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The performance of different titanium dioxide (TiO;) catalysts and a composite based on the association
between TiO, P25 and Zinc Phthalocyanine (TiOz/ZnPc 1.6%) was evaluated in the photocatalytic
degradation of the dye Ponceau 4R (C.I. 16255). The results show that the composite presents a better
performance than the other, reaching about 50% mineralization of the dye in 120 min of reaction, around
three times higher than that observed under the action of pure TiO, P25, although this catalyst presents

a quantum yield of hydroxyl radical generation about three times higher than that estimated for the
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composite. This result seems to be a consequence of the synergism between the electronically excited
ZnPc aggregates and the TiO, surface.
A parallel study, based on methods from quantum mechanics also suggested the most feasible routes

AOP for the photodegradation of the dye in the absence of the catalyst.
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Ponceau 4R
DFT
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1. Introduction

The environmental impact caused by the discharge of pollutants
into rivers and lakes is becoming increasingly worrying. A highly
frequent consequence is the death of fish and other aquatic organ-
isms. Furthermore, effects such as bioaccumulation and subsequent
penetration of toxic compounds in the food chain of aquatic
organisms have been routinely detected. Such situations have led to
serious ecological problems and consequences for health and
human welfare and for quality of life on the planet [1—4].

In general, the discharge of wastewaters containing synthetic dyes
tends to cause serious damage to aquatic biota, with direct implica-
tions on photosynthesis and oxygenation, in addition to the usual
toxicity of these compounds and resistance to natural degradation
[1,5—9]. As result, there has been a great effort toward the develop-
ment of alternative technologies aiming at the destruction of
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contaminants present in biorecalcitrant wastewater before discharge.
In this context, Advanced Oxidation Processes (AOP) are becoming an
increasingly important alternative [1,6—8,10,11—14]. Among the AOP,
we highlight the heterogeneous photocatalytic processes. In general,
heterogeneous photocatalytic processes involve the electronic exci-
tation of a semiconductor oxide such as titanium dioxide (TiO,), with
a band-gap in the UV-A, resulting in the generation of electron/hole
pairs [7,13,14]. Through sequences of chain reactions, primarily initi-
ated by free radicals such as the hydroxyl radical and superoxide
anion radical [1,7,13,14], the organic matter in effluents (liquid, solid or
gaseous) can be oxidized until its mineralization. Titanium dioxide is
one of the most commonly used semiconductor oxides in environ-
mental photocatalysis, being of low toxicity, insoluble in water, rela-
tively low cost, with good capacity for reuse, stable to photo and
chemical corrosion over a wide range of pH [3,4,7].

Although the mechanism of photocatalytic processes based on
the action of semiconductor oxides is not completely understood,
some aspects are already well accepted. The absorption, by TiO,, of
energy in the UV-A capable of electronic excitation, leads to the
promotion of electrons from the valence band (VB) to the
conduction band (CB) [7,13,15]. At the VB the formation of electron-
deficient regions (holes, h+) occurs, capable of generating hydroxyl
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radicals via reaction with substrates such as water, hydroxide ions
and hydrogen peroxide, in the surrounding medium. These holes
have pH dependent and strongly positive electrochemical poten-
tials (+1.0 to +3.5 V vs. Normal Hydrogen Electrode, NHE), allowing
the oxidation of a large number of molecules [7,13]. Hydroxyl
radicals can be formed from hydroxide ions or water molecules
adsorbed onto the semiconductor surface through electron transfer
reactions between these species and the holes, causing the
electron-deficient regions from the valence band to return to the
previous condition [15,16]. On the other hand, if the kinetic control
of these processes is not possible, electron/hole recombination
tends to be the predominant process, compromising photocatalytic
activity [7,13].

The electrons transferred to the conduction band are respon-
sible for the reduction reactions due to the potential lying
between +0.5 and —1.0 V [7]. This band can mediate the reduction
of inorganic ions, but can also generate important oxidant species,
such as the superoxide anion radical and hydrogen peroxide.

The adsorption step, in TiO,, of the substances to be reduced and
oxidized is crucial for the photocatalytic process, since these species
contribute to minimize the tendency of electron/hole recombination
[7,13,15]. The adsorption process is governed by electrostatic forces
established between the surface of the photocatalyst and the
substrate. The pH of the medium determines the surface charge of
TiO». For TiO P25 Degussa, the zero point charge pH (pHzp) is equal
to 6.25[13], while for anatase this value is around 4 [17]. At pH lower
than pHpc the surface of the photocatalyst will have positive charge,
favoring the adsorption of negatively charged substrates, and its
consequent degradation. At pH higher than pH,p the adsorption of
positively-charged substrates is favored [13,15].

The band gap energy of titanium dioxide and its photocatalytic
activity is strongly correlated to particle morphology, proportion
and distribution of their polymorphic forms and dispersion of
photocatalytic sites [18,19]. The control of these parameters may
define features which tend to be advantageous to the photo-
catalytic activity of semiconductors, such as a high surface area, size
uniformity and regularity of particle shape, internal porosity, and
especially crystal lattice defects, that contribute to a lower rate of
electron-hole recombination [7,13,20].

TiO, P25, frequently used as a reference in studies of hetero-
geneous photocatalysis, has a band gap energy around 3.2 eV
[2,7,13,14]. This oxide is made up of nanoparticles comprising
arange of sizes between 30 and 50 nm and a relatively large surface
area, around 52 m?/g. These parameters along with their average
composition, 70% anatase and rutile 30%, seem to guarantee the
occurrence of crystal defects that can slow the natural recombi-
nation of charge carriers, allowing the material to exhibit a high
photocatalytic activity.

TiO, photocatalytic activity may have improved by its associa-
tion with species such as certain photosensitizer dyes that can be
electronically excited by low energy photons, making possible the
electron transfer from these species to semiconductor conduction
band, thus increasing the charge carrier concentration load beyond
that obtained through direct electronic excitation of the semi-
conductor [14,21-23].

Ponceau 4R (P4R), or trisodium (8Z)-7-0x0-8-[(4-sulpho
natonaphthalen-1-yl)hydrazinylidene|naphthalene-1,3-disulphonate
(Fig.1) is an azo-dye employed in the food industry to give red coloring
to foods. This dye is classified as a carcinogen in some countries
including the United States, Norway and Finland, and is currently listed
as a banned substance by U.S. Food and Drug Administration (FDA)
[24]. A relatively recent study, funded by the Food Standards Agency
(United Kingdom) found that P4R when used in combination with
other food colorings and preservatives induced an increase in hyper-
activity in children [25]. Moreover, because P4R is an azo dye, it can
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Fig. 1. Chemical structure of Ponceau 4R in the neutral form.

cause intolerance in persons allergic to salicylates. This dye is also
known to be histamine-releasing, and may intensify symptoms of
asthma in susceptible people [25].

The European Food Safety Authority (EFSA) recently decided to
reduce the acceptable daily dose of P4R from 4 mg/kg to 0.7 mg/kg
by body mass, in view of the health risks entailed by its use [26].

In this paper, we report the photocatalytic degradation of P4R
promoted by TiO, prepared by different ways and a composite based
on the association between Degussa P25 TiO; and zinc phthalocy-
anine, and the superior performance of the latter compared to the
others.

2. Experimental
2.1. Reagents and catalysts

Acidified aqueous solutions (pH 3.0) of Ponceau 4R (Acid red 18,
C.I. 16255, Sigma-Aldrich, dye content=80%) were used in this
study as model effluent, at a concentration of 4.0 x 10> molL ! in
terms of dye content. Its chemical structure is shown in Fig. 1.

The following catalysts were evaluated in this study: TiO,
Degussa P25, TiO2/ZnPc 1.6% composite, TiO, Pechini 1:2:8, TiO;
Pechini 1:4:16, TiO, Pechini 1:8:32 and TiO, Sol—Gel TX. The
preparation procedures are presented below.

The composite TiO,/ZnPc 1.6% was prepared using methods
previously described [14], which consists in the adsorption of 1.6%
(w/w) of zinc phthalocyanine in the TiO, Degussa P25.

TiO; P25 Degussa was kindly provided by Dr. Christian Sattler
(DLR (German Aerospace Center) — Institute of Technical Thermo-
dynamics, Solar Research, Kéln, Germany).

The Pechini TiO, was prepared by the following procedure:
initially, titanium tetraisopropoxide (TIT) was dissolved in ethylene
glycol (EG) under stirring at 60 °C. After solubilization, citric acid
(CA) was added and the reaction temperature was raised to 90 °C.
To obtain the powders of TiO,, the material was submitted to
a thermal treatment in two stages: at 110 °C for 1 h (polymerization
step), and calcination at 450 °C for 2 h. The heating rate in the two
levels of temperature was 10 °C min~. This catalyst was prepared
in three different molar ratios between the reactants (TIT:CA:EG) in
the precursor solution (1:2:8; 1:4:16 and 1:8:32).

TiO; sol—gel was obtained by the following procedure: solution
A, an aqueous of nitric acid (pH = 1.0), was slowly added to solution
B, titanium tetraisopropoxide in 2-propanol, whose TIT/2-propanol
molar ratio was fixed at 1:4. The solution A/Solution B molar ratio
was fixed as being 10:1. The resulting mixture was kept under
vigorous stirring for 1 h with the aid of a Tecnal, model TE-139
mechanical stirrer, with the simultaneous application of ultra-
sound. At the end of stirring, the mixture was kept at rest for
approximately 12 h. The excess of solvent was then evaporated
with the aid of a flow of hot air. The resulting mass was heated at
a heating rate of 5 °C/min, and annealed for 1 h at 100 °C. Then the
temperature was raised to 450°C at a rate of 20°C/min and
maintained at this temperature for 5 h.
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2.2. Procedures

Two sets of experiments were performed: direct photolysis of the
solution containing the dye (control) and photolysis in the presence of
a catalyst. In the second case, a catalyst concentration of 100 mgL™!
was used, since the gain with increasing catalyst concentration in
a range between 100 and 1000 mg L~ is minimal [2].

The experiments were performed on a laboratory scale, using as
irradiation source a 400 W high pressure mercury vapor lamp.
About 4 liters of the model effluent were used in each experiment.

The effluent to be photolysed was transferred to a reservoir with
a capacity of 81, which feeds, by pumping, the photocatalytic
reactor at a constant rate of 1350 ml/min (Fig. 2). Aliquots of
effluent were collected every 20 min of reaction, for a maximum
period of 120 min of photolysis. The aliquot corresponding to t=0
was collected after a 5 min period of circulation of the effluent prior
to initiating the photolysis, for homogenization of the mixture to be
photolysed. All experiments were performed at least in triplicate.

The photocatalytic reactor consists of an annular container of
borosilicate glass, with jacket 1 cm optical path through which the
material flows to be photolysed. The high pressure mercury vapor
lamp was positioned in the center of the container. The photonic flux
provided by the lamp, considering a range of wavelengths between
295 and 710 nm, was estimated to be equal to 3.3 x 10° einstein/s
[14], with an average dose of 1100 W/m? of UVA radiation emitted by
this lamp [27].

During the experiments the pH of aliquots taken during the
reactions was monitored. There were no significant changes in
either experiment.

Despite the photonic activation of the catalyst occurring at
considerably high rates, excessive heating of the reaction medium
can affect the adsorption of the substrate to be degraded [27].
Because of this, it is necessary to control the temperature of the
reaction medium to ensure efficient degradation. Thus, in this
study, the temperature of the reaction medium was maintained at
40 + 2 °C by a cooling system positioned between the reservoir and
pump (Fig. 2).

The aliquots collected in the experiments in the presence of the
catalyst were filtered using Millipore filters (0.45 pm of mean pore
size) to remove suspended TiO». All photolysed samples underwent
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Fig. 2. Schematic representation of the photochemical system employed at laboratory
scale: 1 — Irradiation source (Hg lamp); 2 — reactor; 3 — hydraulic pump; 4 — reservoir;
5 — cooler.

the following tests: pH monitoring, spectrophotometric measure-
ments through the use of a UV/VIS dual beam Shimadzu UV-1650PC
spectrophotometer, and measurements of Total Organic Carbon
(TOC) using a Shimadzu (TOC-VCPH) Total Organic Carbon Analyzer.
P4R decolorization during the photolysis was monitored spec-
trophotometrically, taking as a reference the wavelength at 507 nm
of the absorption spectra of P4R in aqueous medium, where the dye
presents an intense absorption band. The percentage of dye
decolorization was estimated using the following equation.

on _ A
%D = (lfA—O> x 100

In which A; is the absorbance of the aqueous solution of P4R at
507 nm after t minutes of photolysis and Ag is the absorbance
before photolysis.

2.2.1. Estimation of hydroxyl radical production by the composite
TiOy/FtZn 1.6%

For the tests aiming to estimate the quantum yield of hydroxyl
radical production, an adaptation of the procedure proposed by Gao
et al. [28] was used, as previously described [14].

2.2.2. Measurement of specific surface area and estimate the
percentage of anatase in the studied oxides

The measurement of specific surface area of catalysts was
carried out using a Quantachrome Nova 1200 equipment, from the
adsorption of nitrogen gas. In these experiments 1.0 g of previously
dried material was used per sample.

The oxides used in this study were characterized by X-ray
diffraction with the aid of a Shimadzu XRD-6000 diffractometer,
using a CuKa, (A = 1.54148 nm) monochromatic source with angular
interval 10° <26 <90°. The step count was 0.02°, with counting
time of 3 s. The collected data were used to evaluate the compo-
sition of the oxides. Crystalline silicon was used as diffraction
standard. The crystalline phase was defined by comparison with
the JCPDS crystallographic forms [29].

2.2.3. Theoretical simulations

In order better to describe the structure of solvated P4R,
a theoretical model involving the ionized structure of the dye
enveloped by discrete molecules of water and H30" ions was
adopted (Fig. 3). These molecules and ions perform discrete inter-
actions with the dye in combination with a self-consistent reaction
field defined by IEFPCM (Integral Equation Formalism of Polarized
Continuum Solvation Method) [30]. The water molecules and the
H30" ions were introduced to improve the description of the
solvated environment by introducing specific interactions not
described by the IEFPCM.

The optimization of this set of chemical species in the ground
state, was based on the use of hybrid functional B3LYP from Density
Functional Theory (DFT) in combination with the 6-31G(d,p) atomic
basis set. Infrared frequency calculations confirmed the set of chem-
ical species representative of a structure of global minimum energy.

From the structure of minimum energy, the electronic spectrum
was simulated for the first 25 singlet excited states. The structure of
the first singlet excited state was optimized using the time-
dependent version of the same theory (TD-DFT). Additionally,
from calculations based on semi-empirical PM6 model, we esti-
mated the minimum energy required to promote the homolytic
cleavage in different positions of P4R, in the ground state and for the
relaxed S;. In the semi-empirical calculations, COSMO (Conductor-
like Screening Model) [31] was used as continuous dielectric model.

Analysis of the results was able to suggest how the degradation
of P4R, viewed through decolorization via direct photolysis, can
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Fig. 3. Model representing a molecule of Ponceau 4R in the dissociated form ((8Z)-7-oxo-8-[(4-sulphonatonaphthalen-1-yl)hydrazinylidene]naphthalene-1,3-disulphonate), in
acidic media. The dye molecule is surrounded by water molecules and H30™, in a continuous dielectric defined by IEFPCM [30].

occur without reducing the organic load, and also provided infor-
mation about the possible early stages of the photocatalytic
degradation pathway. The DFT and TD-DFT calculations were done
using Gaussian 09 [32], and the semi-empirical calculations were
based on AMPAC 9.2 [33].

3. Results and discussion
3.1. Electronic spectrum

Fig. 4 presents the absorption spectrum of an aqueous solution
of P4R at a concentration of 4.0 x 107> mol L™! and pH 3.0, in the
spectral range between 250 and 650 nm, and the simulated spec-
trum using a TD-DFT method for P4R in aqueous acid.

As suggested by the results obtained from TD-DFT calculations,
the absorption bands observed experimentally for P4R are of
considerable complexity, involving combinations of electronic
transitions with different weights. The first two electronic transi-
tions of the theoretical spectrum are correlated, resulting in the
band with absorption maximum at 507 nm observed in the exper-
imental absorption spectrum. The transition So — S; has an oscil-
lator strength, f, equal to 0.2543, compatible with a m,t* electronic
transition. This is in agreement with the molar absorptivity at
507 nm and with the characteristics of the involved molecular
orbitals (MO). The excitation wavelength calculated for this transi-
tion is 497.37 nm, with a minimal discrepancy with the value
experimentally estimated, and is a consequence of the combination
of four different electronic transitions (Supplementary material)
involving a set of molecular orbitals, being predominant the HOMO,
LUMO. The second transition that compose this absorption band
(So — Sp) is also m,m*, with oscillator strength and excitation
wavelength respectively 0.2034 and 464.70 nm.

The second absorption band observed in the experimental
absorption spectrum, with an absorption maximum estimated as
333 nm, is composed of five electronic transitions, some of low
intensity. The transition So — Sy is the theoretical corresponding to
experimental absorption maximum of the second absorption band.
This transition presents excitation wavelength and oscillator
strength respectively 333.91 nm and 0.1387, being the boundary
transition between the second and the third absorption band. The
transition Sp — S3 presents a very discrepant intensity, possibly an

artifact created keeping in view the limitations of the model used -
for example, the use of an insufficient number of discrete solvent
molecules. Moreover, the use of a more representative number of
discrete solvent molecules tends to become impractical as a reliable
description of the system using method of quantum mechanics.

The range for the third absorption band with threshold at
243.42 nm in the theoretical spectrum, contains eighteen elec-
tronic transitions. The transition Sg — Sq1 corresponds to the third
experimental absorption maximum. The calculated excitation
wavelength is equal to 294.09 nm. It is also a =, ®* transition, with
an oscillator strength equal to 0.1826. The corresponding experi-
mental absorption maximum occurs near 250 nm.

The comparison between the maximum excitation wavelengths
and the corresponding experimental values shows that the devia-
tions between the calculated values and those estimated experi-
mentally are generally acceptable (the Apnax at 507 nm is about 2%
higher than the calculated excitation wavelength; the discrepancy
between the Aqax of the second band and the theoretical value is
almost zero; for the third band the discrepancy is about —15%). This
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Fig. 4. Absorption spectrum of aqueous solution of P4R, 4,0 x 10~> mol L™, at pH 3.
Vertical lines represent the oscillator strengths in the UV/VIS spectrum simulated for
the compound, based on the applied theoretical model.



D.EM. Oliveira et al. / Dyes and Pigments 92 (2011) 563—572

Fig. 5. Representation of the electron density from total SCF density, mapped with ESP
for P4R in its dissociated form, in the ground state.

trend of increasing divergence between the theoretical and
experimental data as the transition energy increases is still an
intrinsic problem of DFT [34]. Considering the above analysis, the
proposed model to describe theoretically the P4R in acidified
aqueous solution (Fig. 4) can be considered acceptable for the
purpose for which it was intended.

The electron density from total SCF density, mapped with the
electrostatic potential (ESP), computed for P4R in its dissociated
form is shown in Fig. 5. The electron density varies in the range
between —0.35 and —0.17 electrons/bohr®>. The region with
maximum electron density is precisely that which accommodates
the sulphonate groups, at the top of the figure. The sulphonate
group in the position 1 of the 7-hydroxynaphthalene fragment has
the highest electron density, followed by the same group at position
3 of the same fragment, and the sulphonate group at position 4- of
the azo-naphthalene fragment. The region with lighter shade (Fig. 5)
has at least 50% of the maximum electron density presented by the
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region that accommodates the sulphonate groups. A similar trend is
also observed for the structure in the relaxed S; state.

There is no region deficient in electrons in the structure, either
in the ground state or in the relaxed S; state.

The structure of P4R in the S; state was optimized to provide an
overview of structural changes and alterations in reactive sites after
electronic excitation and relaxation of the excited state in the
solvent. Structurally, there are some expressive changes in the
torsion between the naphthalene groups, which tend to favor
a better exposure of the C(09)-N(17) bond to the action of reactive
species or even for homolytic scission (Supplementary Material and
Fig. 3). In terms of changes in the reactive sites, significant varia-
tions in the Mulliken electronic charge occur between the atoms
linking the two naphthalene fragments for the species in the S;
state, compared to the structure in the ground state. The decrease
in electronic charge on the atoms N(18) — 26.7% and N(17) — 8.8%
was noteworthy. The increase in electronic charge on atoms C(09) —
5.7% and C(19) — 23.8%, and increased electron density of bonds
formed by these atoms, was verified by shortening them. An
increase of 7.3% in electronic charge on H(80) suggests an intensi-
fication of the intramolecular hydrogen bond, which tends to favor
the stability of the N(18)—C(19) bond, and appears to be one of the
reasons for the observed variation in the electronic charge on the
atoms that form the bridge between the naphthalene fragments.

3.2. Photodecolorization in the absence of catalyst

Fig. 6 shows the progress of the dye decolorization which
occurred during the direct photolysis. It should be emphasized that
the observed decolorization is irreversible.

Fig. 6 — inset suggests the occurrence of two distinct pseudo-
first order kinetic regimens for the decolorization via direct
photolysis into the monitoring interval. The second stage of
decolorization occurs at a rate almost three times higher than the
first.

Since the observed P4R decolorization is an irreversible process,
it is plausible to consider that during the direct photolysis decol-
orization and structural degradation must occur simultaneously.
This is evident when the content of total organic carbon during the
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Fig. 6. Percentage of dye decolorization, monitored at 507 nm, as function of irradiation time. The reaction was induced in the absence of catalyst, using the mercury vapor lamp. In
the inset is shown the two first order constants for the decolorization of Ponceau 4R: (a) kq = 1.89 x 10~ min~", r = 0.9976; (b) kq=>5.11 x 10> min~!, r = 0.9977.
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decolorization is monitored. Although the decolorization did not
lead to dye mineralization, this resulted in a partial structural
degradation without reduction of the organic load, as shown in
Fig. 7.

If, during the direct photolysis, decolorization occurs simulta-
neously with the partial degradation of the original structure, the
photochemically induced homolytic cleavage of certain bonds,
followed by secondary oxidative reactions, is a plausible pathway
for this process. An initiation via chemical reactions triggered via
reactive oxygen species (ROS) is highly unlikely. Oxidation
processes with the participation of molecular oxygen in the ground
state tend to be extremely slow due to electron spin restrictions.
Chemical reactions triggered directly from the S; state of P4R are
unlikely, since this state being ,m* in nature should not have
a lifetime sufficiently long to enable them. With respect to the
triplet state adjacent to S;, both states have equivalent orbital
symmetry (Supplementary Material) [35]. So it is very unlikely that
intersystem crossing is an efficient process. Thus, reactions
involving the action of ROS produced from the Tq (m,t*) state, or
even between ROS and this state should also be discarded.

Estimates made using the semi-empirical PM6 model consid-
ering the homolytic cleavage of C(9)—N(17), N(17)—N(18) and
N(18)—C(19) bonds suggest that cleavage of C(9)—N(17) of P4R in
the S; state may be the preferred route for the primary stage of
degradation promoted by a photolytic route. The minimum energy
required to promote this cleavage is 180 kJ/mol, corresponding to
photons of 660 nm. The energy estimated for the S; relaxed state,
112.33 kJ/mol (1064.95 nm), is insufficient to promote the cleavage
of this bond. The same scission from Sy requires about 466 kJ/mol.

For the C(19)—N(18) bond, the minimum energy to promote the
homolytic cleavage is about 220 kJ/mol for P4R in the S; state, while
for the species in the S state this value is about 305 kJ/mol. In the
case of the N(17)—N(18) bond, the values are respectively 502 kJ/
mol and 460 kJ/mol, for the electronically excited P4R, and P4R in
the ground state. Importantly, the radiation incident on the
experimental setup of this study provides energy to the reaction
medium in a wide spectral range from 295 nm.

3.3. Photocatalytic degradation of P4R

For photocatalytic processes, a much more complex mechanism
must be expected, combined with the homolytic cleavage by direct
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Fig. 7. Relationship between the normalized total organic carbon content (TOC/TOCg)
and the irradiation time for the photolysis of P4R in aqueous solution at pH 3 in the
absence of catalyst.
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Fig. 8. Behavior of the absorption spectrum of a solution of Ponceau 4R at pH=3
during a photocatalytic reaction (time in minutes), mediated by TiO, P25, using
a 400 W high pressure mercury vapor lamp as radiation source.

photolysis, being the main reactions derived from the processes
induced by photocatalysis, involving reactive species produced in
the active sites of the excited catalyst due to adsorption-desorption
processes involving species in solution or suspension and the
catalyst surface [7,36]. As result, the degradation of P4R can occur in
a relatively short time, depending on the performance of the
photocatalyst, and may even result in the complete mineralization
of the dye.

Fig. 8 shows the temporal behavior of the absorption spectrum
of an aqueous solution of P4R at pH3, during decolorization
mediated by TiO; P25.

Similar to the observed in the direct photolysis, two distinct
pseudo-first order kinetic regimens were observed for the decol-
orization of P4R during the photocatalytic process (Table 1). Unlike
other photocatalysts, the second rate estimated for the decolor-
ization of TiO, P25 was lower than the first. An exception occurs in
the decolorization promoted by the composite TiOy/ZnPc 1.6%
where only one rate constant was verified.

Data from Table 1 and Fig. 9 suggest that, among the photo-
catalysts studied, the composite TiO»/ZnPc 1.6% has an efficiency of
decolorization close to that estimated for TiO, P25 Degussa, which
showed the best result, followed by the TiO, sol—gel TX. In the
presence of TiO, P25 or the composite TiO,/ZnPc 1.6%, a solution
containing P4R reached 100% of decolorization after 80 min of
irradiation. In the photocatalytic process mediated by TiO; Sol—Gel
TX, the same 100% of decolorization was achieved after 120 min of
irradiation.

On the performance of the photocatalysts obtained by the
Pechini method in promoting the decolorization of P4R, it was
systematically lower than that observed by the catalysts presented
above. The photocatalysts synthesized by the Pechini method were,

Table 1
Apparent P4R decolorization rates induced by the studied catalysts.

Catalyst Apparent decolorization rate
(x10* min™1)

Direct photolysis, without catalyst 0.19;0.51

TiO, Pechini 1:2:8 0.56;2.05

TiO, Pechini 1:4:16 0.67;1.39

TiO; Pechini 1:8:32 1.04;1.88

TiO, Sol—Gel TX 3.16;5.90

TiO,/FtZn 1.6% 539

TiO, P25 5.97;1.11
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Fig. 9. Decolorization of a solution of P4R obtained by photocatalysis promoted by
different catalysts: TiO, P25 Degussa (@ ); TiO»/ZnPc 1.6% (A); TiO, sol—gel TX (A );
TiO, Pechini 1:8:32 (v ); TiO, Pechini 1:2:8 (O); TiO, Pechini 1:4:16 («).

by extrapolation, able to promote the complete decolorization of
the P4R solution after 173, 180 and 190 min, respectively for TiO;
Pechini 1:8:32, 1:4:16, and 1:2:8.

Fig. 10 shows the typical kinetic behavior for the photocatalytic
degradation of P4R, monitored by the decrease in TOC content.

It is well accepted that the heterogeneous photocatalytic
degradation of organic matter usually follows Langmuir—Hinshel-
wood kinetics [13,27]. As the amount of dye in the model-effluent is
low (10> moldm3) and the concentration of reactive species
produced during the adsorption-desorption process on the elec-
tronically excited surface of the catalyst must quickly reach
a stationary-state regimen after the beginning of the reaction, the
behavior of the apparent degradation rate depicts pseudo-first
order kinetics [27]. These reactive species should preferably be
produced from other species present in the reaction medium, such
as oxygen, water or ionized species, more mobile than the P4R. As
a result, the degradation of P4R must involve preferentially the
action of the desorbed active species, occurring mainly in the
catalyst-solution interface. Moreover, as the reaction proceeds, the
remaining P4R must still compete with its degradation products, of
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Fig. 10. Typical kinetics obtained for the mineralization of P4R, using the composite
TiO,/ZnPc 1.6%. The average deviation in the measurements was around 3%.

higher mobility, for active sites on the excited surface of the
catalyst.

Experiments involving the adsorption—desorption equilibrium
of aqueous solutions of P4R in the dark, at pH3 and 298 K, using the
catalysts evaluated in this study (results not shown), suggest that
for TiO, P25 and TiO,/ZnPc this equilibrium is established with
a fraction slightly higher than 2.0% of the P4R initially present in
solution, whereas for TiO; Pecchini 1:2:4,1:4:16 and 1:8:32 this
equilibrium was established with a fraction lower than 1.0%. For
TiO, Sol—Gel, the equilibrium was reached with 1.0% of the P4R
initially present in solution. In all cases, the adsorption-desorption
equilibrium was reached 20 min after the preparation of suspen-
sions — time equivalent to the consumed between preparation of
the suspensions and the beginning of the irradiations. Regardless of
differences in the specific areas of the catalysts, the adsorbed
fraction remained practically unchanged throughout the rest of the
experiment, except for TiO, Sol—Gel for which a new equilibrium
adsorption-desorption began to settle 20 min before the end of the
experiment, with an increase in the fraction of adsorbed P4R. It was
considered for these essays the same time interval used in the
experiments of photocatalysis.

As the photocatalytic reactions occur at temperatures higher
than 298 K and considering the adsorption-desorption dynamics
and degradation of P4R, it is likely that its fraction in equilibrium
with the electronically excited surface of the catalyst be much
lower than estimated in adsorption—desorption experiments
mentioned above.

Analysis of data obtained from TOC measurements (Table 2)
shows that the performance of the composite in mineralization of
P4R is almost three times higher than those presented by P25 TiO»,
and still much higher than that presented by the other catalysts
evaluated in this study. About 50% of the organic matter was
mineralized after 120 min of reaction mediated by the composite.
Under similar conditions, in the degradation mediated by TiO; P25
18% mineralization was reached, while for TiO, Pechini 1:4:16, TiO,
1:8:32 Pechini and TiO, Sol-Gel TX a level of mineralization
between 14 and 15% was reached.

Although TiO,/ZnPc 1.6% has shown high performance in the
mineralization of P4R using artificial radiation, very likely because
the source of radiation used also provides components in the visible
spectrum [14]. Even so, it is expected that the result is much better
under solar irradiation. This composite is part of a set of catalysts
developed with the aim of broadening the range of solar radiation
capable to trigger heterogeneous photocatalytic processes medi-
ated by solar light [ 14]. Previous results show that these composites
have a superior performance to that presented by TiO, P25 and
other catalysts based on TiO, in photocatalytic processes mediated
by solar radiation [14,27,37,38].

The photocatalytic activity of TiO/ZnPc 1.6% seems to be a result
of synergism between the photocatalytic characteristics inherent to
TiO, P25, combined with the redox properties and charge transport

Table 2
Percentage of mineralization and apparent mineralization rate induced by the
studied catalysts on P4R after 120 min of photolysis.

Catalyst Mineralization ~ Apparent mineralization
after 120 min  rate (x10°> min~")
of photolysis (%)

Direct photolysis, without catalyst 0.0 0.00

TiO, Pechini 1:2:8 44 0.39

TiO, Pechini 1:4:16 141 1.47

TiO, Pechini 1:8:32 14.2 0.95

TiO; Sol—Gel TX 15.1 1.30

TiO, FtZn 1.6% 50.4 6.02

TiO, P25 18.2 2.03
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capabilities of the ZnPc Frenkel's “]” aggregates on the semi-
conductor surface [14,38—40]. When electronically excited, these
aggregates are able to inject photo-electrons into the conduction
band of semiconductor oxide, causing an increase in the concen-
tration of electrons and inducing an increase in the concentration of
reactive oxygen species (ROS) capable of degrading organic matter.

Studies involving scanning tunneling microscopy of different
metal phthalocyanines confirm that the above mentioned aggre-
gates are adsorbed onto the semiconductor surface [41]. Machado
and coworkers have reported that the presence of ZnPc aggregates
on the surface of TiO, apparently did not cause distortions in its
crystalline structure [14].

The photocatalytic efficiency of a semiconductor oxide is the
result of combining a number of factors, including the method of
synthesis [13,42]. TiO, Pechini 1:2:8, for example, was the catalyst
that had the lowest performance in the degradation of P4R, with
mineralization just over 4% after 120 min of reaction. Although the
route of synthesis is similar to the other two catalysts prepared by
Pechini method, for this oxide titanium tetraisopropoxide was used
in much higher proportion compared to the other reagents. One
explanation for the observed difference in performance is that the
stoichiometric relationship between titanium tetraisopropoxide and
the other species used to form the polymeric resin did not guarantee
high homogeneity in the dispersion of metal ions, inducing the
formation of crystalline defects in the semiconductor oxide, very
likely committing the number of active sites on the surface of the
catalyst, capable of producing active species, jeopardizing its pho-
tocatalytic activity, since that crystalline defects favor the recom-
bination of electrons and holes, leading to poor photoactivity
[43—46]. For the other oxides prepared by the Pechini method the
molar ratios employed in the synthesis were more favorable. As
aresult, the lower photocatalytic efficiency of TiO, Pechini 1:2:8 was
not observed in these or occurred to a lesser extent.

Although not the only parameter to be considered, the pH
control of the reaction medium had a positive influence on the
overall efficiency of a photocatalytic process [7,13,42]. For the
model-effluent containing P4R, the pH of the reaction medium,
adjusted below pH;c of pure anatase, around 4 [17], and TiO P25 —
and very likely for the composite — equal to 6.25 [7,13], provides the
dye with a net negative net charge (Fig. 5) which tends to favor its
interaction with the surface of the catalysts, facilitating the action
of the desorbed active species, which can ensure a higher degrad-
ability for the organic substrate. Similar trend was observed in
previous studies on the photocatalytic degradation of a ligno-
sulphonate in aqueous solution, where the degradation efficiency
was higher when the initial pH of the reaction medium was
adjusted below 4 [27].

The specific surface area (SSA) is generally correlated to the
availability of active sites on the catalyst surface. Although both the
TiO, P25 and TiO2/ZnPc 1.6% have the same ratio between anatase
and rutile, the SSA of the composite is 23% lower than that of TiO,
P25 (Table 3). Most likely, this difference is a result of the incor-
poration of ZnPc aggregates on the surface of the semiconductor.
However, an enhanced photocatalytic activity not only depends on

Table 3
Specific surface area (SSA) and fraction of anatase for the photocatalysts studied.

Photocatalyst SSAger (m? g~ 1) % Anatase
TiO, Pechini 1:2:8 35 84
TiO, Pechini 1:4:16 40 91
TiO, Pechini 1:8:32 63 99
TiO; Sol—Gel TX 30 87
TiO,/FtZn 1.6% 40 70
TiO, P25 52 70

the specific surface area, but several other parameters such as
surface acidity, control of the recombination process, interfacial
electron-transfer rate, among others [13,42,47]. For the composite
under study, the surface sensitization by electron transfer via
physisorbed ZnPc [14] should compensate the decrease in surface
area, increasing the efficiency of the photocatalytic process. It
should be emphasized that the extended range of wavelengths,
shifted to the visible region of the electromagnetic spectrum,
capable of positively influencing the electron transfer between the
excited dye and the semiconductor conduction band tends to
improve electron—hole separation [14,42,48—52].

Quantifying the fraction of anatase was based on X-Ray
diffraction (XRD) measurements (Supplementary materials). For all
photocatalysts, especially those synthesized in this study anatase
predominated, the polymorph that usually has the highest photo-
activity [13,53,54]. The results suggest an inverse relationship
between the percentage of anatase and the degree of mineraliza-
tion achieved (Tables 2 and 3). This trend excludes the TiO; Pechini
1:2:8, which has the lowest performance in the degradation of P4R,
although it has the second lowest percentage of anatase in the set of
catalysts studied. As discussed above, the occurrence of crystalline
defects in the structure of TiO, Pechini 1:2:8 should be the reason
for behavior outside of the trend observed for this catalyst. These
defects may be related to the fraction of rutile, formed in much
larger proportion, and a possible orientation of these crystals on the
surface of the particles, as suggested by the displacement of the
diffraction peak associated with crystalline phases in the dif-
fractograms (Supplementary materials).

3.4. Quantum yield of hydroxyl radical generation (®yo*)

The quantum yield of hydroxyl radical generation (®yp*) has
been considered to be a reliable parameter to quantify the photo-
catalytic activity of a catalyst. However, the ®yo° estimated in this
work for TiO2/ZnPc 1.6%, equal to 2%, is three times smaller than the
estimated value for TiO, P25 [14,55], although the photocatalytic
activity of the composite in the mineralization P4R was almost three
times higher than the verified with the use of TiO, P25. Recent
results on the degradation of another organic substrate (para-
cetamol) mediated by this compound in aqueous media indicated
a similar trend [38]. These results suggest that the premise that ®yo*
is a reliable quantitative parameter of the photocatalytic activity of
a catalyst is not valid at least for the class of composites studied in
this work. Most likely, the photoelectrons injected from ZnPc exci-
tons into the TiO, conduction band are the reason for this behavior.
These photoelectrons should amplify the importance of processes
mediated by superoxide anion-radicals and other electron-rich
reactive species generated from the TiO, conduction band that
begin to compete with hydroxyl radicals in the reactions that can
lead to mineralization of the substrate under study. Therefore, at
least for the TiO2/ZnPc composites or other photocatalysts able to
increase injection of photoelectrons into the conduction band of
a photocatalytically active semiconductor oxide, ®yo* is not a reli-
able parameter to evaluate the photocatalytic activity of a catalyst.

4. Conclusions

The theoretical model proposed to represent the solvated P4R in
acidic medium suggests that this compound tends to be degraded
via a photoinduced homolytic cleavage of C(9)—N(17) and N(18)—
C(19) bonds, in combination with reactions triggered and mediated
in the electronically excited surface of the catalyst, supporting the
results obtained from the direct photolysis.

Among the catalysts studied, the composite TiO,/ZnPc 1.6%
presented the best photocatalytic performance, followed by TiO;
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P25, and TiO; Sol—Gel TX, respectively producing 50%, 18% and 15%
of mineralization of P4R after 120 min of reaction. Among the
oxides obtained via the Pechini method, TiO, Pechini 1:4:16 and
TiO, Pechini 1:8:32 present comparable photocatalytic perfor-
mances with a mineralization of P4R around 14%, whereas TiO»
Pechini 1:2:8 presented the lowest performance, about 4%, attrib-
uted to an unfavorable stoichiometric relationship between tita-
nium tetraisopropoxide and the other reagents during its synthesis.

The highest photocatalytic activity of TiO,/ZnPc 1.6% seems to be
the result of synergism between the photocatalytic characteristics
inherent to TiO, P25 with the redox properties and charge trans-
port of ZnPc Frenkel’s “J” aggregates on the semiconductor surface.
The sensitization of TiO, P25, induced by zinc phthalocyanine
aggregates was effective in producing a more active catalyst.

At least for the composite TiO2/ZnPc 1.6%, ®yo* is not a valid
parameter for the reliable estimation of the photocatalytic activity,
probably due to the action of ZnPc, injecting photo-electrons in TiO;
conduction band. These photo-electrons should amplify the
importance of other processes that begin to compete with hydroxyl
radicals in the reactions that can lead to mineralization of the
substrate under study.
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