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Abstract The great interest in compounds that present
antioxidant capacity has generating the urgent need for
analytical methods that could determine the antioxidant
potential of these sources. A method based on generation of
reactive oxygen species in water from catalyst composed of
palygorskita-TiO, and silver nanoparticles (AgNPs/TiO,-
PAL) was developed and applied to antioxidant assays.
Silver nanoparticles were synthesized using silver nitrate
solution, sodium borohydride reducing agent and Caraia
gum as stabilizing agent. Incorporation of AgNPs into the
previously synthesized TiO,-PAL was performed. The
catalyst AgNPs/TiO,-PAL was characterized by UV-vis
spectroscopy, X-ray diffractometry and scanning electron
microscopy. The catalyst AgNPs/TiO,-PAL were used to
perform an antioxidant activity method which consisted in
monitoring the discoloration of acid yellow 73 dye (AY73)
in the presence of gallic acid antioxidant comparing to the
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dye discoloration in the absence of the antioxidant. A
microplate reader was used to measure the discoloration of
the aqueous solutions of AY73, irradiated by UV light for
60 min. The effect of reactive oxygen species generated by
AgNPs/TiO,-PAL based in photocatalytic kinetics of
AY73 dye was investigated. The oxidation of AY73 dye by
photocatalysis in the system with AgNPs/TiO,-PAL cata-
lysts was carried out mainly by the participation of O;,
HO and 'O, species, in this order of importance. The
results showed that the synthesis of the AgNPs/TiO,-PAL
catalyst was successfully carried out and the application of
this material in the development of an innovative
methodology for the determination of antioxidant activity
was extremely promising.

Keywords Palygorskite - Silver nanoparticles - TiO, -
ROS - Antioxidant activity

Introduction

Oxidative metabolisms are the major suppliers of energy in
biological systems and are essential for the survival of cells
(Rui-Jie et al. 2016). However, during these metabolic
processes, reactive oxygen species (ROS) are generated,
and when excess ROS overwhelms the endogenous
antioxidants (superoxide dismutase, catalase, peroxidase,
glutathione, vitamin C and vitamin E) damage to biological
systems occurs and oxidation of compounds resulting in
uncountable products, generating potential deterioration
(Erel 2004; Niki 2010). Therefore, the antioxidant com-
pounds achieved prominence within the food, cosmetic and
pharmaceutical industries due to the potential to neutralize
reactive species, controlling the effects of deterioration or
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even physiological unbalance in the human body (Kumar
et al. 2017).

The great interest in compounds/materials that present
antioxidant capacity has generating the urgent need for
analytical methods that could effectively determine the
antioxidant potential of these sources (Ge et al. 2018).
However, there is not yet a fully effective method for
assessing antioxidant capacity, and disadvantages are often
reported in most assays, such as high cost, extensive
reagent consumption, necessity of sophisticated instru-
ments, complexity, high reaction time, use of fluorometers,
which may not be routinely available in analytical labo-
ratories (Erel 2004; Niki 2010). It is important to highlight
the fact that most commonly used methods (ABTS™ e
DPPH) are based on a large non-biological and sterically
hindered radical, making difficult for antioxidants to reach
the center of the radical, snot reflecting in vivo conditions
(Lopez-Alarcon and Denicola 2013).

Biologically, HO' radicals are generated when H,0,
reacts with Fe(Il) (Fenton type reaction). However, the use
of Fenton reactions in the development of antioxidant
assays has disadvantages, since many antioxidants are also
metal chelators that alter Fe(Il) activity after chelation
(Rui-Jie et al. 2016). In this context, the heterogeneous
photocatalysis of water by titanium oxide (TiO,)
nanoparticles could be used to generate reactive oxygen
species for antioxidants assays (Chen et al. 2014).

A general process of photocatalysis initiates from the
photoexcitation of TiO, with an energy greater than its
band gap (Eg) of 3.2 eV (Wei et al. 2017), resulting in the
formation of active electron-hole pairs (e /h*) (Wei et al.
2017). In the presence of electron donors and acceptors in
solution, the recombination reaction between the electron
and the hole can be avoided by redox reactions. In the
photolysis of TiO, in water, the solvating nanoparticles of
the water molecules and the dissolved O, can react with
both, the hole and the electron, respectively, to generate
HO'" (Rui-Jie et al. 2016; Nagarajan et al. 2017). However,
TiO, absorbs in a region of the spectrum, less than 380 nm,
presenting low quantum yield (Chen et al. 2014). An
alternative to improve the absorption profile and optimize
the photodegradation process is the incorporation of
metallic nanoparticles (MeNPs) to its structure (Lee and
Chen 2014), since MeNPs deposited in the TiO, acts as an
electron scavenger, decreasing the rate of recombination of
electron pair/hole (e /h™), improving, consequently, the
photocatalytic activity of TiO, (Hidalgo et al. 2010).

However, despite the optimization, there are still prob-
lems regarding the removal of this catalyst from the water.
TiO, powders have large surface areas and good catalytic
activities. However, powders readily agglomerate into
larger particles, resulting in an adverse effect on catalyst
performance. In addition, it is very difficult to recover pure
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TiO, powders from the water when they are used in
aqueous systems (Chen et al. 2014). In order to solve this
problem, it is suggested the use of porous materials to
support the catalyst, namely clays such palygorskite (PAL),
which could increase the surface contact area and conse-
quently facilitating the removal of the catalyst material
(Verma et al. 2014). Palygorskite (PAL) is a widely used
species of hydrated magnesium aluminum silicate with an
elongated microfibrous morphology, had reactive groups
on its surface. PAL’s microscopic structure is needlelike or
rod-shaped with 20-70 nm in diameter and about 1 pum in
length (Ma et al. 2017). Due to its unique structure and
high surface area, PAL appears as an attractive support for
the immobilization of catalysts in the removal of pollutants
(Chen et al. 2014).

In this context, combining PAL to support the catalyst
and modification by noble metal, this work prepared a
catalyst composed of TiO,, silver nanoparticles and sup-
ported in the argilomineral palygrskite (AgNPs/TiO,-
PAL), with the objective of to develop a colorimetric
method, automated in microplates, for the determination of
antioxidant activity, based on the generation of reactive
oxygen radical species (HO, O3, '0,), present biologi-
cally in vivo systems, using a heterogeneous photocatalysis
system.

Materials and methods
Material

The P25 Degussa titanium dioxide catalyst (TiO,) with a
high purity (99.99%), was used as a comparison parameter
with the results of catalyst AgNPs/TiO,-PAL, gum Caraia,
silver nitrate (AgNOs), ultrapure water (MilliQ® system),
sodium borohydride (NaBH,), methanol, diphenylamine
(= 99%) and furfuryl alcohol (98%) were purchased from
Sigma Aldrich. The EDTA disodium salt (P.A) was
acquired from Dynamics Quimica Contemporanea LTDA.
The acid yellow 73 dye (AY73), Fig. 1a, was supplied by
Danny Color Dyes, and was used without prior purification.
The pure anhydrous gallic acid (99.53%) was acquired in
Scientific Exodus, as can be seen in Fig. 1b.

Palygorskite (PAL) was collected from the city of
Guadalupe (Coimbra Company), in the State of Piaui-
Brazil (06°47'13"S; 43°34'08”N). The reagents used for the
synthesis of TiO, supported on palygorskite were titanium
isopropoxide IV (C;,H,30,Ti) analytical grade 97%,
hydrogen peroxide 130 vol. (35%—H,0,, anhydrous) and
ethyl alcohol, purchased from Sigma Aldrich. The water
used in all reactions was treated using the Milli-Q system.
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Fig. 1 Chemical structure: a acid yellow 73 dye and b gallic acid
antioxidant

Synthesis of TiO, supported on palygorskite

Initially, the PAL was macerated and screened in a 200
mesh (74 pum), to obtain a thin powder (Zhang et al. 2011).
For removal of the organic matter, the clay was washed
with distilled water and then treated by hydrogen peroxide
at room temperature (25 °C) for a period of 24 h. The
excess of peroxide in the PAL was removed by successive
washes with distilled water, followed by centrifugation.
The precipitate obtained was dried at 80 °C for 12 h
(Soberanis-Monforte, Gordillo-Rubio and Gonzalez-Chi
2015).

For the synthesis of the TiO,-PAL, the clay was mixed
with ethanol in a ratio of 1:4 (w/v), to obtain a colloidal
suspension. The mixture was kept under continuous stirring
for 30 min. Simultaneously, the suspension of TiO, was
obtained by slowly adding the precursor titanium tetraiso-
propoxide IV on ethyl alcohol with a ratio of 1:1.67 (w/v),
with continuous stirring. After 30 min, distilled water was
slowly added to the mixture in a ratio of 1:1 (v/v) to the
precursor, stirring for 30 min. Subsequently the suspension
of TiO, was added to the clay slurry and kept stirring for
30 min. The molar ratio used was 4 mmol of Ti/g of clay.
After complete homogenization, the mixture was allowed
to stand for 24 h. The precipitate was dried in an oven at
75 °C for 12 h. The heat treatment of the was conducted at

400 °C, on a ramp of 120 min and a heating rate of
10 °C min~! (Zhang et al. 2011; Ma et al. 2017).

Synthesis of silver nanoparticles (AgNPs)

A solution of Caraia gum (1 gL™'), AgNO; solution
(1 mmol L™") and a solution of the reducing agent NaBH,
at 1 mol L™" were prepared. After preparation of solutions,
a mixture of 20 mL of the AgNO; solution and 20 mL of
the stabilizer solution was stirred for 1 h, then 200 pL of
the NaBH, solution was added, the system was left under
stirring for further 30 min.

The nanoparticles obtained were characterized using the
Zetasizer Nano ZS equipment (Malvern Instruments Ltd),
with a He—Ne laser of wavelength 633 nm at a temperature
of 25 °C and a 90° spreading angle of on the analyzes of
Dynamic Light Scattering (DLS) and Zeta Potential (PZ).

Catalyst composed of palygorskita-TiO, and silver
nanoparticles (AgNPs/TiO,-PAL)

A mass of the TiO,-PAL (1.5 g) was added in 20 mL of
AgNPs solution, and the system, was kept in stirring for
72 h, after the system was centrifuged, the precipitate was
separated and dried in an oven for 24 h at 60 °C, followed
by maceration until powder, and thus, the AgNPs/TiO,-
PAL was obtained.

AgNPs/TiO,-PAL characterization

AgNPs/TiO,-PAL catalyst was characterized by X-ray
Diffraction (XRD) in the Shimadzu Labx-XRD 600
equipment, with Cu-Ka radiation (A = 1.5406 A), 20 in the
interval between 5° and 75°, with a scanning rate of 2°/
min.

Scanning Electron Microscopy (SEM) with emission
cannon per field in the FEI equipment, model Quanta FEG
250, with acceleration voltage of 1-30 kV, equipped with
EDS of SDD (Silicon drift detectors), brand Ametek,
model HX-1001, Apollo X-SDD detector. To perform the
micrographs, the sample was dispersed in isopropyl alco-
hol, taken to the ultrasound bath for 5 min and dripped
onto stub coated with foil. The drying time was around 2 h.
The sample was covered with gold in the metallizer, brand
Quorum, model Q150R, with time of 20 s and current of
15 mA, and plasma generated in argon atmosphere. The
mean diameter of the spherical nanoparticles of the catalyst
was evaluated from a 100 point measurement histogram
using the Imagel program.

To perform the EDS experiment, the sample was fixed
on double-sided carbon-conductive adhesive tape and then
also coated with gold. X-ray profiles were obtained at
30 kV and spot size 4.5. The presence of carbon and gold is
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due to the conductive tape and metallization process,
respectively.

Antioxidant capacity assays

For the tests of determination of the antioxidant capacity,
chamber of radiation, provide with a 125 W without bulb.
In eppendorfs, 1 mg mL ™" of catalyst (AgNPs/TiO,-PAL)
were mixed with 0.5 mL of aqueous solution of the AY73
in concentration 2 x 107> mol L™! and 0.5 mL of aque-
ous solution of gallic acid antioxidant at varying concen-
trations (10—100 pg mL™"), the samples were subjected to
UV radiation for 60 min. After the radiation time, eppen-
dorfs were centrifuged for 15 min at 10,000 rpm for
removal of the catalyst. Thereafter, the supernatant was
transferred to a microplate and the absorbance readings
were performed on the microplate reader (Elisa Polaris®) at
a wavelength of 492 nm and compared the absorbance
readings of these same non-irradiated solutions for the
calculation of the AY73 discoloration as a function of
antioxidant concentration.

The discoloration of the solutions was determined using
Eq. (1) (Mecha et al. 2016):

Ao—Az>|< IOO:CO_CZ
0 0

Discoloration (%) = x 100 (1)
where Ay is the initial absorbance of the solution and A, the
absorbance at time ¢, which relate respectively to the initial
concentrations (C,) and time ¢ (C,) according to the Lam-
bert-Beer law (Tian et al. 2012). Considering the values
obtained, reaction curves were created to achieve the
inhibitory concentration, in vitro, to decrease in 50% the
AY73 discoloration (ICsp) using the standard antioxidant
gallic acid. Linearity was established by the standard curve
for gallic acid, which was obtained in five different con-
centration levels. Each concentration was determined in
triplicate (n = 15). The linearity was evaluated using linear
regression analysis, with adjustment of the data by least
squares method.

The results obtained with the method developed using
the AgNPs/TiO,-PAL catalyst was compared to the results
obtained using the commercial catalyst TiO, P25 Degussa.

The remaining concentration of AY73 dye in solution
was analyzed by UV-vis spectrophotometer (Agilent
Technologies spectrophotometer, Cary 60 UV) at its
maximum wavelength of 490 nm.

Scavenger study
An estimate of the contribution of hydroxyl radicals HO',
superoxide anion O, oxygen singlet 'O, and positive

holes (h") during the assays antioxidant, are determined by
adding different ROS scavenger such as methanol,
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diphenylamine, furfuryl alcohol and EDTA disodium salt,
HO' removers (Li and Hu 2016), O; (Alrobayi et al.
2015), 102 (Li and Hu 2016) and h* (Alrobayi et al. 2015),
respectively. All compounds were used at 0.5 mmol L™
(Alrobayi et al. 2015).

Results and discussion
AgNPs characterization

The electrostatic stabilization of AgNPs was estimated by
measuring their zeta potential values. The zeta potential
value was found to be — 33.5 mV for particles, the high
negative value confirms a repulsion between the particles
and a good stability of the silver nanoparticles. (Agnihotri
et al. 2014). DLS analysis showed the size distribution of
particles with maximum intensity at 52.12 nm, which are
considered as satisfactory parameters (Abou El-Nour et al.
2010).

AgNPs/TiO,-PAL catalyst characterization

The structure of the synthesized AgNPs/TiO,-PAL catalyst
was analyzed by XRD measurements. Figure 2a shows the
TiO, P25 Degussa diffractograms with the anatase crys-
tallographic phase, Palygorskite clay (PAL) and AgNPs/
TiO,-PAL catalyst. The characteristic reflections of paly-
gorskite were observed in the XRD patterns, the reflections
at 20 = 8.34° and 19.7° corresponded to palygorskite
(Zhang et al. 2011; Ma et al. 2017). The diffraction peaks
of the AgNPs/TiO,-PAL catalyst at 26 = 25.52°, 38.78°,
48.09° correspond to the same peaks found in TiO, P25
Degussa diffractogram (Santana and Zaia 2006) indicating
TiO, was crystallized in the anatase phase over the paly-
gorskite, which presents greater photocatalytic activity
(Samya et al. 2014). The addition of Ag did not change the
TiO, profile, inferring that Ag was not dissolved in the
structure of TiO, and, probably was deposited on its sur-
face (Lee and Chen 2014). Some typical peaks character-
istic of silver nanoparticlesare overlapped with the peaks
corresponding to TiO,, however, an EDS analysis confirms
a presence of silver in the synthesized catalyst, as shown in
Fig. 2b.

The SEM images (Fig. 3) revealed that these materials
consisted of spherical nanoparticles with an average
diameter around 1 pm, the mean diameter of the spherical
nanoparticles of the catalyst was evaluated from a his-
togram with a measurement of 100 points, the minimum
value found was 0.7818 um and the maximum value was
2.8546 pum, it was observed that the spherical particles
were formed by the aggregation of smaller particles, it can
be seen fibers in planar structures, which was a typical
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Fig. 2 a AgNPs/TiO,-PAL catalyst diffractogram and b EDS graph of AgNPs/TiO,-PAL catalyst

Fig. 3 SEM images of AgNPs/
TiO,-PAL

morphology of palygorskite (Guo et al. 2014). Many
AgNPs/TiO, particles were distributed on the surface of
PAL fibers. The hydroxyl group on the surface of crystal
structure of PAL was lost during the calcination process
thus helping in stabilization of TiO, on the PAL to form
stable Ti—-O-Si bond (Ma et al. 2017). This structure
enhanced the photocatalytic properties by reducing the
grain size of TiO; in the catalysts.

Despite all merits, TiO, has some limitations which tend
to hamper its practical application, for example, due to its
wide band gap, it is active only in the ultra-violet region of
solar spectrum which comprises only 4% of the total solar
spectrum, it has low adsorption capability due to the rela-
tively low surface area and porosity, it has high aggrega-
tion tendency and it tends to form a colloidal suspension in
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an aqueous medium which makes its recovery difficult
(Mishra et al. 2018).

The modification of the surface of the TiO, from the
addition of silver nanoparticles comes as an alternative to
enhance the activity of TiO, towards the visible region of
the solar spectrum (Kaur and Pal 2015). And the support of
this composite in the palygorskite clay is the solution to the
problems de low surface area and porosity, besides solving
the problem of high aggregation tendency and it tends to
form a colloidal suspension in an aqueous medium, facil-
itating catalyst recovery (Mishra et al. 2018).

Development of the analytical method
for recognition of antioxidant activity

The reactive oxygen species generated by the photocat-
alytic oxidation of water using TiO, are the hydroxyl
radical (HO’), superoxide anion (O, ) and singlet oxygen
(102) (Rui-Jie et al. 2016; Nagarajan et al. 2017). These
species are biologically present in vivo, playing important
roles in various biochemical reactions. The superoxide
anion (O3 ) is continuously generated in the electron
transport chain in the mitochondria, by the action of
enzymes such as xanthine oxidase and NADPH oxidase, or
by the monoelectronic reduction of O,. In relation to other
reactive species, the Oy has a relatively long half-life,
which allows diffusion within the cell, thereby increasing
the number of potential targets (Carocho et al. 2018). The
HO ' radical is the most reactive and most damaging radical
known and for which, once formed, the human organism
has no defense mechanism, although it has a short half-life
(approximately 10~ s), reacts rapidly and without selec-
tivity to a series of endobiotics, causing DNA modification,
lipid peroxidation, protein damage, and enzymatic inacti-
vation (Mozafari et al. 2006). The 102 consists of the
electronically excited state of oxygen, produced by pho-
tochemical reactions or other radiations, it reacts with a
large number of biological molecules, including DNA,
proteins and lipids, and although it’s not a free radical, it
causes the formation of other toxic radicals, since it is one
of the most active intermediates involved in biochemical
reactions (Costa et al. 2007).

A general process for photocatalysis initiates from the
photoexcitation of TiO, with an energy greater than its
band gap (Eg) of 3.2 eV (Wei et al. 2017), resulting in the
formation of active electron-hole pairs (e~ /h™) (Wei et al.
2017). In the presence of electron donors and acceptors in
solution, the recombination reaction between the electron
and the hole can be avoided by redox reactions. In the
photolysis of TiO, in water, the solvating nanoparticles of
the water molecules and the dissolved O, can react with
both the hole and the electron, respectively, to generate
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HO'" and O3, these in turn react and form oxygen singlet
'0, (Rui-Jie et al. 2016; Nagarajan et al. 2017).

TiO, + hv — egy + hyy (2)
H,O +hi{z — H" + OH (3)
20H,, + hyy — OH™ + OH’ 4)
ecg + 02— Oy (5)
205 + 2H,0 — 20H +20H™ + 0, (6)
dye + OH" — degradation products + CO, + H,0O (7)
dye + hi — oxidation products (8)
dye + ecy — reduction products 9)

The adequate linearity of the method was verified by the
linear regression analysis of the antioxidant concentration
evaluated versus the discoloration of the AY73 for each
concentration (Fig. 4) and it could be verified an antioxi-
dant capacity of gallic acid on the AgNPs/TiO,-PAL sys-
tem in concentration-dependent manner.

Considering the equations described in Fig. 4 it is pos-
sible to find the antioxidant concentration necessary to
protect the dye from 50% of the AY73 discoloration (ICsg)
in the presence of the catalysts and UV light. The ICs,
value obtained for gallic acid using the catalyst AgNPs/
TiO,-PAL was 12 £ 2.5 pg mL_l, while, using the cata-
lyst TiO, P25 Degussa was 50 + 4.3 pg mL™".

Masaki et al. (1994) evaluated the ability of inhibiting
reactive species such as superoxide anion, hydroxyl radi-
cals and singlet oxygen for antioxidants known as gallic
acid, propyl gallate and ascorbic acid. Gallic acid showed
better results for most reactive species studied, with ICsy
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Fig. 4 Gallic acid analytical curves. CA is the concentration of
antioxidant evaluated; D is the discoloration of the AY73. Black filled
square TiO, P25 Degussa, Red filled circle AgNPs/TiO,-PAL
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values 11.86 & 0.79 pg mL~" for singlet oxygen ('O,),
0.187 + 0.03 pg mL™"  for superoxide anion and
13.33 4+ 1.91 pg mL™" for hydroxyl radicals.

Lo Scalzo (2010) evaluated the antioxidant capacity of
gallic acid to eliminate reactive species O, and HO', the
study was performed by electronic paramagnetic reso-
nance. The value of the minimum inhibitory concentrations
of gallic acid found by the O;~ was 3.9 mM, while for HO
was 781.5 mM. Thus, the author concluded that the
potential of gallic acid to inhibit reactive species O, and
HO' is very distinct, a very low concentration of antioxi-
dant is required to inhibit O5 compared to the concen-
tration required to inhibit HO'".

Chisté et al. (2012) found ICs, values for gallic acid of
13+ 2pugmL™" for neutralization of 0> and
1 £ 0.06 ng mL~! for '0,, but the ICs, for HO was not
evaluated. Ribeiro et al. (2014) evaluated the in vitro
elimination capacity of extracts of the Psidium cattleianum
fruit against reactive oxygen species (ROS) and reactive
nitrogen species (RNS), and compared the results obtained
with antioxidants known as gallic acid, ascorbic acid and
quercetin. Gallic acid showed ICsq of 1.6 & 0.10 pug mL ™"
for '0, and 3.9 £ 0.10 ne mL~" for O5.

Considering the above, it is possible to notice that the
great majority of the studies evaluate the antioxidant
capacity of the compounds/extracts/materials and antioxi-
dants considered as gold standard for isolated reactive
species, being an interesting way to understand the mech-
anism of action of antioxidants. However, in studies using
in vivo systems, the reactive species are produced cascaded
and do not react in isolation. Therefore, in the method
developed in the present study, ICsy, of gallic acid
12 4 2.5 pg mL™" was used using the AgNPs/TiO,-PAL
catalyst and 50 & 4.3 ug mL ™', using the TiO, P25 cata-
lyst, to eliminate three reactive species O , HO" and 102
produced, where O; , HO are produced simultaneously
and depart from these as 102, which occur naturally and
constantly in the biochemical reactions of the in vivo
systems (Rui-Jie et al. 2016; Nagarajan et al. 2017).

UV-vis spectra of the AY73

It is considered that the reactive species generated by the
TiO, catalyst during the photocatalysis of the water are
responsible for discoloration of the AY73. However, in the
presence of a compound with antioxidant potential, such as
gallic acid, discoloration could potentially be minimized,
suggesting that this system could be used for the devel-
opment of a simple, fast and low-cost methodology to
qualitatively and quantitatively determine the antioxidant
capacity of natural and synthetic compounds of new
materials.

Thus, the dye residue AY73 in the aqueous solution
after the antioxidant activity assays were evaluated by UV—
vis spectroscopy. The acid yellow dye 73 showed maxi-
mum absorption band at wavelength 490 nm, in addition to
smaller bands at wavelengths 238, 285 and 324 nm.

The spectrum of AY73 using the AgNPs/TiO,-PAL
catalyst, Fig. 5a, and the catalyst TiO, P25 Degussa,
Fig. 5b, shows that the intensity of the peaks at 490 nm
decreases gradually during UV irradiation, resulting in
discoloration of the solutions. The near-perfect disappear-
ance of the band at 490 nm reveals that AY73 is eliminated
after about 60 min in the systems consisting of aqueous
solution of the dye and catalyst, without addition of
antioxidant. No new absorption peak appeared in the vis-
ible or UV regions. After 60 min of exposure to UV light in
the presence of the AgNPs/TiO,-PAL catalyst the discol-
oration was 80% and in the presence of the catalyst TiO,
P25 Degussa was 86%.

By adding the gallic acid antioxidant to the system it is
observed in the spectrum of AY73 using the AgNPs/TiO,-
PAL catalyst, Fig. 5c, and the catalyst TiO, P25 Degussa,
Fig. 5d, that the intensity of the peaks at 490 nm (Amax)
suffers only a reduction, which does not result in the total
discoloration of the solutions, indicating that this com-
pound with antioxidant potential recognized in the litera-
ture scavenges the reactive oxygen species of the reaction
medium, significantly reducing their reaction with the dye.

Pathway of reactive oxygen species (ROS)

The best way to understand the role of each reactive spe-
cies in the antioxidant capacity assays is to try to retard the
recombination of photogenerated holes and electrons on
the surface of the catalyst, that is, to fill the holes of the
valence band with the electrons of some type of reducer
(Alrobayi et al. 2015).

In the present study, scavengers were used, as methanol
to remove radicals HO" (Li and Hu 2016), diphenylamine
as O, remover (Alrobayi et al. 2015) and furfural alcohol
as '0, remover (Li and Hu 2016). The results of the
photocatalytic discoloration of AY73 in the antioxidant
capacity assays in system with suppressors can be seen in
Fig. 6a.

By adding diphenylamine (suppressor of O5 ), methanol
(HO' suppressor), furfuryl alcohol (suppressor of 'O,) and
EDTA disodium salt (h™ suppressor) to the system com-
posed of aqueous solution of dye and AgNPs/TiO,-PAL
catalyst, a significant reduction in the discoloration of the
AY73 was achieved.

Li et al. (2013), obtained similar results regarding the
order of importance of the reactive species in the methyl
orange dye degradation using the TiO, catalyst and adding
AgNOj; in the solution. The authors describe that by
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Fig. 5 UV-vis spectrum of the AY73: a AgNPs/TiO,-PAL catalyst in the absence of antioxidant; b TiO, P25 in the absence of antioxidant;
¢ AgNPs/TiO,-PAL catalyst in the presence of antioxidant and d TiO, P25 in the presence of antioxidant

combining the important role of HO' radicals with the
almost insignificant role of holes in dye degradation, it is
possible to deduce that there is another source of HO'
radical generation in the system besides the generation
through the holes. When comparing this deduction with the
fact that suppressing O3 in the reactions in this work
caused a great impact in the degradation of the dye AY73,
it is possible to conclude that O; can be another source of
generation of radicals HO'.

Liu et al. (2007), synthesized a photocatalyst composed
of TiO, and silver, supported on montmorillonite (Ag-
TiO,/MMT) and applied to the photodegradation of the
methylene blue dye (MB), among Ag-TiO,, MMTNTiO,,
MMTNTIO, (P25) and Ag-TiO,/MMT, the Ag-TiO,/MMT
exhibited the highest photooxidation activity because of its

@ Springer

larger specific surface caused by pillaring and loading of
silver for improving its light absorption.

So, the transfer of electrons to metal deposits in TiO,,
results in the metal becoming negatively charged. In air-
equilibrated systems, Ag deposits on the TiO, surface
enhance photoactivity by accelerating the transfer of
electrons to dissolved oxygen molecules. Therefore, the
superoxide anion radical is formed as a result of oxygen
reduction by transfer of trapped electrons from Ag metal to
oxygen (Behnajady et al. 2007).

The oxidation of AY73 by photocatalysis in the system
with AgNPs/TiO,-PAL was carried out mainly by the
participation of 05", HO" and 'O, species, in this order of
importance. In addition, it is possible to verify that the
contribution of the holes occurred on a smaller scale.
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Fig. 6 a Photocatalytic discoloration of AY73 in the antioxidant capacity assays by adding the suppressors and b Photocatalytic discoloration of
AY73 in the antioxidant capacity assays by adding the suppressors and antioxidant

Adding the gallic acid antioxidant to these systems, it is
seen that the AY73 protection efficiency increases with the
addition of all suppressors, Fig. 6b. There is a significant
reduction, in the AY73 discoloration with the addition of
furfuryl alcohol and EDTA Disodium (h* suppressor). On
the other hand, a protection of almost 100% of the color of
the dye is observed in both systems with the addition of
diphenylamine (suppressor of radicals O3 ) and methanol
(HO' suppressor).

Conclusion

A catalyst constituted of TiO,, palygorskite and silver
nanoparticles (AgNPs/TiO,-PAL), was synthesized and
applied to the development of a method of recognizing the
antioxidant capacity. The most favorable results for the
protection of the dye by the antioxidant was observed when
using the synthesized catalyst that demonstrating greater
sensitivity to the system presenting a lower 1Cs, for pro-
tection of the dye than the commercial catalyst. The
additional study of the ROS contribution indicates that O3~
and HO are responsible for the greater discoloration of
AY73 using the AgNPs/TiO,-PAL catalyst, while 'O, and
HO' are responsible for the greater discoloration of AY73
using the TiO, P25 Degussa catalyst.

In this way it can be verified that the catalyst was syn-
thesized efficiently and demonstrated excellent applicabil-
ity to the developed method, which presents potential to be
used in industrial and universities laboratories to investi-
gate antioxidant activity in natural/synthetic compounds

and new materials with applications for food, cosmetics
and pharmaceutical industries.
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