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ABSTRACT

Superacid sulfated TiO, was prepared by the sol-gel method and tested as a titania precursor to obtaining a ka-
olinite/TiO, nano-hybrid composite. Raman, FTIR, Zeta Potential, and XRD analyses allowed the identification
of kaolinite and titania as well as the interactions between them to form the nanohybrid composite. SEM-FEG/
TEM analyses clearly showed titanium nanocrystals adhered to the surface of kaolinite microparticles. Thermo-
gravimetric analysis of the powders showed that the composite obtained has a tenuous thermal reinforcement
due to the presence of TiO,. Furthermore, the composite has excellent photocatalytic activity, reaching up to
about 97% of methylene blue degradation under UV-C radiation in 3 h. Therefore, this study proposes a simple,
safe, and effective method for the use of sulfated TiO, as a precursor in the synthesis of composite nanomaterials

based on titania.
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1. Introduction

Nanosized oxides, such as ZnO, Fe,03, Al,03, Sn0O5,, Si0,, and
Bi, O3 have attracted much attention in recent years due to their
photocatalytic properties [1-4] and have been used in various ap-
plications as water treatment [5], adsorption of heavy metals
[6,7], photodegradation of dyes [8], among others. Titanium diox-
ide (TiO,), in addition to its photocatalytic properties, has been ex-
plored due to its additional properties, such as antimicrobial [9],
self-cleaning [10], semiconductors [1], optics [1] and photocatalytic
activity [4,7,11]. However, for some applications, the nanometric
size combined with the polar characteristics of the crystals can
cause some drawbacks in the use of this material, an example is
the high recovery cost of TiO, nanopowders when used for photo-
catalytic treatments of residues [12]. To overcome these draw-
backs, the immobilization of TiO, nanoparticles on supports [12]
like kaolinite, bentonite, vermiculite, and others [12-15] have
been evaluated.

De Almeida et al. [16] and Noda et al. [17] synthesized and studied
a sulfated TiO, and successfully applied the material as a reaction cat-
alyst in the methanolysis of soybean and castor oils, and the
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isomerization of n-hexane. Titania is a very stable metal oxide and
under neutral conditions of pH, temperature, and pressure can be con-
sidered an inert material. However, when sulfated, it becomes an
oxide with very high acidity, becoming a superacid solid [16-20]. In
order to evaluate the acidity of superacid solids, a Hammett acidity
function (Hp) was proposed and is widely accepted [21,22]. The
Hammet acidity function was first used to measure the acidity of
highly concentrated solutions of strong acids and in the study of
organic reactions catalyzed by strong acids [23]. In 1927, Hall and Co-
nant [24] suggested the use of the term superacid and Gillespie [25]
proposed an arbitrary, but widely accepted definition of superacids,
as any system that achieves a stronger acidity compared to a 100%
sulfuric acid solution, i.e., with Hy < —12. Fluorsulfuric and
trifluoromethane sulfonic acids are considered superacids with Hg
values of —15 and — 14.1, respectively [23]. To achieve the acid
values of a superacid, a system of conjugated strong acids is normally
using a strong acid (Bronsted acid) (Eq. (1)).

HA+HB — HA" +B~ (1)

When a strong Lewis acid is added to a strong Bronsted acid, a
shift in the Bronsted acid autoprotolysis balance occurs due to the for-
mation of an HA acid counterion, the LA™ anion is more delocalized

(Eq. (2)).
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Obtaining a superacid solid can be done in two ways, increasing the
intrinsic acidity of an acidic solid by adding another acid or supporting a
superacid liquid in a solid (which can be acidic or not) [23]. Between
materials that are used as superacid solids (Al,0s, TiO,, SiO,, Fe,03,
Zr0,, ZnO) titania has been widely studied because of its chemical prop-
erties [2,16-18,23]. Super acidity of sulfated titanium is attributed to the
Bronsted acid sites created in titania by the high sulfate content increas-
ing the acidity of the solid by the presence of strong Lewis acid sites in
its vicinity. The strength of Lewis acidic sites is related to the inductive
effect of sulfate on the metallic atom (titanium atom), which becomes
more electron-deficient and takes the form of a cation (Ti"*)
[2,3,17-19,26]. The sulfation of titania acts as an activator of the oxide
enabling the bonding of titania into the surface of the supports, like
clays [13,16-18,23].

The immobilization of titania in the surface of clay minerals gives
rise to nanostructured materials with excellent photocatalytic proper-
ties. These materials have been widely explored in research that apply
these composites in the removal of organic compounds by advanced ox-
idative processes [1,13,27-31]. Various clay minerals have been used as
a support for TiO, nanoparticles. Among them, kaolinite offers some ad-
vantages because they can undergo acid activation and become reactive
and highly adsorptive. Kaolinite is a hydrated aluminum silicate, its
structure is of the 1:1 type with stoichiometric formula Al,Si;O5(OH)4
[32-35]. The structure of kaolinite is formed by a layer of silicon tetrahe-
drons adjacent to an octahedral aluminum layer, strongly bonded by
hydrogen bonds [32-35]. Studies of the chemical behavior of surface
have shown that kaolinite has a preferentially negative electrical charge,
mainly in the exposed basal planes. According to Doi et al. [36], Sposito
etal. [35], Murray [37] and Leroy et al. [38] most clay minerals acquire a
specific surface charge in aqueous solution. According to Doi et al. [36]
and Sposito et al. [35], kaolinite presents two types of surface potential,
permanent and dependent. The permanent surface potential is nega-
tive, and it is attributed to the isomorphic substitution of Si** by AP™
in the tetrahedral plane. The dependent surface potential has an am-
photeric character, i.e., it depends on the pH of the medium, and is lo-
cated on the edges of the crystal, which acquire positive (protonation)
or negative (deprotonation) charges. This behavior can be explained
by the presence of imperfections of the crystal, such as cracks, broken
edges, and states of high amorphization [35-39]. According to Bergaya
and Lagaly [40], Brady et al. [41] and Liu et al. [42] lateral surface and
edges of the kaolinite crystal are highly reactive due to the abundance
of amphoteric OH groups (donors/recipients). However, the basal sur-
face (silanol and aluminum sites) is less reactive than the edges because
of the lower concentration of OH groups. Moreover, ionization reactions
promote the deprotonation of the edges or the protonation and hydrox-
ylation of the basal surface [36,40-42].

The physicochemical characteristics of kaolinite (ion exchange
capacity, adsorbance of metal cations, high surface area, porosity, non-
toxicity, chemically inert) allow the adhesion of various oxides on the
surface of the mineral [1,13]. However, the studies reported in the liter-
ature that aims to obtain silicate/TiO, composites use titanium precur-
sor compounds that are admittedly expensive and hazardous, factors
that hinder the large-scale industrial production and commercialization
of these photocatalyst composites [1]. In most works tetrabutylorthotit-
anate (CygH4004Ti), Titanium (IV) tetraisopropoxide (C;,H,504Ti), Tita-
nium oxychloride (TiOCl;), Titanium tetrachloride (TiCl4) are used,
sometimes with other surfactants or organic solvents to improve the
final result [1,12,13,43]. Therefore, in the present work, the obtention
of a sulfated TiO, by superacid sol-gel and its grafting onto the kaolinite
surface was evaluated in replacing other commercial precursors for the
preparation of a nano-hybrid composite.

2. Experimental section
2.1. Materials

Kaolinite (PK) under the trade name Saca-B® was kindly donated by
IMERYS do Brasil Comércio de Extracdo de Minérios Ltda. Titanium di-
oxide under the trade name AEROXIDE® TiO, P25 was obtained by
Evonik do Brasil Ltda. Sulfuric Acid 98% and Methylene blue P.A. (C.I.
52.015) were purchased from LabSynth Ltda (Brazil), and Absolute
Ethyl Alcohol 99.8% was purchased from Neon Ltda (Brazil). All reagents
were used as received.

2.2. Experimental procedure

The methodology used in this research occurs in two steps. The first
step consists in the preparation of a sulfated TiO, by the sol-gel method
using a modified methodology, which was first proposed by Noda et al.
[17] and De Almeida et al. [16]. To perform the synthesis, 61 mL of dis-
tilled water and 15 g of AEROXIDE® TiO, P25 were slowly mixed under
constant magnetic stirring for 30 min in a beaker. After that, the beaker
containing the mixture was kept in a container with ice under vigorous
magnetic stirring, and 30 mL of sulfuric acid (H,SO4) was slowly added
into the titania suspension, and maintained for 30 min under magnetic
stirring, as shown in Fig. 1. After acid addition, the suspension was kept
under constant stirring at 80 °C for 1 h and 30 min. At the end, a white
and gelatinous aqueous dispersion (sol-gel) was obtained. Sol-gel was
reserved in amber glass and kept at room temperature.

The second step consists in grafting TiO, into the kaolinite crystals to
obtain the nano-hybrid composite material. A 500 mL jacketed glass re-
actor was fitted with a condenser on a magnetic stirrer and connected to
a digital ultra-thermostatic bath (SL-152, Marconi) with temperature
control. 200 mL of distilled water and 20 g (10% w/v) of kaolinite (PK)
Saca-B® were added to the reactor. The mixture was kept under con-
stant stirring and the medium temperature was raised to 90 °C. Upon
reaching 90 °C, 50 mL (25% v/v) of the titanium sol-gel (previously pre-
pared) were slowly dripped through one of the nozzles of the reactor
cover. After adding the titanium sol-gel to the reaction medium, the sys-
tem was maintained at 90 °C for 24 h. After it, the reaction medium was
left until complete solids decanting. At room temperature, the final pH
of the supernatant was measured and pH values < 1.0 were found.
The solid material was washed five times with distilled water and the
supernatant was discarded. Finally, KT particles were filtered using a
0.21 pm PTFE (Teflon) membrane. The KT composite was washed and
filtered until the wash water had a conductivity lower than 1-102 uS/
cm, in order to ensure that all sulfate ions were removed. Fig. 1 illus-
trates the process of obtaining the KT composite. The KT composite
was dried at 50 °C for 3 h in a laboratory oven. After drying, the solid
was easily milled with the help of a porcelain pistil and reserved in an
amber glass container.

To compare the photocatalytic activity of the obtained powder (KT)
by the proposed method, the same synthesis procedure was conducted
with the use of pure kaolinite (PK) and AEROXIDE® TiO, P25 as received
(i.e., without previous sulfation of the TiO,), to obtain a secondary pow-
der called KT*.

2.3. Structural and microstructural characterization

The surface charges of TiO,, PK, and KT were investigated by Zeta Po-
tential measurements. For all analyses, the samples were tested in trip-
licate at room temperature (~ 25 °C), with dispersion in distilled water
and pH variation from about 1.0 to 12.0. The Zeta Potential readings
were performed on a ZetaSizer Nano-ZS (Malvern Instruments Ltd.)
equipment.

Fourier transform infrared spectroscopy was used to analyze the
particles in KBr pellets on a Cary 660 FTIR Spectrometer (Agilent
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Fig. 1. Schematic illustration of the experimental procedure for preparing the sulfated TiO, and KT composite.

Technologies) equipment, with readings in the region of 4000-
400 cm™!, with a resolution of 2 cm™!.

Raman spectra were measured with Cora 5 x 00 Raman Spectrome-
ter (Anton Paar), using a Raman laser of 785 nm and 400 mW, with
spectral reading in the region of 100-2000 cm ™!, and the step length
of 2cm™L

UV-vis DRS (Diffuse Reflectance Spectroscopy) analyses of KT com-
posite and TiO, was carried out using a Lambda 45 UV-vis Spectrometer
(Perkin Elmer) equipment, the absorption of the materials was obtained
in the region from 200 to 700 nm.

The morphology and microstructures of commercial TiO,, sulfated
TiO,, PK particles, and KT composite were characterized by Scanning
Electron Microscopy-FEG using a JSM-6701F (Jeol Ltd.), and by Trans-
mission Electronic Microscopy using a JEM-1011 (Jeol Ltd.) equipment.

The particle size readings of PK and KT by Dynamic Light Scattering
(DLS) were performed using a MasterSizer 3000 (Malvern Instruments
Ltd.), and the TiO, particle size readings were carried out on a ZetaSizer
Nano-ZS (Malvern Instruments Ltd.) equipment. Before analysis, the

particles were dispersed for 5 min in distilled water using a USC-1400
ultrasonic bath (Unique Ltda.).

The X-Ray Diffraction (XRD) analysis was carried out on the
MiniFlex600 X-ray Diffractometer (Rigaku Ltd.) equipment under radi-
ation Cu-Ka (N = 0.154 nm) operated at 40 kV and 100 mA. The particle
samples were prepared as pressed powders and data were collected
under scan angle of 20 from 5 to 80°, with a step size of 0.01° (step
time: 0.2 s).

The thermal behavior of the particles was investigated using a ther-
mogravimetric analyzer Jupiter STA-449 F3 (Netzsch, Germany), in the
TGA-DTG analyses the particles were heated from room temperature
to 800 °C with a heating rate of 10 °C/min under synthetic air atmo-
sphere, with a flow rate of 20 mL/min.

2.4. Photocatalytic activity

The photocatalytic activity of the KT composite was evaluated in the
degradation of the methylene blue dye (MB), using a modified



methodology adapted from ISO 10678: 2010 [44]. The photoreactor
consisted of a black chamber (without external light input) equipped
with a high-intensity UV-C radiation lamp (Osram Puritec HNS G5,
P=8W,\ =254 nm, ¢ = 7800 cd, Eyy.c = 20 W/m?) located in its
upper part. Before the test, 0.15 g of powder (test sample) was left in
a dark chamber for 24 h with 100 mL of 20 ppm aqueous MB solution
(conditioning solution). This step is needed because the samples tend
to adsorb the dye. After conditioning, the adsorption solution was re-
placed by the test solution (100 mL; 10 ppm) and was kept 15 cm
away from the lamp and left in the dark for 10 min under stirring at
475 rpm. After that, the suspension was exposed to UV-C light for 3 h
at room temperature (25 + 2 °C) under the same stirring. Photocatalytic
kinetics was evaluated at 20 min intervals by UV-vis absorption spec-
troscopy using the Q898U2M5 Microprocessor UV-VIS Spectrophotom-
eter (Quimis Ltda.) equipment in the region from 400 to 750 nm, with a
cell length of d = 10 mm, and step of reading of 1 nm. For this, 50 mL of
the sample have been taken and centrifuged (10,000 rpm; 5 min) in
order to separate the solids. Next the supernatants were analyzed on
UV-vis at 664 nm, then mixed and returned to the test solution to min-
imize the variation in volume. For comparison, the effect of light (pho-
tolysis), free AEROXIDE® TiO, P25, and KT* on MB photodegradation
were tested. The PK effect was also tested, but only the initial and final
absorption were measured after 3 h of exposure to UV-C light. The ref-
erence sample (blank) was kept in the dark and the UV-vis absorption
was also measured at the same period of time.

3. Results and discussion
3.1. Structural and thermal characterization of the particulated materials

3.1.1. Zeta potential analyses

Fig. 2a shows the results of Zeta Potential measurements of pure ka-
olinite (PK), titania and composite kaolinite/TiO, (KT). For the PK in the
pH range of 1.0-12.0, the Zeta Potential is negative, and the isoelectric
point (IEP) of the clay mineral was not observed in agreement with
some results in literature [45-52]. According to Shankar et al. [50], silica
and alumina sheets in kaolinite have permanent negative charge sites,
induced by isomorphic substitutions. Furthermore, the silica sheet is
normally negative for pH values above 2.0, while the alumina sheet is
pH-dependent and can reach [EP at pH + 9.5. Moreover the net charge
at the edge of the particle can be negative or positive, depending on pH
[50]. According to Shankar et al. [50] and Au et al. [49], the edge-to-face

(a)

area ratio can determine different kaolinite charge behavior as a func-
tion of the pH. This implies that the basal surface of the negatively
charged (permanent) particle dominates the surface properties and
can explain the behavior observed [49-51].

The TiO, particles showed positive Zeta Potential values for the pH
range below 6.0. Between pH 6.0 and 6.5 the titanium [EP was found,
i.e., at this pH, the suspension becomes unstable, since the neutrality
of the particles induces the agglomeration formed by intermolecular
forces of the dipole-dipole type and hydrogen bonds. From pH 6.5, the
particles acquire a negative charge and the electronegativity of the par-
ticles continuously increases to a pH close to 9.0. Above pH 9.0, the sus-
pension becomes stable and the particles tend to remain dispersed by
electrostatic repulsion. According to Liao et al. [53] and Xu et al. [54],
the Zeta Potential of titanium nanoparticles in aqueous suspension de-
pends on factors such as pH, particle morphology (crystalline arrange-
ment and surface area) ion concentration and ion charge. In the
presence of a strong electrolyte, the oxides undergo hydration and
form reactive amphoteric hydroxyl groups on the exposed surface. In
aqueous solutions containing diluted electrolytes, the titania surface ac-
quires surface charges by reacting with the H" and OH™ ions present or
added to the medium. Interaction of the hydroxyl groups with the ions
in solution will determine the surface charge and the Zeta Potential of
the suspension, as shown in equation (Eq. (3)).

. —H"_. —-H' .
TiOH; = TiOH = TiO

+H* +H*

3)

The results are in agreement with the literature, where the same be-
havior as a function of pH and approximate IEP value for TiO, was ob-
served [55,56]. It can be observed that for pH values below 2.0, the KT
particles have a positive surface character and IEP was about pH +
2.0. From pH values above 2.0, the particles become more electronega-
tive and tend to be dispersed by electrostatic repulsion effects. Curves
of PK and KT have very similar behavior, this indicates that although
there are changes promoted by the presence of titanium in KT, the com-
posite is formed mostly by kaolinite, and therefore the electrokinetic be-
havior of the material is similar to the PK.

3.1.2. FTIR analyses

The FTIR results of PK, TiO,, and KT composite are shown in Fig. 2b.
Various absorption bands related to hydroxyl groups can be observed.
Peaks in the region between 3800 and 3000 cm ™! shows an intense
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band corresponding to the stretching of the hydroxyl group “O-H", and
the peak at 1631 cm™! can be related to the deformation vibrational
mode “H-O-H". For both bands, the hydroxyl group can be attributed
to the presence of absorbed water in the sample [57,58]. Moreover, it
is possible to notice a high-intensity peak between 800 and 450 cm ™!,
characteristic of “Ti-O" stretching vibration [57,58].

For PK and KT the absorption peaks at 3696, 3670 and 3652 cm ™!
correspond to the “O-H" bond stretching of the internal (interlayer) ka-
olinite surface, studied by Ledoux and White [59]. The peaks at 3620 and
914 cm™ ! are also related to the stretching mode of the “OH” bond,
however in this case the hydroxyl groups are related to those presents
in the empty places of the crystal, as reported by Hess and Saunders
[60] and Valaskova et al. [61]. Peaks at 1112 and 1035 cm ™! can be re-
lated to “Si-OH" deformation vibrations of the kaolinite silanol groups,
present in the basal and lateral planes of the particles according to
Maké et al. [62]. Peaks at 790 and 541 cm™! correspond to the
translational vibrations “OH” and deformation of the “Al-O-Si” bonds,
respectively. Finally, the peak at 1002 cm ™' concerns “Si-O-Si” non-
symmetrical stretching vibrations of kaolinite siloxane bonds [52,63].

The FTIR spectrum of KT composite shows some differences compared
to PK samples. The peaks between 400 and 900 cm ™! of the spectra are a
strong indicator of the presence of TiO, and can be attributed to stretching
vibration of “Ti-0". The broad peak that appears between 1200 and
900 cm ™! may be owing to the superposition of “Ti-0", “Si-O", and “Al-
0" bonds. The peak observed at 950 cm ™!, which can be assigned to
“Si-O-Ti"” antisymmetric stretching vibration, suggests the chemical com-
bination of titania and kaolinite to the formation of KT composite. The
broad peakincluding the bands at 1060, 1130 and 1200 belonging to bend-
ing vibration of “Ti-O-H" in the anatase phase. [1,12,13,43,64].

3.1.3. Raman analyses

Raman spectroscopies of PK, TiO,, and KT composite are shown in
Fig. 3. PK spectrum presents a characteristic peak at 141 cm ™! that cor-
responds to the symmetric bending modes of the “O-Al-0" and “O-Si-O"
of kaolinite and/or halloysite [65-67]. The halloysite band at 200 cm ™!
refers to the vibrations of the AlOg octahedron [66]. The kaolinite bands
at 246 cm™! and dickite at 276 cm ™! are related to a mixture of “Si-O"
deformation with “-OH” and AlOg octahedral sheet vibrations,

respectively [66]; they can also be related to the “OH-O" vibrational
modes [68]. The kaolinite bands at 334, 390, 430, 464, and 514 cm ™!
are attributed to bending vibration of “0-Si-O", while the strong band
at 637 cm ™! is related to hydroxyl (Al-OH) translational vibration
[68]; the peak at 514 cm ™! can also be attributed to the vibrations of
the “Si-O-Al” group [66]. The nacrite band at 711 cm™! and kaolinite
at 750 and 791 cm ™! are associated with the vibration and translation
modes of “Al-0-Si”, and some of which involves structural OH [65,66];
while the band of dickite and/or kaolinite in 914 cm ™! is assigned to
the “Al-OH" deformation mode.

TiO, and KT spectra revealed the characteristic anatase band at 146
and 145 cm™ !, respectively, attributed to the “O-Ti-O" symmetric vibra-
tion mode [69,70]. The anatase phase has a very strong signal of Raman
spectra, unlike the kaolinite which for the same band has weak Raman
spectra, this is because Raman activity is related to the change in polar-
izability during vibration [69]. Besides, molecules and crystals with
transition metals have a more covalent chemical character, and there-
fore provide more intense Raman bands, such as titanium (Ti), which
is easily polarizable; unlike kaolinite which is composed of atoms of sil-
icon (Si) and aluminum (Al) that are less polarizable, and therefore pro-
vide much weaker Raman bands [69].

It is possible to state that the band at 145 cm™ ! in the KT spec-
trum corresponds to the presence of the anatase phase, because
the peak is much more intense than in the PK spectrum, this is
due to the fact of the extreme sensitivity of the Raman to the
high symmetry of the “O-Ti-O" vibration [69]. The TiO, spectrum
showed bands in 198, 395, 514, and 637 cm~! associated with
the vibrational modes E,, B1,, Alg, and E, of anatase, respectively
[69-71]. The rutile band at 443 cm ™!, corresponding to the vibra-
tional mode of E; was identified in the analyzed sample. In the KT
spectrum, characteristic peaks of the matrix phase (kaolinite) of
the composite were identified at 334, 560, 725, and 790 cm™!,
among other bands of clay minerals that compose the kaolin,
such as the nacrite bands at 250 and 988 cm™!, dickite at
847 cm™!, and halloysite at 944 cm™!. The anatase bands at
145, 394, 513, and 638 cm™" were also identified, which confirms
the presence of the dispersed phase (TiO,) of the obtained
composite.
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Fig. 3. Raman spectroscopy of TiO,, KT composite, and PK.
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Fig. 4. UV-vis DRS of pure TiO,, and KT composite.

3.1.4. UV-vis DRS analyses

UV-vis diffuse reflectance spectra of TiO, and KT composite are
shown in Fig. 4. The spectra showed an absorption edge of TiO, at
about 425 nm, while the absorption edge of KT composite was around
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391 nm. The band energy for each material was calculated using
Eq. (4), where E is the photon energy expressed in electron volts (eV),
h is the Planck constant for eV whose value is 4.136e~ ' eV:s, c is the
speed of light given by 299,792,458 m/s, and A is the wavelength in
meters (m).

h-c
E=—= )

The energy of the TiO, absorption bands and the KT composite
showed the values 0of 2.91 and 3.17 eV respectively. This result suggests
that kaolinite causes the displacement of the TiO, absorption edge to a
region of greater energy. This increase in the band gap indicates that
KT presents a more intense redox capacity compared to pure titania
and, therefore, an improvement in the photocatalytic potential of
the composite can be observed when applied for photocatalytic ends.
The observed UV-vis results confirm the presence of titania adhered
to the kaolinite and agree with the results found in the literature
[1,4,12,13,43,72].

3.1.5. SEM-FEG and TEM analyses

Fig. 5 shows the micrographs of PK and KT samples. PK images re-
vealed a flattened particulate material formed by the sequential stack-
ing of hexagonal lamellae [73-75] with a high variation in particle size
as well as the formation of clusters, which was confirmed by the DLS

(f)

196 nim
_

(h)

AlO lamellae N_.;;"’J

Crystal of

SiO lamellae kaolinite/TiO,

Fig. 5. SEM-FEG and TEM micrographs of the particles. (a) - Pure kaolinite (PK); (b) and (c) - Kaolinite/TiO, composite (KT); (d) - TEM of PK; (e) - TEM of KT; (f) - TEM of TiO,; (g) - TEM

of Sulfated TiO,; (h) - Schematic representation of the crystal formation of KT composite.



analyses. KT composite micrographs revealed a material formed by ka-
olinite containing well distributed TiO, nanoparticles adhered to their
surface. Titania was immobilized in the basal and lateral planes of the
clay mineral in agreement which some results found in literature
[1,12,30,43,76-78] and divergent from others [13,79]. Various studies
have obtained different kaolinite/TiO, composites using different meth-
odologies explaining the different morphologies obtained. Some re-
searchers reported an anchorage of titania in the lateral hydroxyl sites
of the kaolinite [13,79], while others showed the interaction of the
oxide with the silicon atoms in the basal planes [1,12,43]. TEM images
showed that the individual size of the TiO, particles are lower than
100 nm, with the formation of a nano-hybrid mixture formed between
kaolinite and titania. Fig. 5fand g shows the TEM images of the commer-
cial titania particles and the sulfated titanium dioxide, both of which ap-
peared clustered. No morphological and size changes were observed
between the materials.

3.1.6. DLS analyses

Fig. 6a and b show the histograms of particle size distribution for PK
particles and KT composite. DLS analysis of PK revealed that about 10%
(D10) of the particles are sub-micrometric (between 0.1 and 1 pm), as
they have a diameter below 0.902 pm. At D50, an overall mean particle
size value is 3.10 um and indicates that 50% of the PK particles are below
3.10 pm. In D90, the size of 8.61 um indicates that 90% of the particles
has a particle size below 8.61 pm, probably formed by agglomerates.
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For PK the highest particle diameter values of about 11.2 pm was ob-
served, this identifies PK as a micrometric material (between 0.1 and
100 pm).

For the KT composite, DLS analysis revealed that up to 10% of the
particles are sub-micrometric and have a diameter below 0.911 um. In
D50, the diameter was around 3.38 um. However, D90 has a very large
size of about 68.3 pm; but it was observed that the cumulative fre-
quency in 85.5% of the material has a particle size of up to 8.68 um.
Therefore, about 85% of the sample has micrometric particles with a di-
ameter below this size. The adhesion process of titania caused a change
in the kaolinite particle size profile with an increase in the size of the
particles and an increase in the generation of large agglomerates for
KT compared to the results of PK. In addition to the increase in particle
size, the composite showed greater variation and heterogeneity,
which corroborates the trimodal distribution of the curve observed
through the results of D90 and D99. Largest particle sizes found in the
sample were around 586 pum, considered to be of macrometric size
(above 100 um), such particles represent a small percentage of the ma-
terial and must be attributed to the formation of aggregates (agglomer-
ates) generated in the obtaining reaction of the KT composite.
Considering the high values of D90 and D99, as well as the discrepancy
between their sizes, it is supposed that the growth rate of larger grains is
much higher than that of the smaller particles. Such behavior can be
partially explained by the heterocoagulation mechanism, which occurs
for particles with opposite charges for the same pH condition. An
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Fig. 6. (a) - Particle size distribution histogram of PK; (b) - Particle size distribution histogram of KT; (c) - Particle size distribution histogram of Sulfated TiO,; (d) - Particle size distribution

histogram of AEROXIDE® TiO, P25.



orderly coagulation process begins due to the electrostatic attraction be-
tween of the different particles and the smaller particles promote the
covering of the larger ones [80-82]. For this reason, the constant agita-
tion of the reaction medium and high temperature is important to re-
duce these effects that are inherent in the process [83].

To evaluate the particle size of commercial TiO, and sulfated TiO,,
distilled water was used. Fig. 6¢c and d shows the particle size histogram
for titania, which has a bimodal profile that shows the presence of two
representative average sizes at about 190 nm (peak 1) and 615 nm
(peak 2). D10 showed that about 10% of the titania dispersed in a neu-
tral aqueous medium has a size of up to 122 nm. D50 showed an average
global size of around 396 nm and D90 reveals that 90% of the clusters
have a diameter below 955 nm. For sulfated TiO,, the size of the agglom-
erates formed is similar for the values of D10, D50, and D90, showing
that there are no significant differences for this characteristic between
the materials.

3.1.7. XRD analyses

The average crystallite size (Dgo;) of PK and KT was determined by
analyzing X-ray diffractions of the planes K(001) and K(002) in 26.
The reason for selecting these peaks was that it has the highest intensity
among all kaolinite reflections (00I). The crystallite size was obtained
using the X'Pert HighScore Plus software, based on the Debye-Scherrer
equation (Eq. (5)), where Dy, corresponds to the average crystallo-
graphic size in the h, k, I direction, K is the crystallite-shape factor
(0.94 for “h, k, I = 0,0,1” reflections), A is the wavelength of incident
X-ray, 3 is the X-ray diffraction broadening (Full Width at Half-
Maximum - FWHM, in radians), and 6 is the angle between the incident
rays and the surface of the materials (Bragg angle) [84].

K-\
k= 5 cosd (5)
Interplanar distance between atoms (d) was calculated using the
Bragg's law (Eq. (6)), based on the position of (001), where n is a posi-
tive integer (1), A is the X-ray wavelength, and 6 is the Bragg angle.

_n-A
"~ 2 sinf

(6)

Fig. 7a shows the XRD of PK, KT, and TiO, The XRD analysis of
AEROXIDE® TiO, P25 used to obtain KT, shows the peaks in 26 of
25.25° 27.31°,36.96°, 47.99°, 53.97°, 55.00°, and 62.73° corresponding
to planes A(101), R(110), A(004), A(200), A(105), A(211), and A(204)
respectively [12]. The diffractogram suggests that the TiO, is composed
of two phases, with about 78% corresponding to Anatase and 22% of
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Rutile, these percentages are suggested by the analysis of diffractions
carried out using X'Pert HighScore Plus software. According to the
Debye-Scherrer equation (Eq. (5)), the average size of Anatase crystal-
lite was about 18 nm and Rutile of about 6 nm. The XRD analysis re-
vealed that pure kaolinite has a triclinic form (kaolinite-1A) that can
be described as AlsSi,O5(OH )4, the kaolinite (K) peaks detected were
12.39°,19.89°, 24.90°, 34.97°, 35.91°, 37.71°, and 38.47°. Respectively,
these peaks refer to the K(001), K(110), K(002), K(130), K(200), K
(003), and K(113) planes [1,12,72,85].

The diffractogram suggests that the PK sample is composed of a
single-phase, with about 96% corresponding to kaolinite according to
the software analysis. The d-spacing value for 12.39° (001) and 24.90°
(002) in 26 were 7.13 and 3.57 A, in agreement with the literature.
The average crystallite size calculated for PK was 39.66 nm. The XRD
analysis of the KT composite identified kaolinite (about 84%) and tita-
nium dioxide (about 14%) in the Anatase (about 11%) and Rutile
(about 3%) phases, these results show that the proportions of the titania
phases adhered to kaolinite are maintained. Kaolinite peaks were iden-
tified at 12.40°, 19.91°, 24.92°, 35.01°, 36.02°, 37.78°, and 38.49°, corre-
sponding to the same planes identified in the PK sample with small
displacements [1,12,43,72,85]. According to Shao et al. [1], the decrease
in the intensity of the K(001) peak can be attributed to the presence of
TiO, in the sample, as observed in 12.40° of KT when compared to the
same PK plane.

Based on the FWHM values for the K(001) and K(002) peaks, the
results found for PK were 0.2104 and 0.2402, respectively, while for
KT, the values were 0.1644 and 0.1670. According to Hamzaoui et al.
[85], this may indicate that kaolinite is closer to a more crystalline
and orderly structure. The average crystallite size calculated for KT
was 50.8 nm, which is larger than the crystallite size found for PK.
This increase in crystallite size can be explained by the effects of
acid pH on kaolinite in the reaction medium during the preparation
of the composite. According to Awad et al. [84], the pH influences
the size of the crystallites and the stacking of the layers, and in acidic
conditions, the crystallization and the perfect stacking of the kaolinite
layers are favored. The d-spacing for 12.40° (001) and 24.92° (002) in
26 for KT, were respectively 7.12 and 3.57 A, indicating that there was
no change in kaolinite interplanar spacing, and therefore all impreg-
nated material was limited to surface adhesion, i.e., intercalation pro-
cesses were not observed, as expected. In the KT sample, peaks at
25.33°, 27.48°, 37.13°, 48.07°, 54.11°, 55.13° and 62.30° of 26 were
also identified, corresponding to the Anatase (A) and Rutile
(R) phases of TiO,, A(101), R(110), A(004), A(200), A(105), A(211),
and A(204) respectively [12]. The average crystallite size for TiO, in
the KT sample was 19.07 nm.
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Fig. 7. (a) - XRD analysis of TiO,, KT composite, and PK. (b) - TGA-DTG analysis of KT composite, and
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3.1.8. TGA-DTG analyses

TGA-DTG for the PK and KT particles are shown in Fig. 7b. At the be-
ginning of the heating process until about 110 °C, a mass loss of about 2%
was observed and a less pronounced peak can be seen in the DTG for PK
and KT samples, which is related to its dehydration [43]. No mass loss
was observed between 100 and 400 °C, which indicates an absence of
water in the internal channels of the crystal [1,13,43] and the absence
of organic matter and other contaminants [43,73,86]. A pronounced
peak with a mass loss of around 13.8% and 10.1% for PK and KT, respec-
tively, can be observed between 400 and 700 °C with a peak of maxi-
mum decomposition at 518 and 512 °C for PK and KT, respectively.
This mass loss is related to dehydroxylation of kaolinite which leads to
the formation of metakaolinite. The KT thermogram showed a slightly
lower final mass loss compared to PK, related to the TiO, present on
the composite surface.

3.2. Photocatalytic decomposition of methylene blue dye

Fig. 8 shows the spectral scan of the photocatalytic degradation ki-
netics of the MB solution. The spectral curves show slow photolysis
that tends to stabilize after 3 h of exposure with a degradation effi-
ciency of about 11% using only UV-C irradiation (Fig. 8a). Fig. 8b
shows the photodegradation kinetic spectral curve of the MB solution
containing free TiO, (AEROXIDE® TiO, P25). Photocatalysis with TiO,
reached an efficiency of about 70% after 3 h of exposure. Fig. 8c shows
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the photocatalytic process of the MB solution containing the KT com-
posite. Among all the tested samples, the KT composite showed the
best photocatalytic result with an efficiency of approximately 97% of
dye degradation (Fig. 9a). The KT* powder presented a good photocat-
alytic activity with an efficiency of about 78% of degradation, however,
the spectral curves show a tendency to stabilize at about 3 h. Kaolinite
alone (PK) did not show relevant photocatalytic activity during the
3 h exposure period as shown by the initial and final spectra pre-
sented in Fig. 8e.

The Langmuir-Hinshelwood model (Eq. (7)) takes the form
of the pseudo-first-order kinetics model (Eq. (8)) for the photo-
catalytic degradation of a substrate at a low concentration
(KC< 1) [87-92]. Where C (mg/L) is the reactant concentration; r
(mg /L-min) is the rate of MB oxidation at time t (min); K is the equi-
librium constant for adsorption of MB on the surface of powder (cat-
alyst); and k, is the limiting rate constant, when the catalyst surface
reaches maximum coverage. When C is very small, the product of KC
is negligible so that integration of Eq. (7) between the conditions (t
= 0; Cp) and (t; C;) gives Eq. (8), that describes a first-order kinetics,
where C, is concentration after exposure to light at time t (min); Cy is
the initial concentration (before photoreaction); and k,p, corre-
sponds to the product of k,K, that is the apparent first-order reaction

constant.
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Fig. 9. (a) - Photodecomposition kinetics of methylene blue dye solution containing KT, KT*, TiO, (AEROXIDE® TiO, P25), and by photolysis; (b) - kap, (h ™) of KT, KT*, TiO, (AEROXIDE®
TiO, P25), and photolysis in the MB photodegradation process; (c) - Color intensity of the solutions resulting from photodegradation after 3 h of exposure to UV-C light.



Table 1
Results of the degradation photocatalytic process of methylene blue (MB).

Sample C(%)-1h C(%)-2h C(%)-3h Kapp (h™1) Standard Error R? Pumg (mol/m2h) o (%)
Photolysis 93.6 89.5 88.9 0.0039 0.00091 0.8801 - 5.3E-04
TiO, 90.1 49.2 29.1 0.412 0.00486 0.8805 16.546E-05 5.49E-03
KT 26.1 6.5 25 1.232 0.02867 0.9794 24.567E-05 1.63E-02
KT* 34.8 24.6 22.2 0.502 0.03976 0.8107 19.172E-05 6.84E-03

Legend: KT - Composite obtained from the reaction with sulfated TiO, sol-gel; KT* - Composite obtained from the reaction with TiO, (without prior sulfation process); C (%) - Percentage
concentration of MB at time t (h); k,p,— Apparent first-order reaction rate constant; R? - Determination coefficient of fitness for Langmuir-Hinshelwood pseudo-first-order model; Py -
Specific photocatalytic activity; ¢, - Photonic efficiency, at 1 s. Note: Results are reported as “mean + standard deviation” from two independent determinations.

C
—In <cT§> = Kppt (8)

The kg resulting from the linear plots by applying Eq. (8), are sum-
marized in Table 1, as well as the values of the correlation coefficient
(R?) for each photocatalyst tested. The KT composite showed the
highest kg, value when compared to free TiO, and KT*, therefore the
photocatalytic degradation with KT, in addition to being more efficient,
occurs more quickly than with the others. In this context, the order of
degradation kinetics follows the sequence KT > KT* > TiO,.

Specific photocatalytic activity (Pyp) and photonic efficiency (¢x)
are the standard expressions of photoactivity according to ISO
10678:2010 [87-92]. The photocatalytic activity of the powders is cal-
culated by the difference between the specific degradation rates (R) of
the dye in the irradiated solution and the solution kept in the dark
(blank). While photonic efficiency is an important factor that correlates
the degradation efficiency of the irradiated sample to the amount of
photon incident in the reactor for the decomposition of the dye. The
specific degradation rate, R, was calculated from Eq. (9), where AAbs is
the difference between absorption measures during kinetics (dimen-
sionless); V is the volume of the MB solution (m>); A, is the time differ-
ence between the evaluated interval (h); € is the molar extinction
coefficient of MB at 664 nm, which is 7402.8 m?/mol; d is the measuring
cell length used at the spectrophotometer (m), and A is the irradiated
area of MB solution containing the photocatalyst (m?). R of the dark
(Rgar) and irradiated (R;,) samples makes it possible to calculate the
specific photocatalytic activity by Eq. (10).

AAbs -V
R:At-s-d-A ©)
Pyp = Rirr_Rdark (10)
M
=T (11)

Finally, the photonic efficiency, ¢y, can be calculated using
Eq. (11), where M is the rate of decomposed molecules and L is the
total rate of photons incident on the reactor. The number of MB mol-
ecules (for a volume of 100 mL) decomposed within time ¢ is given
by Eq. (12), where Cy is the initial MB concentration (mol/L); N is
the Avogadro's constant (6.023-10%3/mol) and k is the apparent
first-order reaction constant (s~ 1).

_ (100 okt

Mf_(m>-CO-N~(1 e ) (12)
P-A-t

L=~ (13)

The number of incident photons within time t (s) is given by
Eq. (13), where P is the light power (W); A is the wavelength of light
(m); h is the Planck’s constant (6.63-107>#s), c is the velocity of light
in the vacuum (2.99-10% m/s). Considering a decomposition time as
short as t = 1 s, the ¢, corresponds to the “initial photonic efficiency”.

Assuming that all incident photons are absorbed by the solid surface
of the photocatalyst, then the values found constitutes a lower limit of
the real quantum yield [87-92]. Therefore, Eqs. (11, 12, and 13) can
help us to get a first approximation about the quantum efficiency of
the decomposition process. It must be considered that the values of ¢y
found are not standardized, since the number of photons absorbed by
the photocatalyst is experimentally difficult to measure. To compare
the data reference, a test was performed with unsupported TiO, and
KT* which was prepared without previous sulfation of TiO,. The results
inTable 1 show that Kpp, Pvp, and @, follow the same magnitude behav-
ior always in the KT > KT* > TiO, sequence. Therefore, the KT composite
is more effective in the MB photodegradation under the tested condi-
tions than KT* and the Free TiO,. This difference can be explained by
the fact that photocatalysis is a surface phenomenon and requires direct
contact between the dye and the photocatalyst. Therefore, it can be
supposed that KT* has less TiO, particles adhered to its surface than
KT, and therefore has an intermediate yield. Fig. 9c shows the color in-
tensity of the solutions after 3 h of exposure to light. The effect of the
photodegradation of the dye solution containing KT is noticeable,
which corroborates the values presented in Table 1.

3.3. Titania adhesion mechanism into the kaolinite from sulfated TiO»
sol-gel

As previously mentioned, the KT composite preparation reaction
takes place at a pH close to 1.0, i.e., under strongly acidic conditions
due to the addition of sulfated TiO, to the reaction medium. Therefore,
the Zeta Potential analysis used to investigate the electrochemical be-
havior of mineral particles as a function of pH, allowed an understand-
ing of the possible interactions between the components of the
reaction under acidic conditions. Zeta Potential of particles as a function
of pH is shown in Fig. 2a. Regarding TiO-, it is possible to observe that for
pH values below 6.0, the particles acquire a cationic character with an
IEP between pH 6.0 and 6.5 whereas kaolinite is predominantly anionic
for the entire pH range. However, in the presence of an electrolyte at
lower pH, the negative surface charge decreases due to the electrostatic
shielding caused by the counterions. It is known that in neutral condi-
tions the kaolinite particles form different structures that directly de-
pend on the surface charge of its faces and edges [45,49]. Thus, the
Zeta Potential analysis presented reflects only the general magnitude
of the particle surface, without differentiating the anionic (faces) and
cationic (edges) zones, unlike other more refined techniques such as
an electron spin resonance (ESR) spectrometer or an electrochemical
analyzer to collect the electrochemical impedance spectroscopy (EIS)
[77]. According to the proton adsorption model discussed in the work
of Doi et al. [93], the adsorption sites on the kaolinite surface may in-
clude sites of permanent negative charge (basal planes) and the edge
sites. However, the adsorption of divalent cations in the basal planes is
insignificant due to the thermodynamically unfavorable performance
of unspecified reactions of ion exchange in these locations. For Doi
and coworkers, adsorption of cations at the edge sites is more favorable
when complexation reactions occur on the surface. Considering the
electrical properties of kaolinite, according to Gu and Evans [94],



metallic cations can be firmly attached to the edges and sides of kaolin-
ite forming chemical bonds by electron sharing.

In this work, TEM and SEM images (Fig. 5) revealed the adhesion
of TiO, to different kaolinite sites. Considering the conditions of anal-
ysis and taking into account that the pH at the beginning of the reac-
tion is about 1.0 and that in this pH range both particles have opposite
charges, it is possible to conclude that the bonding between titania
and PK occurs primarily by electrostatic attraction (heterocoa-
gulation). The attraction force between the titania (positive) and PK
(negative) particles promotes their mutual approach. Opposite ions
when reaching the distance of interatomic equilibrium which is the
point where the resulting of the attraction and repulsion forces be-
tween the particles is zero (the point where the energy is lower
than the energy of the free ions in suspension), bond chemically by in-
teraction of mixed ionic-covalent character [13,53,55,77,95].
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Obtainment of KT composite:

Therefore, the primary interactions between atoms in mineral pa-
rticles occur in a mixed way, which will depend on the degree of elec-
tronegativity between the components, even the covalent interactions
that may occur will be partially ionic, although the ionic bonds are
predominant among minerals. [35-38,76,94,96,97]. Assuming that
ionic bonds are the strongest among primary bonds (binding energy:
150 to 370 Kcal/mol), followed by covalent bonds (125 to 300 Kcal/
mol), it is assumed that titania is strongly adhered to the kaolinite
to form the KT composite. Zeta Potential data also indicate that the in-
teractions between PK and titania can occur in the pH range between
approximately 1.0 and 6.0, since, from a neutral or alkaline medium,
the particles of titania and PK acquire equal charges (negative) and
tend to repel each other, so the reaction to obtain KT must take
place in an acidic medium. A mechanism for obtaining sulfated TiO,
and for preparing the KT compound is proposed in Fig. 10.
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Fig. 10. Proposed mechanism for the adhesion of titania into the kaolinite based on sulfated TiO, sol-gel.



4. Conclusions

The current research successfully presented a method for the devel-
opment of a titanium precursor via sulfation of TiO, using concentrated
sulfuric acid to obtain a sol-gel. The reaction product is a superacid solid
with a strong cationic character capable of an ionic interaction with re-
active sites that the clay mineral acquires in an acidic aqueous medium.
Sulfated TiO, was obtained via hydrolytic reaction, and used as a sol-gel
to obtain a kaolinite/TiO, composite. The analysis of Zeta Potential
allowed an understanding of the possible interactions that occur be-
tween minerals in the pH range in which the reaction to obtain the com-
posite occurs. The surface charge characteristics of the particles as a
function of the pH changed with the sample. The XRD analysis of the
KT composite showed peaks characteristic of both materials, indicating
the presence of TiO, applied to the kaolinite, in the same way, changes
in the thermal stability between PK and KT were observed through
the TGA analysis. The material obtained showed two very characteristic
phases, one of them referring to the matrix phase (kaolinite) and the
other to the dispersed phase (TiO,). Both phases were easily identified
in SEM-FEG and TEM morphological analyses and chemically identified
in FTIR analysis. The thermal reinforcement of kaolinite by adhered tita-
nia can also be observed in the thermal analysis of TGA-DTG. Finally, the
photocatalytic degradation test of the methylene blue solution contain-
ing the KT composite showed an efficiency of about 97% in the degrada-
tion of the dye. The values of specific photoactivity and photonic
efficiency were also higher when compared to the results of the test
with TiO,; KT*, PK, and the effect of photolysis. Considering all the as-
pects mentioned, the material obtained in this work is characterized
as a nano-hybrid composite, as proven by the micrographs and DLS
analyses. Therefore, the composite obtained showed that sulfated TiO,
is effective for this purpose and may indicate that its use as a precursor
agent for titania is promising.
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