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This paper presents a study on the efficiency and mechanisms underlying the photo-catalytic
degradation of crystal violet (CV) using nano-cubic barium titanate (BaTiOs). This study used P25-TiO; as
a starting material for the synthesis of BaTiOs, due to of its low cost, stability, and nontoxicity, compared
with titanium alkoxide. The BaTiOs; was first synthesized using the autoclave hydrothermal method
under alkaline condition with P25-TiO, and Ba(OH),-8H,0 as starting materials, using various NaOH
concentrations, reaction durations, and reaction temperatures. The characterization of the resulting

'égl_l’_‘i"c’;’rds-' BaTiO3 was confirmed by SEM-EDS, powder XRD, HR-XPS, FT-IR, DR-UV, and BET. The band gap of
Nan0c3ubic nanocubic BaTiOs3 is estimated to be 2.93-3.05 eV and the lower band gap has a positive effect on
Crystal violet photocatalytic activity. The photo-degradation efficiency of CV dye by BaTiO; was measured under UV
Hydrothermal light irradiation with various pH reaction media in dark room conditions for comparison. Degradation

intermediates were separated using HPLC-PDA-ESI/MS to identify the possible mechanism involved in
photo-degradation according to variations in the concentration ratio of intermediates during the course

Photocatalytic

of the reaction.

© 2013 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

The elimination of toxic chemicals from wastewater is a crucial
subject in pollution control. The textile industry contributes
considerably to the problem of pollution due to dumping or the
accidental discharge of dye wastewater into waterways, which has
a major impact on the quality and aesthetics of water resources.
The World Bank estimates that 17-20% of all industrial water
pollution comes from the dyeing and treatment of textiles [1,2].
This represents an appalling environmental challenge for clothing
designers and other textile manufacturers. The enormous quantity
of dyes used in the dyeing stage of textile manufacturing
represents an increasing environmental danger due to their
refractory carcinogenic nature. In particular, triphenylmethane
dyes are heavily consumed in paper, leather, cosmetics, and food
industries in the coloring of oils, fats, waxes, varnish, and plastics
[3]. The photocytotoxicity of triphenylmethane dyes, based on the
production of the reactive oxygen species, has been intensively

* Corresponding author. Tel.: +886 4 2218 3406; fax: +886 4 2218 3560.
E-mail addresses: ccchen@mail.ntcu.edu.tw, ccchen@ms3.ntcu.edu.tw
(C.-C. Chen).

studied with regard to photodynamic treatment [4]. However,
there is considerable concern about the thyroid peroxidase-
catalyzed oxidation of triphenylmethane dyes because the reaction
could potentially form various N-de-alkylated aromatic amines,
the structure of which is similar to aromatic amine carcinogens [5].
Hence, a new treatment method must be developed to overcome
the problem of toxicity caused by dye wastewater. Recently, the
application of semiconductors in the advanced oxidation process
(AOP) has attracted considerable interest in the treatment of dye
wastewater, owing to its high degradation efficiency, low toxicity,
and physical and chemical properties. AOP refers to a set of
chemical treatment procedures designed to remove organic and
inorganic materials from wastewater through oxidation.

In recent years, environmental issues have become increasingly
important. Numerous treatment technologies have been devel-
oped for environmental remediation, such as adsorption methods,
ion-exchange methods, membrane separation, and photocatalysis
[1,6]. In particular, photocatalysis has been intensively studied due
to its simplicity, low cost, and high removal efficiency. Semicon-
ductor photocatalysis has received considerable attention for use
in counteracting environmental degradation and as a potential
solution to the worldwide energy shortage. Since titania was first
described as a catalyst for photochemical water splitting, a variety
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of semiconducting particles have been used as photocatalysts to
decompose water containing organic pollutants [7] and for
hydrogen evolution [8]. TiO, is broadly used as a photocatalyst
for the degradation of a wide range of organic pollutants due to its
nontoxicity, photochemical stability, and low cost [7-9]. Com-
pared to TiO,, titanates exhibit inherent chemical reactivity, which
is beneficial for designing complex titanate-based composites. To
date, a wide range of titanate-based photocatalysts have been
achieved, such as CaTiOs [10], SrTiO3 [11], BaTiO3 [12], In,TiOs
[13], MnTiO3 [14] and CdTiOs [15]. Some of these display good
photocatalytic activity and chemical stability. The fabrication of
perovskites (ABOs) is of particular scientific and technological
interest due to their ferroelectric, pyroelectric, piezoelectric,
dielectric, and catalytic properties. In this study, we attempted
to synthesize alkaline earth titanate BaTiOs; with a variable
morphology by taking advantage of the high activity of titanate
nanopowders.

BaTiO5 (BTO) has great potential for technological applications
in ferroelectricity, microelectronics, optoelectronics, and photo-
catalysis [16]. It has mostly been used in the production of devices
such as multilayer ceramic capacitors, high-density optical data
storage, ultrasonic transducers, and piezoelectric devices. BaTiO3
exists in various crystallographic structures, of which the
tetragonal and cubic polymorphs are the most widely studied.
Although the tetragonal polymorph is thermodynamically stable at
room temperature, most synthesis routes result in a cubic
structure.

Stimulated by fundamental scientific study and technological
application, researchers have synthesized BaTiOs through a variety
of methods, including conventional solid-state reactions, hydro-
thermal synthesis [12], the sol-gel method [17], inverse micelle
microemulsion, molten salt synthesis [18], the nonaqueous route
[19], and the biological synthetic technique [20]. Recently,
ferroelectric materials have emerged from a hydrothermal
reaction as an important conformation. Single-crystalline BaTiO3
nanorods have been produced through a solution-based decom-
position of bimetallic alkoxide precursors [21]. Tetragonal BaTiO3
has been formed using TiCl; with Ba(OH), in a microwave
hydrothermal process [22]. Hydrothermal treatment of layered
titanate in Ba(OH), aqueous solution has resulted in BaTiOs; with a
variety of nanostructures [23]. Thus, it would be highly desirable to
develop a standard approach to fabricate BaTiOs; with controllable
size and morphology.

Crystal violet (CV) is a cationic triphenylmethane dye, which
has been extensively used as a commercial dye in textiles,
biological stain, antimicrobial agent, dermatological agent, veteri-
nary medicine, and targetable sensitizer [24]. However, CV in
wastewater not only causes coloration, but also harms aquatic life.
Furthermore, its presence in drinking water poses a potential
threat to human health. Thus, there exists a need for the
development of efficient, inexpensive dye wastewater treatment
processes to deal with this issue.

However, less attention has been paid to the study of the
underlying mechanism involved in degradation or the identifi-
cation of major transient intermediates, which have recently
been recognized as important elements in these processes,
particularly in view of their practical applications. No previous
mechanistic studies on BaTiOs-assisted photocatalytic degrada-
tion for CV dye under UV irradiation have been reported.
Compared with Ti(OR)4 (R = alkyl group), P25-TiO, is used as a
starting material for the synthesis of metal titanate because of its
nontoxicity, stability, and low cost. In this work, P25-TiO,,
Ba(OH),-8H,0, and NaOH were first used as precursors in the
successful preparation of BaTiOs; nanocubes via an autoclave
hydrothermal treatment at various reaction temperatures
and times.

2. Experimental
2.1. Materials and preparation of photocatalysts

Chloride salt of crystal violet (TCI), P25-TiO, (Degussa Co. Ltd;
ca. 80% anatase, 20% rutile; particle size, ca. 20-30 nm; BET area, ca.
55 m?/g), Ba(OH),-8H,0 (Katayama Co. Ltd.; assay > 97%), NaOH
and CH3COONH,4 (Osaka Co. Ltd.; guaranteed reagent), HNOs (JIS
Co. Ltd.; extra pure), acetone (Merck Co. Ltd.; HPLC-grade), and
CH50H (J.T. Baker Co. Ltd.; HPLC-grade) were used as starting
materials. The de-ionized water used in this study was purified
using a Milli-Q water ion-exchange system (Millipore Co.) for a
resistivity of 1.8 x 107 Q}-cm. The P25-TiO, nanoparticles were
supplied by Degussa. The BTO nanopowders were synthesized in a
beaker by adding 0.1 g P25-TiO, and 10 mL NaOH aqueous solution
(1, 3, 5, and 10 M) respectively to 0.35g Ba(OH),-8H,0. The
mixture was transferred to a Teflon-lined autoclave (capacity:
23 mL) and heated to 100 °C (or 130 °C, 150 °C, 180 °C) for 24 h (or
48 h, 72 h). The material was washed with distilled water, filtered
and finally dried in air at 60 °C. A variety of reaction conditions
were employed (including various concentrations of NaOH,
reaction times, and temperature) as shown in Table 1, namely
BA-3-24-130 to BA-5-48-180 for BaTiO5; samples, respectively.

2.2. Instruments and characterization

The prepared catalysts were examined using both energy
dispersive spectroscopy (EDS) and a high resolution X-ray
photoelectron spectrometer (HR-XPS). X-ray powder diffraction
(XRD) patterns were recorded on a MAC Sience, MXP18 X-ray
diffractometer with Cu Ka radiation, operated at 40 kV and 80 mA.
An HR-XPS measurement was carried out with ULVAC-PHI XPS. Al
Ko radiation was generated using a voltage of 15 kV. Field emission
scanning electron microscopy (FE-SEM) measurements were
carried out using a field-emission microscope (JEOL J[SM-7401F)
at an acceleration voltage of 15 kV. At the temperature of liquid
nitrogen, the specific surface area of the BET samples was
measured using an automatic system (Micromeritics Gemini
2370C) with nitrogen gas as the adsorbate. Fourier transform
infrared (FT-IR) spectra were collected using a Nicolet 380 FT-IR
spectrometer. UV-vis diffuse reflectance spectra were recorded on
a Scinco SA-13.1 spectrophotometer at room temperature. A
Waters ZQ LC/MS system, equipped with a binary pump, a
photodiode array detector, an autosampler, and a micromass
detector, was used for separation and identification.

2.3. Photocatalytic procedure and analysis

Aqueous suspensions of CV (100 mL, 10 ppm) and catalyst
powders were placed in a Pyrex flask. The pH value of the
suspensions was adjusted by the addition of either NaOH or HNO3

Table 1
Summary of samples prepared using hydrothermal treatment with various
concentrations of NaOH, synthesis duration, and temperature.

Catalyst code Ti Ba NaOH Synthesis Synthesis
precursor precursor concentration time (h) temperature
(M) (0
BA-3-24-130 TiO, Ba(OH), 3 24 130
BA-5-24-130 TiO, Ba(OH), 3 24 130
BA-10-24-130 TiO, Ba(OH), 10 24 130
BA-5-48-130 TiO, Ba(OH), 5 48 130
BA-5-72-130 TiO, Ba(OH), 5 72 130
BA-5-48-100 TiO, Ba(OH), 5 48 100
BA-5-48-150 TiO, Ba(OH), 5 48 150
BA-5-48-180 TiO, Ba(OH), 5 48 180
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solution. Prior to irradiation, the suspensions were magnetically
stirred in the dark for approximately 30 min to establish
adsorption/desorption equilibrium between the dye, and the
surface of the catalyst under ambient air-equilibrated conditions.
Irradiation was carried out using two UV-365 nm lamps (15 W). At
given irradiation time intervals, 5 mL aliquots were collected,
centrifuged, and then filtered through a Millipore filter to remove
catalyst particulates. The filtrates were analyzed by HPLC-ESI-MS
following the readjustment of the chromatographic conditions to
make the mobile phase compatible with the working conditions of
the mass spectrometer.

3. Results and discussion
3.1. Effect of NaOH concentration

When the formation of crystalline BaTiO; powders under
hydrothermal conditions is complete, the resulting particles grow
through Ostwald ripening, which is the final stage of a first-order
phase transformation process. The first stage of nucleation is the
result of a high degree of super-saturation of the solution; the
second stage of particle growth results from the deposition of
solute, which leads to a decrease in super-saturation and yields a
distribution of particles of various sizes. Ostwald ripening or
particle coarsening occurs when the super-saturation has become
very light. The driving force behind coarsening is a reduction in the
total surface free energy resulting from the growth of larger
particles at the expense of the dissolution of smaller ones [25].

It is assumed that the coarsening of hydrothermal BaTiOs is
controlled by a reversible interface reaction, considering the
drastic decrease in the viscosity of water under hydrothermal
conditions. From the thermodynamic data provided by Lencka and
Riman [26], the calculations indicate that in a basic solution with
temperatures above 200 °C, soluble Ti species exist mainly in the
forms of Ti(OH)4 and HTiO3~, and dissolved Ba species exist as
BaOH* and Ba®'. Considering that the number of reactant
molecules involved in an elementary reaction seldom exceeds 2,
the reversible dissolution and deposition reactions at the surface of
BaTiO3 particles are assumed to be

Kk,
BaTiOs ) + H,0 k:“ BaOH* + HTiO3~
4

where kq and kg are the rate coefficients of dissolution and
deposition, respectively. kq probably depends on the activity of
particles and hence is a function of the radius R of the particle. By
contrast, k, is independent of R, because the reactants involved are
in the liquid phase [25]. For convenience, the BaTiOs particle is
assumed to be chemically stoichiometric and to have a spherical
shape. Because the coarsening is controlled by interface reaction,
the concentrations of solutes in the solution are assumed to be
uniform [27].

The ratio of Ba/Ti was chosen to be greater than 1 to avoid
contaminating BaTiOs(s) with excess TiO,(s) under the conditions
of hydrothermal synthesis [28]. Furthermore, Ba/Ti > 1 increases
the pH of the solution, which is an important thermodynamic
variable in the synthesis of perovskite materials, and helps to avoid
the need for additional alkaline mineralizer to facilitate the
formation of BaTiOs. According to the thermodynamic calculations
of stability for the hydrothermal Ba-Ti system, high pH and Ba/
Ti > 1 are necessary for the synthesis of high purity BaTiO5 crystals.

BaTiO3; powder, prepared with NaOH concentration in the range
of 3-10 M with various reaction times and temperatures, was
characterized using XRD, SEM-EDS, XPS, FT-IR, BET, and DR-UV
techniques. The results are summarized in Table 2. XRD patterns of
as-synthesized BaTiO3 (Fig. A.1 of supporting information) with
NaOH concentrations of 3, 5, and 10 M showed characteristic peaks
of both cubic BaTiO3 (JCPDS File No. 74-1963) and BaCO3 (JCPDS
File No. 41-0373) [29]. A small amount of BaCO3 contamination
was noted in nearly all of the samples due to the introduction of
airborne CO,, which dissolved as CO5?~ and reacted with Ba®* to
form BaCO3 during post treatment [30]. The formation of BaCO3
observed in this work is quite common in hydrothermal
processing, as BaCOs3 can precipitate at lower pH values than
those required by BaTiOs;. According to the thermodynamic
stability diagram of Ba-Ti systems, BaCOs; precipitates at lower
pH values than those required to precipitate BaTiO3 [28]. The XRD
results of the as-synthesized BaTiOs illustrate the presence of weak
peaks at 20 =24°, 35°, 42°, which corresponds to the phase of
BaCOs;. The BaTiO; peaks are very sharp, indicating that the
crystalline structure is well developed. The effect of NaOH
concentration on the crystal structure and characterization of
BaTiO; is summarized in Table 2. It can be observed that, even with
increased concentrations of NaOH, the intensity of BaTiOs
diffraction peaks increased slightly, indicating the presence of
an increased crystalline phase content. A slight increase in the
intensity of the cubic phase with NaOH concentration may be
caused by the removal of barium vacancies (charge compensator of
OH™ defect) due to excess barium content. This is the result of
reactions between CO, from air and alkaline earth hydroxides
during the process. Another possible source of carbonate is the raw
barium hydroxides, which can react with CO, in the air during
storage.

Fig. A.2 shows SEM images of BaTiO3; samples prepared at NaOH
concentrations of 3, 5 and 10 M. The particles agglomerated in a
spherical shape with roughly 10-150 nm diameters and a small
quantity of cubic crystalline phase [31]. A possible mechanism
underlying the formation of BaTiOs; through hydrothermal
synthesis is dissolution-precipitation [31], in which a chemical
equilibrium exists between TiO, and Ti(OH),**. Fig. A.2 shows an
increase in the particle size of BaTiO3 with an increase in NaOH
concentration, which is in accord with the mechanism of
dissolution-precipitation. Ti(OH),**, which is a highly active
species, is capable of combining with Ba?* to form a new nucleus,

Table 2

Physical and chemical properties of prepared BaTiOs.
Catalyst code EDS element atomic ratio (%) XPS element atomic ratio (%) Ey(eV) Specific surface Pore size (A) Pore volume

area (m?/g) (cm®/g)
Ba Ti (o] Ba Ti (o]

BA-3-24-130 7.42 13.22 51.90 - - - 2.95 - - -
BA-5-24-130 5.29 8.64 67.05 8.59 13.16 58.51 3.03 17.88 11.51 0.01
BA-10-24-130 13.10 13.02 73.88 - - - 3.02 - - -
BA-5-48-130 6.68 13.37 79.95 7.40 17.80 56.57 3.00 20.35 11.90 0.01
BA-5-72-130 8.24 14.35 77.40 9.39 17.54 56.65 3.02 18.51 11.52 0.01
BA-5-48-100 21.28 31.49 47.24 - - - 2.93 - - -
BA-5-48-150 9.14 10.78 80.08 - - - 3.01 - - -
BA-5-48-180 8.71 13.63 77.66 - - - 3.05 - - -
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and hence, with an increase in NaOH concentration, the chance of
forming a new nucleus by Ti(OH),** increases, leading to an
increase in the particle size of BaTiOs. It can be concluded that the
phase formation of cubic BaTiO5 occurs when P25-TiO, was used as
the Ti(OH),** precursor. Moreover, the primary particle size of
BaTiOs prepared using lower concentrations of NaOH is smaller
than that prepared using higher concentrations of NaOH, which
can be ascribed to the smaller particle size of BaTiOs; prepared by
the Ti(OH),* precursor [28]. The agglomeration of BaTiO;
nanoparticles at higher NaOH concentrations promotes the growth
of the cubic phase.

In Fig. A.3, the adsorption reaction resulted in a decrease of
approximately 46% in the CV concentration after 48 h; in the
photocatalytic reaction, the CV was completely decomposed after
48 h. A comparison with TiO, suggests that the photocatalytic
activity of BTO nanoparticles is relatively good. With continued
development, these kinds of nanomaterials have the potential to
become commercial photocatalysts. In the following experiment,
we selected BaTiO3 produced with a concentration of 5 M NaOH as
the optimal photocatalyst.

3.2. Influence of synthesis duration

The influence of synthesis duration on the formation of
crystalline BaTiO3 was also studied by performing experiments
with various reaction durations ranging from 24 to 48 h at 130 °C
with [NaOH] = 5 M. The XRD patterns in Fig. 1 confirm the cubic
phase of BaTiOs. With an increase in reaction time from 24 to 72 h,
the sharpness and cubic size increased, indicating an increase in
the crystallinity of the cubic phase with an increase in the particle
size of BaTiOs. In the early stage of the reaction, hydroxide ions
produce more nuclei and formed smaller particles, which grew
over a prolonged period. The SEM micrographs in Fig. 2 indicate a
considerable difference in the morphology between 24 and 72 h.
The crystalline form at shorter periods of time (24 h) primarily
results from particles agglomerating in a spherical shape. The
cluster size enlarged with an extension in processing, resulting in a
cubic crystalline shape.

In Table 2, X-ray photoelectron spectroscopy and energy
dispersive spectroscopy results reveal mismatches in the stoichi-
ometry and differences in the chemical composition of the surfaces
among the various samples. Fig. 3 displays the Ba 3ds;,, O 1s and Ti
2p photoemission spectra. The binding energy of the Ti 2ps3,, peak

a Baco,

(110)

—BA-5-72-130

(210) (220)

=—BA-5-48-130

Intensity(cps)

==BA-5-24-130

20 30 40 50 60 70
2-Theta-Scale

Fig. 1. XRD patterns of BaTiO; prepared using hydrothermal treatment of NaOH: (a)
at 130 °C with various synthesis durations, 24 h, 48 h, 72 h ([NaOH] = 5 M) and (b)
at various synthesis temperatures, 100 °C, 130 °C, 150 °C, 180 °C ([NaOH] =5 M,
synthesis time: 48 h).

(458.053-458.156 eV) is in good agreement with previous XPS
studies on BaTiO3 [32]. The O 1s spectra revealed several
components. The O 1s spectrum of the samples can be
deconvoluted into a component in the energy range of 529.328-
529.557 eV, which corresponds to BaTiOs;, and a component at
531.256 eV, which was previously identified with hydroxyl groups
typical of adsorbed water [32]. On the other hand, the Ba 3ds;
spectra indicate that barium is in a different chemical state in all
samples. The Ba peaks can be decomposed into two components at
binding energies of 778.619-778.866 eV and 780.1-780.3 eV. The

3.0kvV  X100,000 WD 3.0mm 100nm

Sb:80 GB-L  SEI

3.0kvV  X100,000 WD 3.0mm 100nm

Sb:80 SEM  SEI 30kV  X100,000 WD3.0mm 100nm

Fig. 2. FE-SEM images of BaTiO3 prepared using hydrothermal treatment of NaOH at
130°C with various synthesis durations: (a) 24h, (b) 48h and (c) 72h
([NaOH] = 5 M).
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Fig. 3. High resolution XPS spectra of BaTiO5 prepared using hydrothermal treatment of NaOH at 130 °C with various synthesis duration: 24 h, 48 h, 72 h ([NaOH] = 5 M). (a)

Suls, (b) Ba3d, (c) Ti2p and (d) O1s.

Ba 3d state is very sensitive to all changes in structure and
chemical environment, as such a transition from crystalline to
amorphous phase [32] alters the number of neighboring O atoms
[33] and the formation of BaO and BaCOs. The first Ba 3d state
component, which is the primary component of the powder XPS
spectrum, can be assigned to polycrystalline BaTiOs, while the
presence of the second Ba 3d state component is due to a
crystalline BaCOs structure.

Fig. 4 shows the FT-IR spectra produced under different
synthesis  durations. The characteristic —absorption at
3425.0cm~! (O-H stretching modes in crystallization water) is
assigned to the OH stretching vibration. The infrared spectrum of a

100

20

30

70 —BA-5-72-130

——BA-5-48-130

Transmittance(26)

—BA-5-24-130

(o

| T1384.64

3950 3450 2950 2450 1950 1450 950 450

Wavenumbers (cm1)

Fig. 4. FT-IR spectra of BaTiOs prepared using hydrothermal treatment of NaOH at
130 °C with various synthesis durations: 24 h, 48 h, 72 h ([NaOH] =5 M).

carboxylate group, COs;2~, shows the characteristic doublet
absorption due to the asymmetric and symmetric stretching
vibrations at 1384.64 and 1617.98cm™! (carboxylate group
stretching modes, probably BaCOs), and 850 and 520 cm™~! (Ti-O
vibrational modes) [34], respectively. A broad band corresponding
to the Ti-O stretching mode for BaTiOs; was also observed at
approximately 590 cm~! [35].

As BaTiO3 was a direct band gap semiconductor [36], the
absorbance of the UV-vis diffuse reflectance spectrum for the
nanoparticles is shown in Fig. 5. Regarding absorption threshold,
we can calculate the band gap from the pattern using the equation,
Eg (eV)=1240/A (nm). The band gap (E,) of nano-BTO is estimated
to be approximately 2.93 eV and 3.05 eV, respectively, which
implies that photocatalytic properties may exist under UV-light
irradiation. The band gap value reported for particles ranging from
3.1eV to 3.2 eV [37] depends on powder and processing details.

It is known that the size of nanoparticles has a significant
influence on the photocatalytic properties, due to variations in
surface area, the number of active sites, etc. [38]. Smaller
nanoparticles result in a larger surface area (more active sites)
and enhance the photocatalytic activity. Moreover, the band gap
energy is also correlated to photocatalytic activity [39]. A lower
band gap has a positive effect on photocatalytic activity because
less source energy is required to arouse a photocatalytic reaction.
This means that less energy is required to activate the nanopar-
ticles to generate excited electron/hole pairs, thereby inducing
photocatalytic reactions. In addition, the specific surface area and
pore volume of samples did not undergo significant changes and
remained in the range of 17.88-20.85m?/g and 5.146-
6.054 x 10% cm3/g for all samples (Table 2). This suggests that
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Fig. 5. UV-vis diffuse reflectance spectra of BaTiO5; prepared using hydrothermal
treatment with various concentrations of NaOH, synthesis duration, and
temperature.

the higher photocatalytic activity of BA-5-48-130 (over that of BA-
5-72-130 and BA-5-24-130) could be attributed to a lower band
gap, which would lead to the generation of more excited electron-
hole pairs, enhancing photocatalytic activity. Among the other
BaTiOs, BA-5-48-130 has the lowest band gap and the smallest
particle size (larger surface area), and therefore provides the
highest photocatalytic efficiency.

Fig. 6 shows the photocatalytic activity of the nanoparticles. The
efficiency of photocatalytic degradation of CV is 99% for nano-BTO
within the first 48 h. The adsorption reaction resulted in a decrease
in CV concentration of approximately ~48% after 48 h, while in the
photocatalytic reaction, the CV was completely decomposed after
48 h. In the following experiment, we selected BaTiOs synthesized
over a period of 48 h as the optimal photocatalyst.

g
N

-8-BA-5-24-130
1.0

0.8 4\ -A-BA-5-48-130

0.6

0.2 +

Degradation ratio of dye(C/C,)

0.0

Reaction Time (h)

Fig. 6. Influence of UV light irradiation on the CV photodegradation rate with BaTiO3
prepared using hydrothermal treatment with various synthesis durations
([catalyst] = 0.5 g/L, [CV] = 10 mg/L).

3.3. Influence of synthesis temperature

To study the influence of synthesis temperature on the phase
and particle morphology of BaTiOs, it was prepared at 100, 130,
150, and 180°C while the remaining process parameters,
[NaOH] = 5 M and a synthesis duration of 48 h, were held constant.
The XRD patterns of BaTiOs; obtained at different hydrothermal
temperatures are provided in Fig. A.4. The XRD results illustrate a
well-developed cubic crystalline phase as well as an increase in the
intensity of the peaks with reaction temperature. There is a
possibility of a decrease in the unit-cell volume and an increase in
density with an increase in the reaction temperature due to the
release of lattice hydroxyls [39]. The influence of synthesis
temperature is presented in Table 2. Fig. 7 depicts SEM
micrographs of BaTiOs; prepared at 100, 130, 150, and 180 °C for
48 h. The particles agglomerated into a cubic shape, and the cubic
sizes estimated from the SEM micrographs are within 20-500 nm.
An increase in synthesis temperature led to an increase in cubic
size, which may explain the stronger agglomeration at higher
temperature. However, for the prepared BaTiOs, the particle size
increased with an increase in the reaction temperature, confirming
that the particle size of BaTiOs; is dependent on synthesis
temperature. The results of SEM investigations provide strong
evidence that the oriented aggregation of small (5-10 nm)
nanocrystals is the dominant growth mechanism in the formation
of the observed BaTiO3 particles. The particle size can be tailored in
the range 20-500 nm by varying the reaction duration, tempera-
ture, and concentration. The above results show that the
aggregation process can be controlled by changing the tempera-
ture and concentration of the suspension as well as by adding
NaOH, to obtain BaTiO5 particles with a controlled size and shape.

Fig. 8 shows the photocatalytic activity of the nanoparticles. The
efficiency of photocatalytic degradation of CV was 99% for nano-
BTO prepared at 130 °C. The adsorption reaction resulted in a
decrease of approximately 44% in CV concentration after 48 h; in
the photocatalytic reaction, the CV was completely decomposed
after 48 h. The optimal BaTiOs photocatalyst was produced at a
NaOH concentration of 5 M, synthesis time of 48 h, and synthesis
temperature of 130 °C (BA-5-48-130).

3.4. Influence of quantity of catalyst

In photocatalytic processes, the quantity of photocatalyst is an
important parameter capable of influencing the degradation rate of
organic compounds. Catalyst optimization depends on the nature
of the powders [40]. In Fig. A.5, the rate of CV photodegradation
was found to be optimal when photocatalyst (BA-5-48-130) was
employed at a ratio of 0.5 g/L under pH =9 conditions.

3.5. Influence of pH

Under the conditions of pH above pHzpc (zero point charge), the
surface of the negatively charged photocatalyst easily adsorbs
cationic species while, under the reverse conditions, anionic
species are adsorbed [40]. The adsorption of the substrate onto the
BaTiO; surface directly influences the transfer of electrons
between the excited dye and BaTiOs, and further influences the
degradation rate. The rates of CV dye photodegradation at various
pH values are shown in Fig. A.6. The photodegradation rate was
found to decrease and then increase with an increase in the pH
value of the solution. The formation of active *OH species is
favorable under basic conditions, not only due to the improvement
in the transference of holes to the adsorbed hydroxyls at high pH
conditions, but also due to the electrostatic attractive effect
between the negatively charged BaTiOs film and the cationic dyes
in the solution. Our results indicate that the BaTiO5; surface was
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Fig. 7. FE-SEM images of BaTiO; prepared using hydrothermal treatment of NaOH at various synthesis temperatures: (a) 100 °C, (b) 130 °C, (c) 150°C, (d) 180 °C

([NaOH] =5 M, synthesis time: 48 h).

negatively charged, and the CV adsorbed onto the surface of the
BaTiOs; through the positive ammonium groups. The proposed
adsorption mechanisms are in good agreement with earlier reports
[41]. Although the CV dye can, to some extent, adsorb onto the
surface of the BaTiOs in alkaline media, when the pH value is over
10, the dye molecule will transform into a colorless carbinol base
[42]. The results related to the photodegradation rate differed from
those of cationic dyes in the triphenylmethane/TiO, system [43].
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Fig. 8. Influence of UV light irradiation on CV photodegradation rate using BaTiO3
prepared using hydrothermal treatment with various synthesis temperatures
([catalyst] = 0.5 g/L, [CV] = 10 mg/L).

Moreover, a higher degradation rate under acid pH is also seen for
the degradation of azo dyes in TiO,-mediated experiments due to
the efficient electron-transfer process that occurs with complex
surface bond formations [44]. Hydroxyl radicals can be formed by
the reaction between hydroxide ions and positive holes. The
positive holes are considered major oxidation species at low pH
while hydroxyl radicals are the predominant species at neutral or
high pH levels [45]. An additional explanation for the effect of pH is
related to changes in the specification of the dye. That is,
protonation or deprotonation of the dye can alter its adsorption
characteristics and redox activity [46]. The adsorption resulted in
decreases of 11.7%, 28.6%, and 52.1% in the CV concentration after
48 h under dark conditions. Photocatalytic efficiency was recorded
under UV (365 nm) irradiation, which yielded 95.5%, 52.3%, and
98.6% for the BA-5-48-130 photocatalysts at pH=5, 7, 9,
respectively. The activity of P25 TiO, was more slightly than
BaTiOs. A coherent tendency of physical adsorption and chemical
photodegradation behavior was observed in this study.

3.6. Separation and identification of intermediates

Temporal variations in the CV dye photodegradation process
using UV irradiation have been characterized with HPLC-PDA-ESI-
MS. The relevant changes in the chromatograms recorded at 580,
350, and 300 nm are illustrated in Fig. A.7. Following irradiation for
72 h, nineteen components were identified with retention times of
less than 50 min. The CV dye and its relevant intermediates are
denoted as species A-J, a-f, and a—y (Table 3). Except for the initial
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Table 3

Summary of the CV photocatalytic degradation intermediates identified using HPLC-PDA-ESI/MS.

HPLC peaks De-methylation intermediates Abbreviation ESI/MS molecular ions (m/z) Adsorption maximum (nm)
A N, N, N', N', N", N"-Hexamethyl-pararosaniline cv 3724 588.5
B N, N-Dimethyl-N’, N'-dimethyl-N"-methyl-pararosaniline DDMPR 358.4 581.2
C N, N-Dimethyl-N'-methyl-N"-methyl-pararosaniline DMMPR 344.4 573.9
D N, N-Dimethyl-N’, N'-dimethyl-pararosaniline DDPR 3444 581.2
E N-Methyl-N'-methyl-N"-methyl-pararosaniline MMMPR 3304 566.5
F N, N-Dimethyl-N’-methyl-pararosaniline DMPR 3304 570.2
G N-Methyl-N'-methyl-pararosaniline MMPR 316.34 562.9
H N, N-Dimethyl-pararosaniline DPR 316.28 566.5
I N-Methyl-pararosaniline MPR 302.22 555.5
J Pararosaniline PR 288.39 540.9
a 4-(N, N-Dimethylamino)-4’-(N', N'-dimethylamino)benzophenone DDBP 269.28 3771
b 4-(N, N-Dimethylamino)-4’-(N'-methylamino)benzophenone DMBP 255.23 366.3
[ 4-(N-Methylamino)-4'-(N’-methylamino)benzophenone MMBP 241.05 362.9
d 4-(N, N-Dimethylamino)-4’-aminobenzophenone DBP 241.27 359.9
e 4-(N-Methylamino)-4’-aminobenzophenone MBP 227.37 357

f 4,4'-bis-Aminobenzophenone BP 213.27 339
[ 4-(N, N-Dimethylamino)phenol DAP 138.23 309
B 4-(N-Methylamino)phenol MAP 121.03 288.9
% 4-Aminophenol AP 110.97 278.2

CV dye (peak 1), the intensities of all peaks increased at first and
subsequently decreased, indicating the formation and transforma-
tion of intermediates.

The absorption spectra of each intermediate in the UV/vis
spectral region are identified as peaks A-], a-f, and a—vy in the
supplementary material Fig. A.8. The most important consider-
ation is that the hypsochromic shift of the absorption band is
presumed to result from the formation of a series of N-de-
methylated intermediates. As shown above, similar phenomena
have been demonstrated using Bi;WOg in the photodegradation of
CV [47]. The above intermediates were identified as the same as
those associated with the degradation of CV using BaTiOs.

The photo-decomposed intermediates were further identified
using the HPLC-ESI mass spectrometric method shown in Fig. A.9.
The molecular ion peaks appeared to be in the acid form of the
intermediates (supplementary material Fig. A.10). From the results
of mass spectral analysis, component A, m/z=372.40, was
confirmed. The other components were B, m/z=358.40; C, m/
z=344.40; D, m/z = 344.40; E, m/z = 330.40; F, m/z = 330.40; G, m/
z=316.34; H, m/z=316.28; I, m/z=302.22; ]J, m/z=288.39; a, m/
z=269.28; b, m/z=255.23; ¢, m[z=241.05; d, m[z =241.27; e, m|
z=227.37;f,mjz=213.27; o, m/z=138.23; B, m/z=124.03; v, m/
z=110.07. The relative distribution and time required to reach
maximum concentration for the N-de-methylated and oxidative
cleavage reaction of the conjugated chromophore structure
intermediates are also illustrated. In accordance with data shown
in Figs. A.8 and A.9, the successive appearance of the maximum
distribution of each intermediate, such as B-J, a-f, and «a-v,
indicates the occurrence of a stepwise process of CV N-de-
methylation.

3.7. Proposed mechanism of CV degradation

Under UV irradiation, most of the *OH radicals are generated
directly from the reaction between the holes and surface-adsorbed
H,0 or OH™. However, the probability of the formation of O,°~ is
much lower than that of *OH [48]. The N-de-methylation of the CV
dyes occurs mostly by the attack of the *OH and O,°~ species on the
N, N-dimethyl groups and the conjugated chromophore structure
of the CV dye.

Conversely, especially in the BaTiO5 system, the first product (B)
of N-de-methylation reached maximum concentration after 4 h of
irradiation (Fig. A.11, curve B). Further formation of intermediates,
such as C-D, E-F, G-H, and I-J, reached maximum concentration
after irradiation periods of 12, 12, 24, and 36-48 h, respectively

(Fig. A.11, curve C-D, E-F, G-H, and I-]). In the case of the SrTiO3
system, intermediates B, C-D, E-F, G-H, and I-J, reached
maximum concentrations after irradiation for 8, 24, 24, 36, and
36 h, respectively (Fig. A.11, curve B, C-D, E-F, G-H, and I-]). The
*OH radicals attacked the mono-, di-, tri-, and tetra-methyl groups
resulting in B, C-D, E-F, G-H, and I-J compounds, which were
produced mainly during the N-de-methylation process. Moreover,
both a and « are stepwise N-de-methylated, yielding compounds f,
and «. It should be emphasized that upon these mechanisms, all
aforementioned processes rely on O, to promote the cleavage of
the CV conjugated chromophore structure.

However, from the above results, the effect of different catalysts
demonstrated that the formation rate of intermediates increases as
the *OH or O,°~ concentration increases, until a critical *OH or O,°*~
concentration is achieved. Although, photocatalytic activity
strongly depends on the photocatalyst, analysis of the underlying
mechanism demonstrates that a degradation pathway leads most
oxidative N-de-alkylation processes, preceded by the formation of
a nitrogen-centered radical, whereas the destruction of the dye
chromophore structures is proceeded by the generation of a
carbon-centered radical [47].

It is well known that the potential of multi-electron reduction of
0, (e.g., 0, + 2H" +2e = HzOz(aq). +0.682V; O, + 4H* + 4e = 2H,0,
+1.23 V) is more likely than for the single-electron process (e.g.
Oy +e =05""(aq)—0.284V; 0, + H" + e = HO,*, —0.046 V vs.NHE).
It appears reasonable to assume that such multi-electron reduction
more readily precedes on the surface of catalysts working to catalyze
0, reduction. The high CV photodegradation activity mediated by
BaTiOs is due to the promotion of the multi-electron reduction of O,
on the catalyst rather than single-electron reduction [49].

Based on the above experimental results, the degradation
pathway is tentatively proposed as depicted in Fig. 9 and Figs. A.12,
and A.13. First, the cationic CV dye molecule was adsorbed on the
surface of BaTiO3 through charge attraction. Under UV irradiation,
the conduction band electrons flow to the valence band. The
hydrolysis or deprotonation reaction of CV dye yielded a nitrogen-
centered radical. Once attacked by *OH radicals, N-de-methylation
occurred as shown in Fig. A.12. The mono-de-methylated dye, B,
could also be adsorbed on the surface of MTiOs particles and be
involved in a similar mechanistic process. However, the *OH
radicals could attack the conjugated structure, and produce a
carbon-centered radical, eventually forming dye derivatives, a and
v. Moreover, the species a and y can also be implicated in N-de-
methylation to yield b and 3 (Fig. A.13), respectively. The N-de-
methylation processes continue to form N-de-methylated dye, J, f
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Fig. 9. Proposed mechanism involved in the photocatalytic degradation of CV using BaTiOs.

and <. Further oxidation can lead the ring-opening and the
formation of aliphatic oxidation products [50].

4. Conclusion

Nano-cubic BaTiO3 particles were obtained by hydrothermal
methods using an aqueous gel suspension using P25-TiO,,
Ba(OH),, and NaOH. The results of SEM show that the aggregation
process can be controlled by changing the temperature and
concentration of the suspension as well as by adding NaOH, to
obtain BaTiOs particles with a controlled size and shape. These
results indicate that BA-5-48-130 has the highest photocatalytic
activity. Most of the intermediates and final products were
identified by HPLC-ESI-MS and UV-vis spectra. Both N-de-
methylation and the destruction of the conjugated structure of
the CV dye took place on the BaTiOs. This is the first report
demonstrating the pathways of photocatalytic degradation of
BaTiOs involved in the photodegradation of CV dye.
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