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A B S T R A C T

The strontium titanate, SrTiO3, nanocubes are synthesized by the autoclave hydrothermal method under

the alkaline condition with TiO2 and Sr(OH)2�8H2O as the starting materials at various reaction

temperatures, various NaOH concentration and reaction duration time. The FE-SEM results indicate that

the reaction temperature has strong influence on the granular size of SrTiO3 (STO). The EDS results for

STO giving the Sr/Ti atomic ratio of ca. 1 for all prepared compounds confirmed the formation of STO and

were comparable to the HR-XPS results. The photo-degradation efficiency of the crystal violet (CV) dye

by STO is performed under the UV light irradiation, various pH reaction media conditions and the dark

room condition for comparisons. STO shows the optimal photo-degradation efficiency when the catalyst

is prepared at 130 8C. The degradation intermediates are separated and identified by the HPLC-ESI-PDA-

MS in order to propose the possible photo-degradation pathways based on the concentration ratio

variations of intermediates during the reaction course of time. The N-demethylation reaction occurs to

give a consecutive series of intermediates with triphenylmethane (TMP) chromophore (588.3–

541.0 nm), accompanied by the oxidative reaction occurring at the central carbon of CV which gives

another series of intermediates with diaryl-ketone chromophore (377.2–339.1 nm) and 4-aminophenol

(308.9–278.1 nm). The peaks of concentration ratio for the consecutive formation intermediates along

the time course further confirm the proposed pathways.

� 2014 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

From an ecological and physiological point of view, the
elimination of toxic chemicals from wastewater is currently one
of the most crucial subjects in pollution control. The textile
industry presents a global pollution problem owing to the
dumping or accidental discharge of dye wastewater into water
ways, resulting in a major impact on the quality and esthetics of
water resources. The World Bank estimates that 17–20%
industrial water pollution comes from textile dyeing and
treatment [1]. This percentage represents an appalling environ-
mental challenge for clothing designers and other textile
manufacturers. The large amount of dye used at the dyeing
stage in textile manufacturing processes represents an increasing
environmental danger due to their refractory carcinogenic
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nature. Particularly, triphenylmethane (TMP) dye is consumed
heavily in paper, leather, cosmetic and food industries for the
coloring of oil, fats, waxes, varnish, and plastics [2,3]. The photo-
cytotoxicity of TMP dye, based on the production of the reactive
oxygen species, is intensively studied with the regard of the
photodynamic treatment [4]. However, there is a great concern
about the thyroid peroxidase-catalyzed oxidation of the TMP dye
because the reactions might form various N-de-alkylated
aromatic amines, whose structures are similar to aromatic amine
carcinogens [5]. Hence, a new method of treatment should be
developed to overcome the toxic-problems caused by dye
wastewater. Recently, the application of semiconductors in the
advanced oxidation process (AOP) has gained wide interests for
the treatment of dye wastewater owing to its good 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 by
oxidation.

Semiconductor photocatalytic has received much attention for
counteracting the environmental degradation and being a potential
hed by Elsevier B.V. All rights reserved.

mailto:ccchen@mail.ntcu.edu.tw
mailto:ccchen@ms3.ntcu.edu.tw
http://www.sciencedirect.com/science/journal/18761070
www.elsevier.com/locate/jtice
http://dx.doi.org/10.1016/j.jtice.2014.02.003


S.-T. Huang et al. / Journal of the Taiwan Institute of Chemical Engineers 45 (2014) 1927–19361928
solution to the worldwide energy shortage. Global crises of
environment and energy have been the issues for decades. Among
the various solutions, semiconductor particles used as the photo-
catalysts for decomposing water polluted by organic [6] and for
hydrogen evolution [7] have been explored by scientists since
titaniates were first described as a catalyst for photochemical water
splitting [8]. In recent years, environmental issues have become
increasingly more important. Numerous treatment technologies
have been developed for the environmental remediation, for
example, adsorption methods, ion-exchange methods, membrane
separation, and photocatalysis [9,10]. Among these types of
methods, photocatalysis, in particular, has been intensively studied
due to its simplicity, low cost, and high removal efficiency. TiO2 is
broadly used as a photocatalyst for degrading a wide range of organic
pollutants because of its nontoxicity, photochemical stability, and
low cost [6,7,11]. As compared to TiO2, titanates exhibit an
inherently chemical reactivity, which is beneficial for designing
complex titanate-based composites. So far, titanate-based photo-
catalysts have been achieved, such as CaTiO3 [12], SrTiO3 [13–17],
BaTiO3 [18,19], BaTi2O5 [20], In2TiO5 [21], MnTiO3 [22], and CdTiO3

[23]. Some of them display good photocatalytic activity and
chemical stability. The fabrication of perovskites (ABO3) is of great
scientific and technological interests for their ferroelectric, pyro-
electric, piezoelectric, dielectric, and catalytic properties. Herein,
aiming at the synthesis of alkaline earth titanates MTiO3 (M = Sr, and
Ba) with adjustable morphology, the high activity of titanate nano-
powder is utilized.

STO has been used for water splitting and the decomposition of
organic pollutants under UV irradiation. More interestingly, STO
offers favorable energy for photocatalysis since its conduction
band edge is 200 mV more negative than TiO2. For STO, the
thermodynamically stable form at room temperature is cubic. STO
has been synthesized through a variety of methods, including
hydrothermal synthesis [15,24], conventional solid-state reaction
[25], inverse micelle micro-emulsion method [26], sol–gel method
[12], molten salt synthesis [27], and nonaqueous route [28].
Recently, perovskite-type structure compounds have emerged
from a hydrothermal reaction as an important conformation.
Single-crystalline STO nanorods have been accomplished by
asolution-based decomposition of bimetallic alkoxide precursors
[29]. STO nanotubes have been generated from a hydrothermal
reaction by using titanium oxide nanotubes as a precursor [30].
Porous STO nanostructure has been achieved by an amount of
NaOH and titanate nanotubes under SrCl2 saturated solution being
placed in a Teflon-lined vessel [31]. Therefore, it would be highly
desirable for developing a general approach to fabricate STO with
controllable morphology and size. Recently, Wei et al. [32]
developed density functional characterization of the electronic
structure and optical properties of N-doped, La-doped, and N/La-
codoped SrTiO3. The results indicated that the optimal doping
model was N/La-codoping with La at Sr site for both energetic and
high photocatalytic activity under visible light, in which existed a
DAP recombination and thus the charge balance was kept. For this
optimal codoped SrTiO3 system, oxygen vacancies associated with
N-doping were not required and the overall energy cost for doping
decreased, compared with that of N-monodoping.

Generally speaking, the activity of heterogeneous catalysts is
basically influenced by crystal phase, size, surface area, and
crystallinity [33,34]. Nano-particulate photocatalysts have the
advantages of large surface area and short diffusion distance of
photo-excited electrons to the surface. Their morphology and
outer surface also affect their photocatalytic activity [35]. In this
regard, the precise control of the size and shape of SrTiO3 is
critically important for evaluating the shape-dependent photo-
reactivity and developing high-performance photocatalyst. How-
ever, in spite of the previous extensive efforts, such a precise
control of their size and shape has been fragmented and limited.
However, morphology control has not been adequately achieved
yet. In the present study, the precise control of morphology of
SrTiO3 nanoparticles has been established in basic aqueous
solution. The evaluation of photocatalytic activity of nano-cubic
particles will be accomplished.

CV is a TMP dye, which has been extensively used as a biological
stain, antimicrobial agents, a commercial textile dye, dermatologi-
cal agent, targetable sensitizers [36], and veterinary medicine.
However, the wastewater containing CV not only causes coloration
of water, but also harms the aquatic life and human health.
Therefore, there are both health and environmental concerns on
this particular dye. This causes a need for the development of
efficient, energy-saving and inexpensive dye wastewater treat-
ment processes. In this study, P25-TiO2, Sr(OH)2, and NaOH are
used as the precursors, and the nano-cubes of STO are successfully
prepared by autoclave hydrothermal methods at different reaction
temperature and time. Besides, the identification of the reaction
intermediates is focused and some light is shaded on the
mechanistic details of photodegradation of CV dye in the STO/
UV process, which in turn can serve as the foundation for future
application.

2. Experimental

2.1. Reagents and materials

P25-TiO2 (Degussa Co. Ltd.; ca. 80% anatase, 20% rutile; particle
size, ca. 20–30 nm; BET area, ca. 55 m2 g�1), Sr(OH)2�8H2O (Acro
Co. Ltd.; assay �98%), chloride salt of crystal violet (TCI; assay
�99%), NaOH and CH3COONH4 (Osaka Co. Ltd.; guaranteed
reagent), HNO3 (JIS Co. Ltd.; extra pure), Acetone (Merck Co.
Ltd.; HPLC-grade), and CH3OH (J. T. Baker Co. Ltd.; HPLC-grade)
were used as the starting materials. De-ionized water used for this
study was purified with a Milli-Q water ion-exchange system
(Millipore Co.) for a resistivity of 1.8 � 107 V cm. The P25-TiO2

nanoparticles were supplied by Degussa.

2.2. Preparation of photocatalysts

The nano-cubic STO was synthesized in a beaker by adding 0.1 g
P25-TiO2 and 10 mL NaOH aqueous solution (1, 3, 5, and 10 M)
respectively to 0.35 g Sr(OH)2�8H2O. The mixture was transferred
to a Teflon-lined autoclave (capacity: 23 mL) and heated to 100 8C
(or 130, 150, and 180 8C) in 24 h (or 48, 72, and 96 h). The material
was washed with distilled water, filtered and finally dried in air at
60 8C. There were different reaction conditions (including the
concentration of NaOH, reaction time, and temperature), as shown
in Table 1, being prepared, namely SR-1-24-130 to SR-3-72-150 for
STO samples, respectively.

2.3. Instruments

Waters ZQ LC/MS system, equipped with a binary pump, a
photodiode array detector, an autosampler, and a micromass
detector, was used for the separation and identification. The HPLC-
PDA-ESI-MS system consisted of a Waters 1525 binary pump, a
2998 photodiode array detector, and a 717 plus autosampler.
Besides, a ZQ2000 micromass detector and an Atlantis TM dC18
column (250 mm � 4.6 mm i.d., dp = 5 mm) were used for the
separation and identification. The column effluent was introduced
into the ESI source of the mass spectrometer.

X-ray powder diffraction (XRD) patterns were recorded on a
MAC Science, MXP18 X-ray diffractometer with Cu Ka radiation in
a 2u range 20–808 at a scanning speed of 48 min�1, operated at
40 kV and 80 mA. Field emission scanning electron microscopy



Table 1
Summary of samples prepared from hydrothermal treatment with different concentration of NaOH, synthesis time and temperature.

Catalyst code Ti precursor Ba precursor NaOH concentration (M) Synthesis time (h) Synthesis temp (8C)

SR-1-24-130 TiO2 Sr(OH)2 1 24 130

SR-3-24-130 TiO2 Sr(OH)2 3 24 130

SR-5-24-130 TiO2 Sr(OH)2 5 24 130

SR-3-48-130 TiO2 Sr(OH)2 3 48 130

SR-3-72-130 TiO2 Sr(OH)2 3 72 130

SR-3-96-130 TiO2 Sr(OH)2 3 96 130

SR-3-72-100 TiO2 Sr(OH)2 3 72 100

SR-3-72-150 TiO2 Sr(OH)2 3 72 150
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(FE-SEM) measurement was carried out with a field-emission
microscope (JEOL JSM-7401F) at an acceleration voltage of 15 kV.
The prepared catalysts were checked with both energy dispersive
spectroscopy (EDS) and high resolution X-ray photoelectron
spectrometer (HR-XPS). An HRXPS measurement was carried out
with ULVAC-PHI XPS. The Al Ka radiation was generated with a
voltage of 15 kV. Attenuated total reflection/Fourier transform
infrared (ATR/FT-IR) spectra were collected on a Nicolet 380 FT-IR
spectrometer. The investigated spectra range was from 4000 to
450 cm�1. The signal was obtained by averaging 32 scans at the
resolution of 4 cm�1. UV–vis diffuse reflectance spectra were
recorded on a Scinco SA-13.1 spectrophotometer at room
temperature. The BET specific surface areas of the samples were
measured with an automatic system (Micromeritics Gemini 2370
C) with nitrogen gas as the adsorbate at the liquid nitrogen
temperature.

2.4. Analytical methods for identification of intermediates

The amount of residual dye at each reaction cycle was
determined by HPLC-PDA-ESI-MS. The analysis of organic inter-
mediates was accomplished by HPLC-PDA-ESI-MS after the
readjustment of chromatographic conditions in order to make
the mobile phase (solvent A and B) compatible with the working
conditions of the mass spectrometer. Solvent A was 25 mM
aqueous ammonium acetate buffer (pH 6.9), and solvent B was
methanol. LC was carried out on an Atlantis TM dC18 column
(250 mm � 4.6 mm i.d., dp = 5 mm). The mobile phase flow rate
was 1.0 mL/min. A linear gradient was run as follows: t = 0, A = 95,
B = 5; t = 20, A = 50, B = 50; t = 35–40, A = 10, B = 90; t = 45, A = 95,
B = 5. The column effluent was introduced into the ESI source of the
mass spectrometer. The quadruple mass spectrometer equipped
with an ESI interface with heated nebulizer probe at 350 8C was
used with an ion source temperature 80 8C. ESI was carried out
with the vaporizer at 350 8C and nitrogen as sheath (80 psi) and
auxiliary (20 psi) gas to assist in the preliminary nebulization and
to initiate the ionization process. A discharge current of 5 mA was
applied. Tube lens and capillary voltages were optimized for
maximum response during the perfusion of the CV standard.
Table 2
Physical and chemical properties of prepared SrTiO3.

Catalyst code EDS element atomic ratio (%) XPS element atomic ratio (%) 

Sr Ti O Sr Ti O

SR-1-24-130 13.20 14.20 72.60 – – – 

SR-3-24-130 11.92 11.42 76.66 – – – 

SR-5-24-130 9.25 9.11 81.64 – – – 

SR-3-48-130 14.07 13.97 71.97 15.73 15.72 59.08

SR-3-72-130 10.46 9.39 80.14 16.87 15.32 56.72

SR-3-96-130 11.84 11.84 76.32 17.19 16.19 54.03

SR-3-72-100 14.17 13.31 72.51 – – – 

SR-3-72-150 12.15 11.64 76.22 – – – 
2.5. Procedure of photocatalysis

An aqueous STO dispersion was prepared by adding 50 mg STO
powder to a 100 mL solution containing the CV dye at appropriate
concentration. For the reactions in different pH media, the initial pH
of the suspensions was adjusted by adding either NaOH or HNO3

solution. Prior to the irradiation, the dispersions were magnetically
stirred in the dark for ca. 30 min to establish the adsorption/
desorption equilibrium between the dye, and the surface of the
catalyst under ambient air-equilibrated conditions. Irradiations
were carried out using C-75 Chromato-Vue Cabinet of UVP, which
provided a wide area of illumination from 15-W 365 nm and UV
tubes positioned on two sides of the cabinet interior. At the given
irradiation time intervals, 5 mL aliquots were collected, centrifuged,
and then filtered through a Millipore filter to remove the catalyst
particulates. The filtrates were analyzed by HPLC-ESI-MS.

3. Results and discussion

3.1. Effect of NaOH concentration

STO powder, prepared with NaOH concentration in the range of
1–5 M, was characterized by XRD, SEM-EDS, DR-UV and XPS
techniques (Table 2) to study the cubic phase and surface
modifications of STO. The ratio of Sr/Ti was chosen to be greater
than 1 to avoid the presence of secondary phase. Furthermore, Sr/
Ti > 1 increased the pH of the solution, which was an important
thermodynamic variable for the synthesis of perovskite materials
and helped avoid the addition of an alkaline mineralizer to
facilitate the formation of STO. According to the thermodynamic
calculations of stability diagrams for the hydrothermal Sr-Ti
system, high pH and Sr/Ti > 1 were necessary for the synthesis of
high purity STO crystals [37].

Fig. 1 shows the XRD patterns of hydrothermally synthesized
STO powder with NaOH concentration of 1, 3, and 5 M. It was
evident that all of the patterns showed good crystallinity with the
diffraction peaks fitting well to the peak positions of a standard
cubic perovskite structure [space group: Pm3m] of STO (JCPDS No.
35-734) and those of SrCO3. In the literature [16,17], there were
Eg (eV) Specific surface

area (m2/g)

Pore size (Å) Pore volume

(cm3/g)

3.11 22.96 � 0.12 11.23 � 0.09 0.05 � 0.01

3.13 18.90 � 0.09 11.65 � 0.10 0.06 � 0.01

3.11 18.19 � 0.11 11.50 � 0.02 0.06 � 0.02

 3.13 19.09 � 0.15 11.36 � 0.03 0.05 � 0.01

 3.10 22.32 � 0.12 11.77 � 0.08 0.07 � 0.01

 3.12 19.70 � 0.09 12.00 � 0.11 0.06 � 0.02

3.14 23.18 � 0.16 11.69 � 0.13 0.06 � 0.01

3.11 20.56 � 0.21 12.02 � 0.07 0.06 � 0.01



Fig. 1. XRD patterns of SrTiO3 prepared from hydrothermal NaOH treatment at

130 8C, 24 h with different NaOH concentration.
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several papers about the hydrothermal synthesis of the STO
compound without the presence of SrCO3 phase. On the other
hand, several papers on the presence of secondary phase were
also observed [38,39]. A small amount of SrCO3 contamination
was noted in almost all the samples due to the introduction of
airborne CO2, which would dissolve as CO3

2� and react with Sr2+

to form SrCO3 during the pre-treatment and/or the post
treatment [40]. The formation of SrCO3, observed in this work,
was quite common in the hydrothermal processing as SrCO3

could precipitate at lower pH values than those needed for
precipitating STO [41]. According to the thermodynamic stability
diagram of Sr-Ti systems, SrCO3 precipitated at lower pH values
Fig. 2. FE-SEM images and EDS spectra of SrTiO3 prepared from hydrothermal NaOH trea

(24 h).
than those needed for precipitating STO [37,42]. The XRD results
of the as-synthesized STO illustrated the presence of weak peak at
2u = 24, 35, and 428, which corresponded to the phase of SrCO3

(JCPDS Card No. 005-0418) and hence confirmed the cubic
structure [43]. The STO peaks were very sharp, indicating that the
crystalline structure was well developed. The effect of NaOH
concentration on the crystal structure and characterization of
STO was summarized in Table 2. Fig. 2 shows the SEM images of
STO samples prepared, respectively, at various NaOH concentra-
tion of 1, 3 and 5 M. The particles agglomerated in a spherical
shape with ca. 20–200 nm diameters and a little amount of cube-
like shape particles. A possible mechanism for the formation of
STO by hydrothermal synthesis was the dissolution-precipitation
method [44], in which there was a chemical equilibrium between
TiO2 and Ti(OH)x

4�x. Fig. 2 shows the increase in the particle size
of SrTiO3 with an increase in NaOH concentration, which was in
accord with the dissolution-precipitation mechanism.
Ti(OH)x

4�x, a highly active species, could combine with Sr2+ to
form a new nucleus, and hence, with an increase in NaOH
concentration, the chance for forming a new nucleus by
Ti(OH)x

4�x increased and led to an increase in the particle size
of STO. It could be concluded that the phase formation of cubic
STO occurred at the NaOH concentration when TiO2 was used as
the Ti(OH)x

4�x precursor. Moreover, the primary particle size of
STO prepared using lower [NaOH] was smaller than that prepared
using higher [NaOH], which could be ascribed to the smaller
particle size of STO prepared by Ti(OH)x

4�x precursor [42]. The
agglomeration of STO nanoparticles at higher NaOH concentra-
tion promoted the growth of the cubic phase. With subsequent
reactions, initial small nanocubes of SrTiO3 are formed by a
dissolution–precipitation process [45,46]. The Ti–O bonds on the
TiO2 precursor must be broken via hydrolytic attack to form the
soluble [Ti(OH)6]2�. This process is described in Eq. (1). Then,
precipitation of SrTiO3 takes place according to Eq. (2). The total
reaction is presented in Eq. (3).
tment at 130 8C with different NaOH concentration. (a, d) 1 M; (b, e) 3 M; (c, f) 5 M
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TiO2 þ 2OH� þ 2H2O ! TiðOHÞ2�6 (1)

Sr2þ þ TiðOHÞ2�6 ! SrTiO3 þ 3H2O (2)

TiO2 þ SrðOHÞ2 ! SrTiO3 þ H2O (3)

In Fig. S1 of supplementary data, the adsorption reaction
resulted in a decrease about 60–81% in the CV concentration after
36 h, while, in the photocatalytic reaction, the CV was completely
decomposed at [NaOH] = 3 M after 36 h. In the following experi-
ment, [NaOH] at 3 M STO was chosen as the optimum photo-
catalyst.

3.2. Effect of synthesis time

The effect of synthesis time on the formation of crystalline STO
was also studied by performing the experiments at different reaction
time ranging from 24 to 96 h at 130 8C with [NaOH] = 3 M. The XRD
patterns as shown in Fig. S2 confirmed the cubic phase of STO. When
STO prepared was treated for 24–96 h, a new peak (SrCO3) appeared,
but disappeared at 96 h. Fig. 3 shows the FT-IR spectrums at different
synthesis time. The characteristic absorption at 3435.0 cm�1 [47]
was assigned to the OH stretching vibration. The infrared spectrum
of a carboxylate group, CO3

2�, showed the characteristic doublet
absorption due to the asymmetric and symmetric stretching
vibrations at 877.45, 1071.26 and 1446.35 cm�1 [48], respectively.
The IR spectrum was very complex, presenting the bands at
3435 cm�1 (O–H stretching modes in crystallization water) [49],
1384.64 and 1636.30 cm�1 (carboxylate group stretching modes)
[48], 1260 cm�1 (C55O stretching modes in COO–Sr), and 850, 582.4
and 450 cm�1 (Ti–O vibrational modes) [50]. In Fig. S3, SEM
micrographs indicated differences size crystal in the morphology at
24 and 96 h. This phenomenon could be attributed to the Ostwald
ripening process of the precursor SrTiO3(H2O)x of the final product
SrTiO3, because smaller particles were less stable and the growth of
larger particles was energetically favorable. The Ostwald ripening
process was determined by both kinetic and thermodynamic effects.
During the Ostwald ripening process, larger SrTiO3(H2O)x nanopar-
ticles grew under the conditions of consuming smaller ones in the
synthesis process of the precursor SrTiO3. The formation of smaller
SrTiO3(H2O)x nanoparticles was kinetically controlled, because their
nucleation process was easy. However, after a period of time, larger
Fig. 3. FT-IR spectra of SrTiO3 prepared from hydrothermal NaOH treatment 
SrTiO3(H2O)x nanoparticles would grow, due to the thermodynamic
conditions [17,51]. This was an energetically favorable process for
the growth of larger nanoparticles due to curvature phenomena. The
crystal size was larger by extending the processing time; and, the
particle size was not significant different from the cubic crystalline.
The results are summarized in Table 2. At the early stage of the
reaction, hydroxide ions produced more nuclei and formed smaller
particles, which grew larger at the prolonged time.

XPS revealed certain mismatch in the stoichiometry and also
different chemical composition of the surfaces for different samples.
Fig. 4 displays Sr 3d5/2, O 1s and Ti 2p photoemission spectra of the
coatings as well as the reference feedstock powder. The binding
energy of Ti 2p3/2 peak (457.400–457.531 eV) was in good agreement
with previous XPS studies on STO [52,53]. The O 1s spectra revealed
several components. The O 1s spectrum of the feedstock powder
could be de-convoluted into a component at the energy range of
528.550–528.735 eV, which corresponded to STO, and a component
at 530.956 eV, which was previously identified as belonging to
hydroxyl groups typical for the adsorbed water [54]. Taking into
account merely the low energy component of O 1s, the intensities of
the Sr, Ti, and O core level peaks gave an element ratio Sr:Ti:O equal to
1:1:3, in accordance with the expected stoichiometric value. On the
other hand, Sr 3d5/2 spectra indicated that strontium was in a
different chemical state in all samples. The Sr peaks could be assigned
at the binding energies of 132.007–132.141 eV.

The absorbance of the UV–vis diffuse reflectance spectrum for
the nanoparticles is shown in Fig. 5. From the pattern, the band gap
could be calculated using the equation, Eg(eV) = 1240/l (nm). Band
gap (Eg) of nano-STO was estimated to be approximately 3.10 eV
and 3.14 eV, respectively, implying that photocatalytic properties
might exist under the UV light irradiation. The band gap value
reported for particles at 3.35 eV [55] depended on powder and
processing details. In addition, the BET specific surface area, pore
volume, and pore size showed 18.19–22.32 m2/g, 0.05–0.07 cm3/g,
and11.23–12.02 Å for all samples (Table 2). It was known that the
size of nanoparticles had significant effects on the photocatalytic
properties due to the variation of surface area, number of active
sites and so on [56]. The smaller particle size of nanoparticles
would induce to a larger surface area (more active sites) to enhance
the photocatalytic activity. The SR-3-72-130 sample had the
largest BET. Thus, the larger BET sample might play a role in
enhancing the photocatalytic activity.
at 130 8C with different synthesis time, 48, 72 and 96 h, ([NaOH] = 3 M).



Fig. 4. High resolution XPS spectra of SrTiO3 prepared from hydrothermal NaOH treatment at 130 8C with different synthesis time, 48, 72 and 96 h, ([NaOH] = 3 M). (a) Suls; (b)

Sr 3 d; (c) Ti 2p; (d) O 1 s.
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Moreover, the band gap energy is also correlated to the
photocatalytic activity [57]. The lower band gap has a positive
effect on the photocatalytic activity because the lower source
energy is needed for arousing a photocatalytic reaction. It means
that less energy is needed for activating the nanoparticles to
generate excited electron/hole pairs and then induce photocata-
lytic reactions. In this study, the particle size of nano-STO was a
Fig. 5. UV–vis diffuse reflectance spectra of SrTiO3 prepared from hydrothermal

treatment with different concentration of NaOH, synthesis time and temperature.
little lower than nano-BTO [19]; however, the result of band gap
was on the contrary. It suggested that the higher photocatalytic
activity of nano-BTO than nano-STO could be attributed to a lower
band gap, which would lead to generate more excited electron-
hole pairs to enhance the photocatalytic activity. As for TiO2, it had
the lowest band gap and the smallest particle size among them,
thus, it had the best photocatalytic efficiency.

Fig. S4 shows the photocatalytic activity of the nanoparticles.
The efficiency of photocatalytic degradation on CV was 99% for
nano-STO within the first 24 h. The adsorption reaction resulted in
a decrease about �49% in the CV concentration after 24 h, while, in
the photocatalytic reaction, the CV was completely decomposed
after 24 h. Compared with TiO2, it suggested that the photo-
catalytic activity of STO nanoparticles was not bad. With continued
development, this kind of nano-materials had the potential to be
commercial photocatalysts. In the following experiment, the
synthesis time at 72 h of STO was chosen as the optimum
photocatalyst.

3.3. Effect of synthesis temperature

STO was prepared at 100, 130, and 150 8C while keeping the rest
of the process parameters as [NaOH] = 3 M and the synthesis time as
72 h to study the influence of synthesis temperature on the phase of
STO and particle morphology. The XRD patterns of STO were
obtained at different hydrothermal temperatures in Fig. S5. The



Fig. 6. Influence of amount of photocatalyst on the CV (10 mg/L) photodegradation

rate with SR-3-72-130 photocatalyst (g/100 mL).
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XRD results illustrated the intensity of the peaks increasing with the
reaction temperature. There was a possibility of decrease in the unit-
cell volume and decrease in density with an increase in the reaction
temperature due to the release of lattice hydroxyls [58]. The
influence of synthesis temperature is displayed in Table 2. Fig. S6
depicts the SEM of SrTiO3 prepared at 100, 130, and 150 8C for 72 h.
The spherical particles agglomerated into a cubic shape, and the
particle sizes estimated from the SEM micrographs were within 20–
100 nm in diameter. The increase in the synthesis temperature led to
an increase in the particle size, which might explain the stronger
agglomeration at higher temperature. However, for STO prepared,
the particle size increased with an increase in the reaction
temperature, confirming that the particle size of STO was dependent
on the synthesis temperature.

In Fig. S7, the adsorption reaction resulted in a decrease about
�36% in the CV concentration after 24 h, while, in the photo-
catalytic reaction, the CV was completely decomposed after 24 h.
The synthesis temperature at 130 8C of STO was the optimum
photocatalyst. To further understand the reaction kinetics of CV
degradation, the apparent pseudo-first-order model [59],
expressed by ln(C0/C) = kappt equation, was applied to the
experiments; where kapp was the apparent pseudo-first-order rate
constant (h�1), C the CV concentration in aqueous solution at time t

(mg/L), and C0 the initial CV concentration (mg/L). Through the
first-order linear fit from the data of Figs. S1, S4, and S7 shown in
Table 3, the kapp of SR-3-72-130 was obtained at the maximal
degradation rate of 2.23 � 10�1 h�1, greatly higher than the other
composites.

3.4. Effect of photocatalyst concentration

It is important from both the mechanistic and applicational
points of view to study the dependence of the photocatalytic
reaction rate on the concentration of STO in the CV dye. Hence, the
effect of photocatalyst concentration on the photodegradation rate
of the CV dye was investigated by employing different concentra-
tion of STO varying from 0.25 to 1.0 g L�1 in Fig. 6. As expected, the
photodegradation rate of the CV was found to increase then
decrease with the increase in the catalyst concentration, a general
characteristic of heterogeneous photocatalyst, and the results were
in agreement with the earlier reports [60]. However, there existed
a practical limit of the scattering light (around 1 g L�1), above
which the degradation rate would decrease due to the reduction of
the photonic flux within the irradiated solution. In the following
experiment, the amount of 0.5 g L�1 STO was chosen as the
optimum photocatalyst.

4. pH effect

The photodegradation rate of the CV dye as a function of reaction
pH is shown in Fig. 7. The photodegradation rate of the CV dye was
Table 3
The pseudo-first-order rate constants for the degradation of CV with SrTiO3 under

UV light irradiation.

Catalyst code Rate constant

k (h�1) R2

SR-1-24-130 0.126 0.9601

SR-3-24-130 0.109 0.9204

SR-5-24-130 0.094 0.8585

SR-3-48-130 0.114 0.9758

SR-3-72-130 0.223 0.9738

SR-3-96-130 0.090 0.9666

SR-3-72-100 0.111 0.9609

SR-3-72-150 0.109 0.9567
found to increase with the increase in the value of pH. Under an
acidic condition, it was found that the cationic CV dye was difficult to
adsorb onto the STO surface, usually with the active �OH radicals
formed in low concentration, and hence the photodegradation
process of CV remained very slow. With higher pH values, the
formation of active �OH species was favored, as it improved not only
the transfer of holes to the adsorbed hydroxyls, but also the
electrostatic abstractive effects between the negatively charged STO
particles and the operating cationic dyes. Although the CV dye could
adsorb onto the STO surface to some extent in alkaline media, the CV
dye molecules would change to a leuco compound when the pH
value was too high (pH 11). In a good agreement with the adsorption
mechanism proposed in reference [61], the results indicated that the
STO surface was negatively charged and the CV adsorbed onto the
STO surface through the positive ammonium groups.

4.1. Separation and identification of the intermediates

Under the UV irradiation, temporal variations of CV dye
photocatalytic degradation process were characterized with
HPLC-PDA-ESI-MS. The relevant change in the chromatograms
recorded at 580, 350, and 300 nm is illustrated in Figs. S8–S9.
Nineteen components were identified with the retention time less
than 50 min under the irradiation to 72 h. The CV dye and its
relevant intermediates were denoted as species A–J, a–f, and a–g
(Table S1). Except for the initial CV dye (peak A), the intensityof the
other peaks increased at first and subsequently decreased,
indicating the formation and transformation of the intermediates.

The maximum absorption of each intermediate in the UV/
visible spectral region was identified as the peaks A–J, a–f, and a–g
in the Table S1, respectively. The data showed that the absorption
spectral bands shifted hypsochromically from 588.3 nm to
541.0 nm (A–J), 377.2 to 339.1 nm (a–f), and 308.9 to 278.1 nm
(a–g). As being seen, the 19 compounds could be distributed into
three different aromatic groups, including (i) the intermediates of
N-de-methylation of N,N,N0,N0,N00,N00-hexaethylpararosaniline (CV;
A), (ii) the intermediates of N-de-methylation of 4-(N,N-dimethy-
lamino)-40-(N0,N0-dimethylamino) benzophenone (a), and (iii) the
intermediates of N-de-methylation of 4-(N,N-dimethylamino)
phenol (a), respectively. This hypsochromic shift of the absorption
band was possible due to the formation of series of N-de-
methylated intermediates in a stepwise manner. For example, lmax

of A, B, C, D, E, F, G, H, I, and J were 588.3, 581.0, 574.0, 581.1, 566.6,
570.3, 563.0, 566.4, 555.5 and 541.0 nm; lmax of a, b, c, d, e, and



Fig. 7. Influence of pH values on the CV (10 mg/L) photodegradation rate with SR-3-

72-130 photocatalyst.
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f were 377.2, 366.5, 362.8, 359.8, 357.0, and 339.1 nm; and a, b,
and g were 308.9, 290.0, and 278.1 nm, respectively. Given the
identification of N-dimethylated aromatic amines in groups such
as A–J, a–f, and a–g, this was also done for the oxidation of CV
dye. The wavelength shift depicted in Table S1 was caused by the
Fig. 8. Proposed photocatalytic degradatio
N-de-methylation of CV because of the attack by one of the �OH
radicals on the N,N-dimethyl group. The most important situation
was that the hypsochromic shift of the absorption band was
presumed to result from the formation of a series of N-de-
methylated intermediates. As shown above, similar phenomena
were demonstrated once using photocatalyst in the photodegra-
dation of Crystal Violet [62] and Acid Blue 1 [63]. Above
intermediates were identified as the same with the degradation
of CV with STO.

The intermediates of photocatalytic degradation were further
identified with HPLC-ESI mass spectrometric method, as shown in
Table S1. The molecular ion peaks appeared to be in the acid forms
of the intermediates. From the results of mass spectral analysis,
the component A, m/z = 372.40, was confirmed. The other
components were B, m/z = 358.45; C, m/z = 344.35; D, m/
z = 344.35; E, m/z = 330.35; F, m/z = 330.22; G, m/z = 316.39; H,
m/z = 316.34; I, m/z = 302.29; J, m/z = 288.17; a, m/z = 269.33; b,
m/z = 255.28; c, m/z = 241.03; d, m/z = 241.22; e, m/z = 227.27; f,
m/z = 213.27; a, m/z = 138.20; b, m/z = 121.05; g, m/z = 110.95.
Moreover, the relative distribution and time reaching maximum
concentration of the N-de-methylated and the oxidative cleavage
reaction of conjugated chromophore structure intermediates
obtained were illustrated. In accordance with the data shown
n mechanism of the CV with SrTiO3.
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in Figs. S8–S9, the successive appearance of the maximum
distribution of each intermediate, such as B–J, a–f, and a–g,
indicated the occurrence of the stepwise process of CV N-de-
methylation.

4.2. Proposed mechanism of CV degradation

With the UV irradiation, most of the �OH radicals were
generated directly from the reaction between the holes and
surface-adsorbed H2O or OHS. However, the probability for the
formation of O2

S� should be much less than that of �OH [64].
Therefore, the N-de-methylation of the CV dye occurred mostly by
the attack of the �OH and O2

S� species on the N,N-dimethyl groups
of the CV dye. 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 could be mainly produced during the N-de-
methylation steps. Moreover, both a and a were stepwise N-de-
methylated to yield the compound f and g. It should be emphasized
here that upon the mechanisms, all aforementioned processes
relied on O2 to promote the cleavage of the CV conjugated
chromophore structure. Although photocatalytic activities strong-
ly depended on the kind of photocatalyst, the mechanistic analysis
did demonstrate that the degradation pathway led most oxidative
N-de-alkylation processes being preceded by the formation of
nitrogen-centered radical, whereas the destruction of the dye
chromophore structure proceeded by the generation of the carbon-
centered radical [62,63].

It is well known that the potential of multi-electron reduction
of O2 (Eqs. (4)–(5)) is more positive than the single-electron
process (Eqs. (6)–(7)) [65]. It seems reasonable to consider such
multi-electron reductions being more readily preceded on the
surface of catalyst that works catalyze O2 reduction. The high CV
photodegradation activity mediated by STO was due to the
promotion of multi-electron reduction of O2 on the catalyst rather
than the single-electron reduction.

O2 þ 2Hþ þ 2e� ! H2O2ðaqÞ E0 ¼ þ0:682 V (4)

O2 þ 4Hþ þ 4e� ! 2H2O E0 ¼ þ1:23 V (5)

O2 þ e� ! O�
�

2 ðaqÞ E0 ¼ �0:284 V (6)

O2 þ Hþ þ e� ! HO2
� E0 ¼ �0:046 V ðvs: NHEÞ (7)

Based on the above experimental results, the degradation
pathway was tentatively proposed as depicted in Fig. 8 and
detailed pathways in Figs. S10–S11 of appendix. Firstly, the
cationic CV dye molecule was adsorbed on the STO surface through
charge attraction. Under the UV irradiation, the conduction band
electrons flew to the valence band. The hydrolysis or de-
protonation reaction of CV dye yielded a nitrogen-centered radical.
Once attacked by �OH radicals, N-de-methylation occurred as
shown in Fig. S10. The mono-de-methylated dye, B, could also be
adsorbed on the STO particle surface and involved in the similar
mechanistic process. However, the �OH radicals could attack the
conjugated structure and produce a carbon-centered radical.
Moreover, the dye derivatives, a and g, were formed eventually.
Moreover, the species a and g could also be implicated in N-de-
methylation to yield b and b (Fig. S11), respectively. The N-de-
methylation processes continued to really form N-de-methylated
dye, J, f and g. Further oxidation could lead the ring-opening and
the formation of aliphatic oxidation products [66].
5. Conclusion

STO nanocubes are obtained by hydrothermal methods from an
aqueous gel suspension. The gel suspension is prepared by a TiO2

solution with NaOH and adding Sr(OH)2�8H2O. The addition of
NaOH leads to spherical particles. The particle size can be tailored
in the range 20–100 nm by varying the reaction time, temperature
and concentration. A careful control of the synthesis conditions is
essential for producing particles with a narrow size distribution.
The synthesis conditions at 3 M NaOH, reaction time 72 h, and
hydrothermal temperature 130 8C of STO are the optimum
photocatalysts. The results indicate those giving the highest
photocatalytic activity.

Both N-de-methylation and the destruction of the conjugated
structure of the CV dye take place on the STO. This is the first report
demonstrating the mechanistic differences of the STO photo-
catalyst to wards the photodegradation of TPM dye. Most of the
intermediates and final products have been identified by HPLC-
ESI-MS and UV–visible spectroscopy.
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