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ABSTRACT

In this study, nanoparticles with perovskite structure (nano-SrTiO3 and nano-BaTiO3) were synthesized
via a co-precipitation method, and their photocatalytic and adsorption characteristics were investigated.
Both of them exhibited some photocatalytic activity and possessed a high adsorption capacity for cop-
per ions. Further, the pseudo-first-order model was found to be more suitable to fit the experimental
data. Moreover, it suggested that the Langmuir model was more adequate in simulating the adsorp-
tion isotherm. The maximum adsorption capacity was 370.4 mg/g and 200.0 mg/g for nano-SrTiO; and
nano-BaTiO3, respectively. The negative apparent free energy confirmed that the Cu?* adsorption onto
the nano-photocatalysts was a spontaneous process. The underlying mechanism of adsorption of Cu(Il)
onto nano-perovskites could be due to the ion exchange and surface complexation. From the results,
SrTiO3 and BaTiOs; nanoparticles may be an effective material for Cu?* removal and, together with its

photocatalytic activity, may be suitable for environmental remediation applications.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

In recent years, environmental issues have become increasingly
more important. Numerous treatment technologies have been
developed for environmental remediation, for example, adsorption
methods, ion-exchange methods, membrane separation, and pho-
tocatalysis [1-6]. Among these types of methods, adsorption, in
particular, has been intensively studied due to its simplicity, low
cost, and high removal efficiency. Adsorption is the accumulation
of atoms or molecules on the surface of a material, i.e., the adsor-
bent. The common adsorbents used in remediation techniques
include oxides, hydroxides, activated carbon, porous materials,
and nanominerals [7-10]. Photocatalysis is an environmentally
friendly process that utilizes irradiation energy to perform catalytic
reactions. Thus, photocatalysis technology has been widely inves-
tigated for pollutant eradication [11-13], and nano-photocatalysts
including nano-TiO, [14,15], nano-SrTiO3 [16,17], and nano-Fe, 03
[18,19] have been intensively studied, which are summarized in
Table 1.

SrTiO3 (STO) is one of the most popular ferroelectrics among
perovskite oxides because of its large nonlinear optical coefficients,
large dielectric constant, and thermal stability [20-23]. It is also
an important photocatalyst: it has been used for water splitting
and the decomposition of organic pollutants under UV irradiation
[16,24,25]. Barium titanate (BaTiO3/BTO) has great potential for
technological applications in ferroelectricity, microelectronics, and
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optoelectronics. It is mostly used in the production of devices such
as multilayer ceramic capacitors (MLCC), high-density optical data
storage, ultrasonic transducers, and piezoelectric devices [26-29].

Nanomaterials, which exhibit size-dependent optical, magnetic,
photocatalytic, and adsorption properties, have been regarded as
key next-generation advanced materials. Since nanomaterials pos-
sess properties not present in traditional materials, research on
nanomaterials such as STO and BTO nanoparticles (nano-STO and
nano-BTO) has gradually become more important and popular.

Although there have been some studies on the nano-STO and
nano-BTO, only a few have focused on their photocatalysis aspect;
further, there are no published reports on the adsorption of heavy
metals on both of them. In this study, nano-STO and nano-BTO
powders were synthesized by a co-precipitation method. The
photocatalytic properties and adsorption characteristics of the
nanoparticles were then investigated with special emphasis on
adsorption.

2. Experimental
2.1. Preparation and characterization of nanoparticles

Nano-STO or nano-BTO were synthesized by a co-precipitation
method: SrCO3 or BaCO3; was reacted with KOH, NaOH, and TiO,
in deionized water heated at 80°C with constant stirring. The
obtained precipitate was calcined at 200 °C and then cooled to room
temperature. The crystal structure was characterized by X-ray pow-
der diffraction (XRD), and the morphology and grain size were
observed by transmission electron microscopy (TEM). The bandgap
was measured from the UV-Vis diffuse reflectance spectrum.
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Table 1
The comparison of photocatalytic activity for various photocatalysts.
Photocatalyst Material Efficiency Reference
SrTiOs film Victoria blue 0.67 [12]
TiO; film Victoria blue 0.8 [12]
TiO, nanoparticle Methyl orange 0.28-0.68 [13]
Co doped TiO, nanotube BV10 k=0.6-0.82 (min~1) [14]
ge =30.3-46.3 (mg/g)

TiO, nanoparticle FN-R dye 0.033 (min~') [15]
TiO, nanotube FN-R dye 0.00039 (min~1) [15]
TiO> nanorod FN-R dye 0.098 (min—!) [15]
SrTig.0sCro.0203 nanopowder M.B. dye 0.00375 (min~1) [16]
SrTiO3 nanopowder M.B. dye <0.0017 (min~1) [16]
SrTig.92Cro0303 nanopowder M.B. dye <0.0017 (min~1) [16]
SrTiO3; nanopowder Methyl orange <0.0067 (min~') [17]
Fe, 03 nanoparticle Congored dye 1.97-18.5 (103 /min) [18]
SrTiO3/Fe; 03 compound H,0 209 (wmol/ghr) [24]
SrTiO3/BiFeO3; compound H,0 213 (wmol/ghr) [24]
SrTiO3 nanoparticle H,0 208 (mol/ghr) [24]
SrTiOs nanoparticle M.B. dye 0.0049 (min—') This study

BaTiO3; nanoparticle M.B. dye 0.016 (min~1) This study

2.2. Photocatalysis experiment

In the photocatalysis experiments, the degradation of methy-
lene blue (M.B. C;gH1gCIN3S-3H,0) was measured under the
365-nm UV irradiationin a black box. The power of the UV-light was
6 W, and the UV lamp was placed vertically on the reaction vessel at
a distance of 10 cm (the light intensity was about 0.425 mW/cm?).
The initial concentration of M.B. was adjusted to 20 ppm, and the
amount of nanoparticles (photocatalyst) used was 0.1 g. Moreover,
the photocatalytic efficiency of TiO, was also compared with BTO
and STO nanoparticles. TiO, was the anatase phase and its particle
size was about 25 nm. It had a tetragonal structure and its band gap
was ~3.2 eV. The M.B. concentration was measured using a UV-Vis
spectrometer. In order to obtain the real photocatalytic activity of
nanoparticles, the contribution of M.B. adsorption (without illu-
mination) must be deducted. It means that the real photocatalytic
activity can be obtained from the concentration difference of M.B.
between “with” and “without” the UV-light irradiation.

2.3. Adsorption batch experiments

In the Cu?* adsorption experiments, the rate of Cu* adsorp-
tion onto nano-STO or nano-BTO was studied in batch experiments
of varying durations. The pH of the solution was adjusted using
0.1 M HCl and 0.1 M NaOH solutions during the adsorption study. A
mixture comprising 0.03 g nanoparticles (adsorbent) and a 100 mL
Cu?* solution (the initial Cu?* concentration include 2.0, 4.0, 5.3,
10.0,13.7,20.0 ppm) was poured into a flask. Its pH was adjusted to
5.2+ 0.1 (details were in Section 3) with 0.1 N NaNOs and allowed
to react for 1min to 36 h. The concentrations of Cu?* ions before
and after adsorption were measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES).

3. Results and discussion
3.1. Characterization of nano-STO and nano-BTO

Fig. 1 shows the XRD pattern of nano-STO and nano-BTO. They
both have a cubic perovskite structure with a polycrystalline phase,
which is in agreement with the data given in JCPDS card. No peaks
of impurities could be detected. Moreover, the strong and sharp
diffraction peaks of the sample indicate that well-crystallized nano-
STO or nano-BTO crystals can be easily obtained using the synthetic
parameters.

The morphology and particle size of the nano-STO and nano-BTO
were investigated by TEM, as shown in Fig. 2. The crystal shape of

the nano-STO is square, and that of nano-BTO is irregular. Both of
the nanoparticles are polycrystalline aggregates. The particle size
range around 40-80nm for nano-STO and 50-100 nm for nano-
BTO, which indicates nano-STO has a smaller particle size than that
of nano-BTO.

The absorbance of the UV-Vis diffuse reflectance spectrum for
the nanoparticles is shown in Fig. 3(a). From the pattern, we can
calculate the band gap using the equation, Eg (eV)=1240/\ (nm).
Band gap (Eg) of nano-STO and nano-BTO are estimated to be
approximately 3.35eV and 3.28 eV, respectively, which implies
that photocatalytic properties may exist under UV-light irradiation.
Fig. 3(b) shows the photocatalytic activity of the nanoparticles. The
efficiency of photocatalytic degradation on M.B. is 11% for nano-
STO and 13% for nano-BTO within the first 30 h. Compared with the
TiO,, it is observed that the photocatalytic efficiency of BTO or STO
nanoparticles is third of TiO,. It suggests that the photocatalytic
activity of BTO or STO nanoparticles is not bad. With continued
development, this kind of nanomaterials have potential to be com-
mercial photocatalysts.

It is known that the size of nanoparticles has significant effects
on the photocatalytic properties due to the variation of surface
area, number of active sites and so on [30,31]. The smaller par-
ticle size of nanoparticles would induce to a larger surface area
(more active sites) to enhance the photocatalytic activity. More-
over, the band gap energy is also correlated to the photocatalytic
activity [32]. The lower band gap has a positive effect on the photo-
catalytic activity because lower source energy is needed to arouse a
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Fig. 1. XRD pattern of nano-SrTiO3 and nano-BaTiOs.
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Fig. 2. TEM image of (a) nano-STO and (b) nano-BTO.

photocatalytic reaction [33]. It means less energy is needed to acti-
vate the nanoparticles to generate excited electron/hole pairs and
then induce photocatalytic reactions. In this study, the particle size
of nano-BTO is a little larger than nano-STO, however, the result
of band gap is on the contrary. It suggests that the higher photo-
catalytic 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
TiO,, it has the lowest band gap and the smallest particle size among
them, thus, it has the best photocatalytic efficiency.

3.2. Batch adsorption results

3.2.1. Time effect of Cu(ll) adsorption

The rate of Cu?* adsorption onto the nanoparticles was studied
by using batch experiments of varying durations. The concentra-
tion variation of Cu?* adsorbed onto nano-STO and nano-BTO from
solutions of various initial Cu?* concentrations is plotted as a func-
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tion of the reaction time in Fig. 4. It is observed that Cu?* removal
increases with time. Moreover, the adsorption efficiency is greater
for solutions with lower initial Cu?* concentrations.

In Fig. 5, the adsorption of Cu(Il) on nano-BTO increases grad-
ually with increasing pH at pH <5.0, then increases abruptly at
pH 6.0, which is due to the onset of precipitation of copper ions
as Cu(OH), and not due to adsorption (this is also proved by the
Cu(OH), solution at pH 6.0 without the addition of BTO nanoparti-
cles). Therefore, the pH of 5.2 + 0.1 is chosen as the optimum value
for further experiment to avoid the Cu(OH), precipitation (Cu2*
speciation occurred predominantly as the Cu(Il) aqueous cation at
pH<6.0). It is clear that the pH of the solution plays an impor-
tant role on the adsorption of Cu(Il) onto BTO nanoparticles and
the maximum Cu(Il) removal is at pH~ 5.0, which is agreed with
many literature [34-37]. The value of pHp,c (point of zero charge)
of nano-BTO is about pH 12.2 4 0.1. This means that the more acidic
the condition the more positive is the surface charge of the adsor-
bent. It indicates that the adsorption of Cu(Il) may be attributed to
ion exchange between Cu?* and H* on the ion exchange sites at
pH <5.0.

3.2.2. Adsorption kinetics

The kinetic mechanism is important in adsorption processes
because it determines the uptake rate and controls the resid-
ual time of the entire process. Various kinetic models have been
suggested for the adsorption process, and two well-known mod-
els, pseudo-first-order [38] and pseudo-second-order [39] models,
were selected in this study. The pseudo-first-order equation is the
most widely used rate equation for the sorption of a solute from a
liquid solution and is commonly represented by
dq:

dt

where k; is the rate constant of the pseudo-first-order model; g,
the amount of solute adsorbed on the adsorbent at time t; and qe,
the amount of solute adsorbed on the adsorbent at the equilibrium
state. q; can be written as follows:

_G-G
==

= k1 (qe — q¢),

qt

Here C; is the Cu?* concentration at time t; C, the Cu?* initial con-
centration; and ms, the mass of the adsorbent. The concentration
of the solute varies with time according to

1—mgqe

_ _ Msqe —kqt
(CG—Cy) = 7&) + 7(‘0 x e

The pseudo-second-order equation can be expressed as follows:
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Fig. 3. (a) Diffuse reflectance spectra and (b) the photocatalytic activity of nano-STO and nano-BTO.
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Fig. 4. Effect of initial Cu®* concentration on adsorption efficiency of Cu?* onto (a) nano-SrTiO; and (b) nano-BaTiOs; with time. The solid lines are the fitting of pseudo-first-

order model.
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Fig. 5. The pH effect on adsorption efficiency of Cu?* onto nano-BaTiO3 with time.

where k, is the rate constant of the pseudo-second-order
model.

The experimental data were fitted to the pseudo-first-order
and pseudo-second-order equations (Fig. 6). It shows that the
pseudo-first-order model is more suitable, which suggests that
the adsorption of Cu?* onto nano-STO and nano-BTO follows
pseudo-first-order kinetics (Fig. 4). The adsorption rate constant
is 0.0036 and 0.0039 1/min, and the adsorption capacity is 54.33
and 29.65 mg/g with Cu%* concentration of 2.0 ppm for nano-STO
and nano-BTO, respectively. This indicates that nanoparticles do
not have a fast Cu?* adsorption rate, but it has a considerably large
adsorption capacity.

3.2.3. Adsorption isotherm

The adsorption isotherm is essential for the research of an
adsorption process. Numerous isotherm equations have been
reported, and two major isotherms, the Langmuir, and Fre-
undlich isotherms [40], are tested to fit the experimental data.
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Table 2
The Cu?* adsorption parameters calculated using Langmuir and Freundlich
equations.

Nanoparticle Langmuir equation Freundlich equation

Nano-STO qm =370.37 (mg/g) n=3.60
k. =0.48 (min~1) kp=9.88 (mg/g) (mg~1)™"
R%=0.99 R2=0.97

Nano-BTO gm =200.0 (mg/g) n=4.59
k=022 (min~1) kp=8.53 (mg/g) (mg~1)™"
R%2=0.99 R%2=0.96

The Langmuir isotherm has been successful in application to lots
of adsorption processes which supposes adsorption occurred to
homogeneous sites in the absorbent. It can be expressed as follows:

QkL Ce

9 =17k

where Q is the adsorption capacity corresponding to form a com-
plete monolayer and k; is the Langmuir constant.

The Freundlich isotherm, which is empirical for heterogeneous
surface energy, is in the form:

(e = kFCe]/n
where kr is the extent of the adsorption and n the degree of non-
linearity between Cu?* concentration and adsorption.

Fig. 7 displays a comparison of the fitting of the experimental
data with Langmuir and Freundlich adsorption isotherms. It sug-
gests that the Langmuir model is more suitable in simulating the
adsorption isotherm of Cu?* onto nano-SrTiOs; and nano-BaTiOs.
The related parameters have been summarized in Table 2. It is
observed that the correlation coefficients (R?) of Langmuir model is
higher than the Freundlich’s, which means the adsorption belongs
to the monolayer adsorption. Moreover, the maximum adsorption
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Fig. 6. Comparison of the fitting of experimental data (Cu?* adsorption onto nano-STO and nano-BTO) with kinetic models of (a) pseudo-first-order (PFO), and (b) pseudo-
second-order (PSO). Experimental conditions: initial Cu?* concentration, 2.0 ppm; mass of adsorbent, 0.03 g; pH 5.2 + 0.1,0.1 N NaNOs; agitation speed, 100 rpm; temperature,

25°C.
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Fig. 7. The comparison of the fitting of the experimental data with the adsorption isotherms of (a) Langmuir and (b) Freundlich equations.

capacity was 370.4 mg/g and 200.0 mg/g for nano-SrTiO3 and nano-
BaTiOs, respectively. Using the value of Langmuir constant (k;) and
the equation: AG=—RT In k;, the apparent free energy (AG) of
Cu?* adsorption on the nanoparticles can be calculated. The AG
is —14.97 kJ/mol for nano-STO and —13.07 kJ/mol for nano-BTO,
which the negative value of AG confirms that the Cu2* adsorption
onto the nanoparticles is a spontaneous process.

It has been reported that the maximum Cu(ll) adsorption
capacity of zeolite, diatomite, acid-activated kaolinite, and acid-
activated montmorillonite are 6.99-15.25, 2.86-5.72, 4.3-5.6, and
25.5-28.0 mg/g, respectively [41,42]. Moreover, a maximum Cu2*
adsorption capacity of the manganese oxide coated zeolite is
4.31-9.99 mg/g[43]. There are also some arsenic adsorption studies
with nanoparticles, and their maximum adsorption capacity (qm)
does not exceed 50 mg/g [44,45]. In comparison, it is clear that g,
values of nano-STO and nano-BTO are superior to the mentioned
values. The underlying mechanism is explained as follows. When
pH <pHzpc (12.2) of nano-BTO or nano-STO, the surface is proto-
nated (positively charged surface). It can be expected that there is
no Cu(Il) adsorbed on the nano-perovskites because the electro-
static repulsion. However, a certain amount of Cu2* ions were still
adsorbed on perovskite nanoparticles. In this case, ion exchange is
anticipated to play a role in the following:

MOH + Cu?t & MOCu* +H*

2(MOH) + Cu?t & (MO),Cu + 2H*

where M means Ba/Sr or Ti ions.

Besides, the pH of the solution is found to slightly decrease after
adsorption (from 5.2 to 4.6). This is because more hydrogen ions
were replaced by adsorbed copper ions and then released from the
adsorbent surface to the solution, which is also consistent with the
principle of ion exchange.

Another factor should be considered. The adsorption of Cu(Il)
maybe also attributed to surface complexation. The reaction of Cu2*
ions with BTO or STO involves bond formation of surface complexes
with metal ions as follows:

MO~ + Cu?t & MOCu™*

M-OH(H,0) + Cu®** & M-(H,0)0-Cut +H*

Therefore, we speculate that the mechanism of adsorption of
Cu(Il) onto nano-perovskites could be due to the ion exchange
and surface complexation. Consequently, the maximum adsorp-
tion capacity of nano-perovskites is better than the other reported
references.

To sum up, the photocatalysis and adsorption functions of
nano-STO or nano-BTO give the compounds great potential for
applications in environmental remediation if it can be sufficiently
developed.

4. Conclusion

Nano-STO and nano-BTO exhibit some photocatalytic activity
and possess a high adsorption capacity for Cu2* ions. The adsorption
efficiency of CuZ* is time dependent, and the adsorption capacity
increases with time. The photocatalytic and adsorption proper-
ties of the nanoparticles are quite attractive and indicative of their
high potential. On the basis of the results obtained in this study,
we believe that synthetic nano-STO and nano-BTO can be used for
removing Cu?* from aqueous solutions, and this technique can be
exploited for environment remediation. Furthermore, we believe
that with continued research and development, this kind of nano-
material can be employed in various environmental remediation
applications.
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