase in radiation intensity, using TiO, as a
one of these effects is caused by the adsorption of the dye in the ~ catalyst, provided an increase in the percentage of degrada-
solid that can provide little contact surface of the catalyst to capture ~ tion, which was also observed in this work, in which a better
UV radiation. In addition, there is a decrease in the formation of ~ response was obtained at a higher intensity radiation. This is
oxidizing radicals, as the active sites may be occupied by pollutant ~ due to the fact that at high light intensities the electron gap
molecules. Another effect is that the large amount of pollutant ~ formation is predominant and the recombination is insignifi-
decreases the penetration of ultraviolet light (Reza et al. 2017). cant (Reza et al. 2017).
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Photocatalysis and photolysis tests under optimized
conditions

The photolysis tests were performed using the conditions of dye
solutions with concentration 10 mg/L, pH 2 and power of 18
W. The photolysis results were important for investigating the
degradation provided only with the use of the UV-C irradiation
lamp. The analysis by photocatalysis was performed using, in
addition to the parameters mentioned in the photolysis, the Pal-
Ti30 composite.

The results of photocatalysis of the dyes showed excellent
results of color removal. In Figure 7, it is possible to observe
the color of the solution before and after the photocatalysis
process for the dyes NB (Figure 7a) and NY (Figure 7b). It is
noted that after the photocatalysis test the synthetic effluent
was clear. The same can be observed from the analysis of the
molecular absorption spectra in the visible region for both
dyes (Figure 9), evidenced by the disappearance of the absorp-
tion band in the wavelength for each dye over the test time.

When comparing the photodegradation process with and
without the use of catalyst, it becomes evident that the time
is significantly reduced to obtain the absorbance decays cor-
responding to the dyes’ chromophores, as seen in Figure 8.

Photocatalysis showed a higher efficiency of dye degrada-
tion over time, since the presence of the catalyst accelerated
the formation of oxidizing radicals in the photodegradation
systems. The photolysis process for dyes requires a long reac-
tion time; thus, it becomes unfeasible to remove the color of
dyes, since in 90 min a color removal corresponding to only
30% of the initial color was obtained. On the other hand, the

Fig. 7 Visual aspect of the
solution of dye NB (a) and dye
NY (b) before and after the
photocatalysis process

@ Springer

results of photodegradation using the Pal-Ti30 catalyst, in a
time of 90 min, obtained 100% discoloration.

Silva et al. (2019) (Silva et al. 2019) investigated the color
removal by photocatalysis of the remazol red dye, which is
also an azo dye, using an expanded perlite/titanium dioxide
composite, and its color removal values reached 100% in
about 210 min. Rocha et al. (2014) (Rocha et al. 2014), using
the electrochemical method with Pt/Ti anode, managed to
remove 100% of Novacron yellow dye in 480 min.

In the present study, for both dyes, the results of the
photocatalysis were quite similar, showing that the use of
TiO, can be quite efficient in the photodegradation of chro-
mophores in industrial dyes of the azo type. The first decay for
NB and NY dyes (Figure 8) is a more intense, since the com-
posite is formed by porous materials and has a good adsorp-
tion capacity. Reactive dyes may have a certain affinity for
clay minerals such as palygorskite, as they have hydroxyl
groups on their surface that can interact with the amino groups
contained in the dyes through hydrogen bonding interactions
and Van der waals forces (Hassan and Carr 2018; Damasceno
Junior et al. 2020b). Thus, before the start of photocatalysis,
the adsorption of part of the dye occurs in a previously deter-
mined time of approximately 60 min.

Comparing the spectra illustrated in Figures 9 and 10, in 90
min, for the NB dye, there was a 100% and 26% color remov-
al, by photocatalysis (Figure 9a) and by photolysis
(Figure 10a), respectively. While for NY dye, it was 100%
and 5%, by photocatalysis (Figure 9b) and by photolysis
(Figure 10b), respectively. Therefore, the presence of the cat-
alyst is an extremely important factor for the efficiency of

(b)



Environ Sci Pollut Res (2021) 28:64440-64460

64453

—s— Photocatalysis
—e— Photolysis
1.04
0.8+
0.6+
o
Q
O 044
0.2
0.0
L T ¥ T T T T T T
0 20 40 60 80 100
Time (min)
(a)
—s=— Photocatalysis
—e— Photolysis
1.0+
® =\§
0.8+
0.6
S
O 044
0.2
0.0
O 20 40 80 80 100
Time (min)
(b)

Fig.8 Color removal efficiency versus photoreaction time for NB (a) and
NY (b)

photodegradation, since it increases the rate of formation of
oxidative radicals and, consequently, the efficiency in the pro-
cess of removing color from effluents (Matilainen and
Sillanpéaa 2010).

Kinetic study

Most organic compounds follow the pseudo-first order
kinetics that starts from the Langmuir-Hinshelwood
equation, so it was applied to the results of both dyes.
This model is suitable for the analysis of photoreactions
with low concentrations of contaminants; thus, we have
a model that depends directly on the concentration of
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Fig. 9 Molecular absorption spectra in the visible region along the
photocatalytic process for NB (a) and NY (b) dyes, experimental
conditions: Pal-Ti30 composite, pH 2, 18 W potency and 10 mg/L dye
concentration

the degraded substance (Silva et al. 2019). The graphs
were plotted relating In(Cy/C) and time (min) in order
to determine the values of the apparent velocity con-
stants (K,pp) given in min L.

Figure 11 shows the plots of the kinetic model for the
photocatalysis and photolysis process of NB
(Figure 11a) and NY (Figure 11b) dyes. Analyzing the
curves, it was observed that the lines for photocatalysis
of both dyes presented a slope (slope) greater than that
of photolysis. The values of the slope correspond to the
values of the K,,,, and this implies that the increase in
the constant shows that the degradation using the pres-
ence of catalyst improves the photodegradation activity.
The results become more evident when analyzing the
decolorization efficiency, that it was possible to obtain
a 100% color removal for the dyes.
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Fig. 10 Molecular absorption spectra in the visible region along the
photolysis process for NB (a) and NY (b) dyes, experimental
conditions: Pal-Ti30 composite, pH 2, 18 W potency and 10 mg/L dye
concentration

The correlation (R?) and K,pp values are listed in
Table 11 for photolysis and photocatalysis. The correla-
tion values adequately fit the linear equation of the ki-
netic method used, and the results obtained by
photocatalysis showed a better fit to the model than
photolysis. Already the values of the constant K,,, in-
creased singularly in the photocatalysis when compared
to the photolysis, result of the efficiency of color re-
moval provided by the composite Pal-Ti30. The K,p,
constant is very important in the kinetic study, since it
indicates how favorable the degradation product forma-
tion is in the photocatalysis reaction. Therefore, the in-
crease in the constant from the photocatalysis results
indicates that the process becomes more efficient with
the use of the catalyst and the lamp than with the use
of only the UV-C lamp (Silva et al. 2019).
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Fig. 11 Kinetic study of the photocatalysis and photolysis processes in
the color removal of NB (a) and NY (b) dyes, experimental conditions:
Pal-Ti30 composite, pH 2, potency of 18 W and dye concentration 10 mg/
L

Table 11 Values of the correlation coefficient (R%) and apparent
reaction rate constant (Kyp,) for NB and NY photolysis and photocatalysis

Dye R Kapp (min")
Photolysis NB 0.9416 0.0025

NY 0.9420 0.0009
Photocatalysis NB 0.9972 0.0216

NY 0.9912 0.0193
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Total organic carbon (TOC) and analysis of degradation
by-products

Figure 12 shows the percentage results of total organic
carbon—TOC for the analysis of dye samples after
photocatalysis with the use of the Pal-Ti30 composite for 90
min, under UV-C radiation with the power of 18 W. The
results obtained after color removal of the dyes NB and NY
are compared with the starting solutions of initial concentra-
tion 10 mg/L.

The results of the TOC showed that in a time of 90 min,
removals of 61.7% and 58.06% of the initial organic matter
were obtained for the dyes NB and NY, respectively. This
shows that there was a process of mineralization of most of
the dye molecules when submitted to the photocatalysis pro-
cess. As can be seen in Figure 12, even with the removal of
100% of the coloring of both dyes, there is still a percentage of
organic matter that corresponds to 38.30% and 41.94% for NB
and NY, respectively. These results possibly correspond to
intermediates in the degradation process of both dyes.

As in the present work, other studies found in the literature
reinforce the effectiveness of titanium dioxide, supported in
different matrices, in the photocatalytic degradation of com-
plex pollutants (Rtimi et al. 2015; Azzaz et al. 2018; Zeghioud
etal. 2018, 2019). For example, Zeghioud et al. (2019) inves-
tigated the photocatalytic degradation of three antibiotics in
mono, binary and tertiary systems, using TiO, supported on
cellulosic paper as a catalyst. The degradation efficiency was
higher in mono systems, when compared to the results obtain-
ed with binary and ternary systems. One of the antibiotics
studied, oxalonic oxide, reached a mineralization rate of
65.4% in a monocomposite system, a result similar to that
found in the present work. However, in general, the degrada-
tion of pollutants occurred in a longer time, approximately 4 h.

[ Before the photocatalysis proces
[ After the photocatalysis process

100
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O 504
O
=
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04
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Fig. 12 TOC analysis for NB and NY dyes before and after
photocatalysis, experimental conditions: PAL-Ti30 composite, pH 2,
18 W potency and 10 mg/L dye concentration

However, it can be inferred that the catalyst used in this
work has a certain advantage in terms of time, where it
was possible to remove 100% of the color of the efflu-
ents containing the dyes, with a considerable minerali-
zation index, in just 90 min. Such success can be ex-
plained by the use of palygorskite as support, a clay
mineral that has a high density of silanol groups on
the surface. Such groups interact with groups present
in dye molecules, facilitating the initial adsorption pro-
cess and catalyst contact with the pollutant. In addition,
the semiconductor will be better dispersed on the sur-
face of the support, preventing agglomeration of parti-
cles and, consequently, decreasing its efficiency (Mu
and Wang 2016; Yang et al. 2018; Damasceno Junior
et al. 2020c, b).

In order to qualitatively identify the by-products formed in
the present study, CG-EM analyzes of the solutions generated
after the 90-min tests of the photocatalytic process of the stud-
ied dyes were performed. In Figures 13b and 14b, the mass
spectra obtained in the tests performed are exposed.

To identify possible by-products, the spectral standards
contained in the National Institute of Standards and
Technology Library (NIST) were used as a comparison.
As a result, the presence of aliphatic amide compounds
and esters derived from phthalic acid was identified, as
shown in the chromatogram and mass spectra shown in
the figures below (Figures 13 and 14). Therefore, from the
results of TOC and gas chromatography, it can be inferred
that the photodegradation process provided a mineraliza-
tion of approximately 60% for both dyes, with the remain-
der of the percentage of organic carbon corresponding to
complex by-products of degradation. The results can be
considered promising, since, in just 90 min of treatment, it
was possible to obtain a significant mineralization rate.
Possibly, with longer photodegradation times, it would
be possible to achieve 89 higher rates of mineralization
and/or the conversion of complex by-products into small-
er molecules; however, the cost of the process would be-
come higher.

In studies carried out with seven commercial dyes, contain-
ing azo group, carried out by Tanaka et al. (2000) (Tanaka
et al. 2000), it was observed that after the photocatalysis pro-
cess using the TiO, semiconductor, the main intermediates
identified were aromatic amines and phenolic compounds
and that these phenolic compounds are intermediates for the
photocatalytic degradation of aromatic compounds. In
addition, other compounds were identified that were organic
acids, the main ones being formic acid and acetic acid. These
results are also observed by Rocha et al. (2012) (Rocha et al.
2012) and Rocha et al. (2014) (Rocha et al. 2014), who using
electrochemical methods, in a prolonged test, observed in the
oxidation of NB and NY, the formation of by-products such as
acetic, formic and oxalic acid.
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Fig. 14 (a) Chromatogram and (b) mass spectra of the by-products identified for the NY sample
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Table 12 Energy consumption and cost of treatment for individual
photocatalysis of NB and NY dyes (10 mg/L)

Time (h) Energy consumption Energy cost Final cost
(KkWh/dm?>) (R$/KWh) (R$/dm>)
1.5 0.1350 0.6628 0.0895

Cost of photocatalysis treatment

The cost of treatment is a very important factor in de-
termining whether the method implemented for
photodegradation of NB and NY dyes is economically
viable. The results were obtained according to the
values provided by the National Electric Energy
Agency of Brazil—ANEEL.

The calculation of energy consumption followed Eq. 7
(Silva et al. 2019).

EC = IVt/1000V; (7)where EC is the energy cost, [ is the
current (A), V is the voltage applied to the UV lamps (Voltz), ¢
is the time required for dye decoloration and V; is the solution
volume (dm®) used in the photocatalytic test.

Table 12 shows the values obtained for the energy cost and
the final cost in the photocatalysis process in a time of 90 min
(1.5 h). The amounts paid in reais for final consumption were
obtained by multiplying the energy cost (R$/kWh) and energy
consumption (kWh/dm?).

The result obtained corresponds to the amount spent for
each 1 dm® of effluent treated by photocatalysis in a time of
1.5 h of activity under UV-C light. The value corresponding to
1.5 h of photocatalysis is 8.95 cents, showing how much the
proposed treatment is viable and of low cost.

Although the costs are similar to those reported in tests
performed via electrochemical processes (Rocha et al. 2012,
2014; Fernades Régo et al. 2014), it can be observed that in a
matter of discoloration time, treatments via photocatalysis
stand out since 100% color removal results were obtained
from the studied dyes in a short treatment time. In addition,
it is worth mentioning that the catalyst used in the photocata-
lytic treatment had low-cost material precursors, which makes
the technique very promising in removing contaminants
(Szczepanik 2017).

Conclusions

The present work showed that the palygorskita-TiO,
composite was synthesized in a simple way, and its
performance in the photocatalytic activity showed that
this catalyst is an excellent candidate for
photodegradation of reactive dyes of the azo type, as
is the case of industrial dyes NB and NY. The

@ Springer

techniques used to characterize the synthesized compos-
ites showed the incorporation of TiO, in Pal. The use of
factorial design was of paramount importance for the
optimization of the results of discoloration by photocat-
alytic activity of the dyes. The results of total organic
carbon (TOC) showed a mineralization of approximately
60% for both dyes, and the degradation by-products
were identified by gas chromatography. For the final
cost of treatment, photodegradation tests had viable re-
sults in efficiency and economy.
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