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Zirconia-supported LaCoO3 perovskite (LaCoO3/ZrO2 (LCZ)) is prepared and adopted for the first time as a
heterogeneous catalyst for activating Oxone to degrade organic pollutants. The resulting LCZ exhibits a
significantly higher surface area (i.e., 10 times) than bulk LaCoO3 powder as nanoscale LaCoO3 particles
were easily afforded on the surface of ZrO2 support. As Rhodamine B (RB) decolorization is selected as
a model test to evaluate catalytic activity for activating Oxone, LCZ showed a much higher catalytic activ-
ity to activate Oxone than LaCoO3 even though LCZ contained only 12.5 wt% of LaCoO3. LCZ-activated
Oxone also remained effective for RB decolorization even in the presence of salts and other organic con-
taminant. The mechanism of RB decolorization by LCZ-activated Oxone was revealed and involved sulfate
radical and other reactive oxygen species. The mechanism of Oxone activation by LCZ could be owing to
both La3+ and Co3+ of LCZ. LCZ was recycled to activate Oxone for RB decolorization over multiple times
without loss of catalytic activity. These results demonstrate that LCZ is a promising LaCoO3-based
nanocomposite as a heterogeneous catalyst for activating Oxone to degrade organic pollutants.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Advanced oxidation processes (AOPs) represent one of the most
extensively employed approaches to degrade organic contami-
nants in wastewater treatments [1]. In AOPs, high-oxidation-
potential radicals, such as OH� and SO4

��, are generated and used
to attack organic molecules. To date, many techniques have been
intensively developed to generate OH�, for instance, the Fenton’s
reaction [2]. Nevertheless, processes for obtaining SO4

�� are also
attractive owing to the comparable or even higher oxidation
potential of SO4

�� than OH� [3]. The SO4
�� also exhibits a high degra-
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dation selectivity towards aromatic/unsaturated chemical struc-
tures with a relatively short half-life compared to OH� [3].

To obtain SO4
��, Oxone (i.e., potassium peroxymonosulfate) is the

most common source. Nevertheless, the self-decomposition of
Oxone is quite slow and thus treatments are required to activate
Oxone for generation of SO4

��. While many treatments have been
developed to activate Oxone, including thermal, acoustic, irradia-
tive treatments as well as usage of catalysts, usage of catalysts
are much favorable in view of continuous energy consumption
by other above-mentioned treatments [4]. Therefore, many non-
metallic catalysts (e.g., amorphous boron [5], graphene [6], carbon
sphere [7], nitrogen-doped graphene [8,9]) and metal oxides (e.g.,
cobalt [10], copper [11], iron [12], and manganese oxides [13])
have been proposed to activate Oxone. As metal oxides are proven
as useful catalysts for Oxone activation, perovskite-type metal oxi-
des are particularly intriguing and promising as heterogeneous cat-
alysts to activate strong oxidants in AOPs because perovskite-type
metal oxides exhibit high stability under aggressive conditions and
relatively high degree of stabilization of transition metals in their
oxidation states, as well as oxygen mobility within perovskites
[14]. These characteristics have enabled perovskites useful cata-
lysts for activating H2O2 [14], persulfate [15] and Oxone [16–18].
Nevertheless, the perovskites used in these AOPs are typically bulk
powders with relatively low surface areas because perovskite par-
ticles tend to pack closely [14], limiting catalytic activities of per-
ovskites. For example, Lanthanum (La)-based perovskites, the
most common type of perovskite, exhibit surface areas smaller
than 6 m2 g�1 [14]. Even though surface areas of these La-based
perovskites can be improved, a complex hard-templating method
must be implemented in order to prepare hollow La-based per-
ovskites [19]. Thus, it is still necessary to develop a simple-to-
prepare and highly efficient perovskite for activating Oxone. As
catalysis primarily involves surface functionalities of catalysts, it
is more practical to prepare substrate-supported perovskites. Via
immobilizing nanoscale perovskites on porous supports can also
increase surface areas of catalysts. Moreover, to our knowledge,
this type of supported perovskites has not been investigated for
activating Oxone. Thus, in this study, we propose to develop a
substrate-supported perovskite as a heterogeneous catalyst for
activating Oxone. As La-based perovskites are the most common
perovskites, LaCoO3 is selected as a representative La-based per-
ovskite because Co is proven as the most effective metal for acti-
vating Oxone [4,20]. To support LaCoO3, zirconia (ZrO2) is
particularly adopted because ZrO2 remains highly stable under oxi-
dizing and reducing atmospheres, and possesses both acid and
base properties, making ZrO2 as a promising support [21]. While
Al2O3 is another typical support, Al2O3 is shown to react with
loaded catalysts, forming new compounds. However, ZrO2 does
not form such compounds; therefore it does not interfere with cat-
alytic processes [21]. A previous study has indicated that ZrO2 is
the most suitable support for perovskites for oxidative reactions
in comparison with Al2O3 and SiO2 [22]. ZrO2 is also shown to be
more advantageous than anther common support, TiO2, because
TiO2 is reducible under the reduced pressure or in the reducing
environment. In contrast, ZrO2 is highly stable under those condi-
tions and even under the photo irradiation [21]. ZrO2 is also shown
to facilitate the formation of nanoscale functionalities on its sur-
face and also to stabilize these resulting nanoparticles, avoiding
migration, aggregation and sintering of these nanoparticles during
catalytic reactions [23]. Thus, even though ZrO2 seems more
expensive compared to Al2O3 and SiO2, ZrO2 is still a more promis-
ing support for perovskites.

Decolorization of a toxic dye (Rhodamine B (RB)) by sulfate rad-
icals from activation of Oxone by the as-prepared LaCoO3/ZrO2

(LCZ) is employed as a model test. Activation of Oxone by LCZ
under various conditions is examined via investigating different
effects on RB decolorization behaviors, including LCZ and Oxone
concentrations, temperature, pH, and co-existing compounds.
Mechanisms of RB decolorization by LCZ-activated Oxone and acti-
vation of Oxone by LCZ are also revealed. Recyclability of LCZ is
evaluated to investigate whether LCZ perovskites can be re-used.
2. Experimental

2.1. Preparation and characterization of LaCoO3/ZrO2 (LCZ)

To prepared LaCoO3/ZrO2 (LCZ), the porous ZrO2 support was
first synthesized hydrothermally based on literatures [23]. The
resulting ZrO2 powder (1.5 g) was added to 10 mL of glycine solu-
tion (1 M) containing equimolar La(NO3)3 and Co(NO3)2 (i.e., 0.1 M)
[14,24]. The mixture was stirred and maintained at 60 �C for 12 h
to yield a sol-like solution, which was subsequently evaporated
to remove water and then calcined at 600 �C for 2 h in air to obtain
LaCoO2/ZrO2 (LCZ). LaCoO3 (without ZrO2 support) was also pre-
pared for comparison using the aforementioned procedure in the
absence of ZrO2.

The as-synthesized perovskites were first characterized by
scanning electronic microscopy (SEM) (JEOL JSM-6700, Japan)
equipped with Energy-dispersive X-ray spectroscopy (EDS)
(Oxford Instrument, UK) for their morphologies. XRD patterns of
perovskites were measured using an X-ray diffractometer (Bru-
ker D8 Discover, USA). Surface areas of perovskites were deter-
mined using a volumetric gas sorption analyzer (Quantachrome
AutoSorb IQ, USA).

2.2. Activation of Oxone by LaCoO3/ZrO2 (LCZ) perovskite

To evaluate catalytic activity of LCZ for activating Oxone to gen-
erate sulfate radicals, decolorization of RB dye by radicals was
selected as a model test. In brief, 20 mg of Oxone was first dis-
solved in 0.2 L of RB solution with an initial concentration (C0) of
10 mg L�1 and then 20 mg of LCZ powder was also added to the
RB solution. Sample aliquots were withdrawn from the RB solution
at pre-set times and the remaining concentration of RB at a reac-
tion time t (Ct) was measured using an UV–Visible spectropho-
tometer. Activation behaviors of Oxone by LCZ under different
conditions were investigated via examining effects of catalyst/
Oxone concentration, temperature (10, 30, 40 and 60 �C), pH (3,
5, 7, 9 and 11), salts (NaF and NaCl), surfactant (sodium dodecyl
sulfate (SDS)) and radical quenchers (i.e., ascorbic acid, tert-butyl
alcohol (TBA) and methanol). Recyclability of perovskites for acti-
vating Oxone was tested by using recycled LCZ for decolorization
over multiple cycles. The leaching out of metals from LCZ was
determined by ICP-OES (Perkin Elmer Optima 8000, USA).
3. Results and discussion

3.1. Characterization of perovskites

As mentioned in the introduction, typical La-based perovskites
appear to be non-porous and closely-packed granules with very
low surface areas. Thus, the morphology of LaCoO3 is first revealed
as a reference in Fig. 1(a). One can note that LaCoO3 particles are a
few hundred nanometers and closely-packed, leading to a rela-
tively flat surface. As a result, the surface area is determined
merely 6.2 m2 g�1 (Table S1). However, when ZrO2 support was
employed, fine particles of LaCoO3 can be easily afforded on ZrO2

surface as shown in Fig. 1(b) [23]. Some holes with a size of
�500 nm can be easily noticed on the surface of LCZ, attributed
to the porosity of ZrO2 support. A closer view of LCZ (Fig. 1(c)) dis-
plays that the resulting LaCoO3 particles on ZrO2 support were
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Fig. 1. Morphologies of (a) LaCoO3, (b) and (c) LaCoO3/ZrO2 (LCZ) under different magnifications, (d) EDS analysis of LCZ, (e) image of LCZ sample selected for mapping, and
(f)–(i) mapping results of constituent elements.
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Fig. 2. XRD of (a) LaCoO3/ZrO2 (LCZ), (b) LaCoO3, and (c) ZrO2.
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extremely small with sizes of a few ten nanometers. Therefore, LCZ
can exhibit a relatively high surface area as 62.5 m2 g�1, which is
10 times higher than that of the bulk LaCoO3 powder.

To further ensure the formation of LaCoO3 on ZrO2 support, an
element mapping analysis of LCZ was conducted as shown in
Fig. 1(d)–(h). Fig. 1(e) reveals that the area selected in Fig. 1(d) con-
tains a very high concentration of Zr. Fig. 1(f) also reveals a very
high concentration of O in LCZ. The presence of Zr and O all over
the selected area confirms that the matrix of LCZ was ZrO2. Fig. 1
(g) and (h) validates the existence of La and Co on the surface of
ZrO2; the concentrations of La and Co are less than Zr and O. The
EDS spectrum and chemical composition of LCZ are summarized
in Fig. 1(i), showing that fractions of La and Co in LCZ are indeed
smaller than ZrO2. However, La and Co both accounted for 3.4 at.
% of LCZ, validating the formation of LaCoO3 on ZrO2 as La and Co
are equimolar. The fraction of LaCoO3 in LCZ can be then estimated
as 12.5 wt%.

The formation of LaCoO3 can be also revealed via XRD analyses.
Fig. 2 shows XRD patterns of LCZ, LaCoO3 and ZrO2. The XRD pat-
tern of ZrO2 displayed in Fig. 2(c) can be readily indexed to the
monoclinic ZrO2 according to JCPDS 37-1484. In addition, the peaks
shown in Fig. 2(b) can be indexed to rhombohedral LaCoO3 per-
ovskite (JCPDS 48-0123) [25]. The pattern in Fig. 2(a) reveals that
the main pattern of LCZ was still ZrO2; however a few signature
peaks of LaCoO3 can be still observed in LCZ, confirming the pres-
ence of LaCoO3 in LCZ. The surface chemistry of LCZ was also deter-
mined using XPS to reveal core-level spectra of major constituents
(i.e., La, Co, O and Zr) in LCZ. Fig. 3(a) shows two significant dou-
blets located in the ranges of 830–840 eV and 847–857 eV, corre-
sponding to La 3d5/2 and La 3d3/2. Specifically, the peaks at 833.6,
837.7, 850.5 and 854.6 eV all can be assigned to La3+, validating
that the valence state of La in LaCoO3 is La3+ [26]. In the Co 2p
core-level spectrum (Fig. 3(b)), two noticeable peaks around 780
and 795 eV can be observed, corresponding to Co 2p3/2 and Co
2p1/2. These two peaks can be attributed to Co3+, confirming the



Co3+

Binding Energy (eV)
780790800

In
te

ns
ity

 (a
.u

.) Co 2p1/2

Co 2p3/2

Co3+

Co 2p

Binding Energy (eV)
524526528530532534

In
te

ns
ity

 (a
.u

.)

O 1s

Olatt

Oads

Binding Energy (eV)
830840850860870

In
te

ns
ity

 (a
.u

.)

La 3d
La 3d5/2

La 3d3/2

Sat.

Binding Energy (eV)
176178180182184186

In
te

ns
ity

 (a
.u

.)

Zr 3d Zr 3d5/2

Zr 3d3/2

(a) (b)

(c) (d)

Fig. 3. XPS core-level spectra of LaCoO3/ZrO2(LCZ): (a) Co 2p, (b) O 1s, (c) La 3d and (d) Zr 3d.
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valence state of Co3+ in LaCoO3. On the other hand, Fig. 3(c) shows
O 1s core-level spectrum, in which two peaks located at 528.8 eV
and 530.4 eV, derived from the surface lattice oxygen (Olatt) and
the surface adsorbed oxygen (Oads), respectively [19]. The Zr 3d
core-level spectrum can be seen in Fig. 3(d); two significant peaks
can be detected at 181.6 and 183.9 eV, both corresponding to Zr4+

in ZrO2, validating the formation of ZrO2.
3.2. Roles of LCZ and Oxone in RB decolorization

Before evaluating catalytic activity of LCZ for activating Oxone,
it is necessary to reveal whether RB could be decolorized via
adsorption to LCZ. Fig. 4(a) shows that almost no RB was decol-
orized in the presence of LCZ, indicating that LCZ did not exhibit
affinities toward RB in water. Fig. 4(a) also displays RB decoloriza-
tion in the presence of Oxone alone. While RB was indeed decol-
orized, Ct/C0 merely approached 0.75 after 60 min, demonstrating
that Oxone without activation by catalysts could not generate suf-
ficient sulfate radicals to decolorize RB. Nevertheless, once LCZ was
combined with Oxone, RB was decolorized rapidly and Ct/C0
reached zero at 60 min. As LCZ and Oxone were incapable of decol-
orizing RB individually, this result suggests that LCZ can activate
Oxone and generate sulfate radicals efficiently. Fig. 4(a) also shows
RB decolorization by LaCoO3-activated Oxone, which was able to
activate RB as Ct/C0 also reached zero at 60 min. However, the
decolorization kinetics obtained using LCZ is faster than that
obtained using LaCoO3, revealing that LCZ is more advantageous
than bulk LaCoO3 powder. Especially, as LCZ consisted of only
12.5 wt% of LaCoO3, LCZ appears to be a promising and highly-
efficient catalyst for activating Oxone, possibly owing to its rela-
tively high surface compared that of bulk LaCoO3. To further quan-
titatively compare decolorization kinetics, the pseudo first order
rate law is adopted to analyze the kinetics as follows (Eq. (1)):
Ct ¼ C0 expð�k1tÞ ð1Þ
where k1 is the pseudo first order rate constant. k1 value obtained
using LaCoO3-activated Oxone is 0.060 min�1 (Table 1), whereas
k1 obtained using LCZ-activated Oxone is 0.171 min�1, validating
that LCZ is a much effective catalyst to activate Oxone than LaCoO3.

To verify roles of LCZ catalyst and Oxone during RB decoloriza-
tion, we further examined various concentrations of LCZ and
Oxone. Fig. 4(b) displays RB decolorization using various concen-
trations of Oxone activated by a fixed amount of LCZ. At
Oxone = 25 mg L�1, the RB decolorization was quite limited as Ct/
C0 was not even below 0.6. Once Oxone increased to 50 mg L�1,
RB decolorization was substantially improved as Ct/C0 approached
0.2. When Oxone concentration was further raised to 100 mg L�1,
RB was almost fully decolorized. The k1 value also changed consid-
erably from 0.009 to 0.171 min�1 as Oxone increased from 25 to
100 mg L�1. These analyses indicate that a sufficient dosage of
Oxone is required to generate enough sulfate radicals for rapid
and complete decolorization. On the other hand, the concentration
of LCZ was varied from 50 to 200 mg L�1; the corresponding RB
decolorization extents at equilibrium were interestingly compara-
ble (Fig. 4(c)). This suggests that a relatively low amount of LCZ is
needed to achieve full decolorization as LCZ plays a catalytic role
during RB decolorization by Oxone. The k1 value also increased
from 0.109 to 0.350 min�1 as LCZ changed from 50 to 200 mg L�1,
validating the catalytic role of LCZ.
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Table 1
The pseudo first order rate constants of RB degradation by LaCoO3/ZrO2(LCZ)-activated Oxone under various conditions. (C0 of RB = 10 mg L�1).

Conditions The pseudo first order rate
constant

LaCoO3/ZrO2 (LCZ) (mg L�1) Oxone (mg L�1) Temp. (�C) pH Additive k1 (min�1) R2

100 (LaCoO3) 100 30 5 � 0.060 0.995
100 100 30 5 � 0.171 0.9926
200 100 30 5 � 0.350 0.990
50 100 30 5 � 0.109 0.994
100 25 30 5 � 0.009 0.921
100 50 30 5 � 0.069 0.950
100 100 10 5 � 0.070 0.982
100 100 40 5 � 0.457 0.991
100 100 60 5 � 1.427 0.992
100 100 30 3 � 0.042 0.996
100 100 30 7 � 0.029 0.989
100 100 30 9 � 0.011 0.994
100 100 30 11 � 0.001 0.720
100 100 30 5 NaF 0.172 0.990
100 100 30 5 NaCl 0.171 0.996
100 100 30 5 SDS 0.172 0.994
100 100 30 5 TBA 0.171 0.992
100 100 30 5 Methanol 0.021 0.964
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3.3. Effects of temperature and pH on RB decolorization by LCZ-
activated Oxone

To further investigate behaviors of Oxone activation by LCZ, RB
decolorization was conducted at various conditions. First, solution
temperature was changed to 10, 30, 40 and 60 �C to examine the
effect of temperature. Fig. 4(d) shows that RB decolorization at
10 �C was not complete as Ct/C0 reached merely 0.2. Nevertheless,
Ct/C0 can approach zero in 60 min when temperature increased to
30 �C, whereas it reached zero in 20 min at 40 �C and in 10 min at
60 �C. The k1 values obtained at 10, 30, 40 and 60 �C are 0.071,
0.171, 0.457 and 1.427 min�1, respectively. These results reveal
that the increase in temperature not only influenced decolorization
extent but also the degradation kinetics considerably. In view of
faster decolorization kinetics at elevated temperatures, we further
correlated rate constants to temperatures via the Arrhenius equa-
tion as follows (Eq.(2)):

lnk1 ¼ lnA� Ea=RT ð2Þ

where Ea represents the activation energy (Ea, kJ mol–1); A denotes
the pre-exponential factor (min–1); R means the universal gas con-
stant; and T denotes temperature (K). Based on Eq. (2), a plot of 1/T
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vs ln k1 of RB decolorization by LCZ-activated Oxone is displayed in
Fig. S1 (see ESIy), in which the data points are well fit by linear
regression with R2 = 0.975. This evidences that rate constants of
RB decolorization by LCZ-activated Oxone at various temperatures
can be estimated by Arrhenius equation. The slope of the fitting line
is then adopted to calculate the activation energies (Ea) as
47.8 kJ mol�1.

Moreover, the RB decolorization was also evaluated at different
pH to investigate LCZ-activated Oxone under acidic, neutral and
alkaline conditions. Fig. 5(a) shows RB decolorization by LCZ-
activated Oxone at pH = 3, 5, 7, 9 and 11, revealing that the effect
of pH was significant on both decolorization extent and kinetics.
As pH was 5 in the case of no pH adjustment, RB was almost fully
decolorized at 60 min. Once pH became 3, the RB decolorization at
equilibrium still approached zero at 60 min. Nevertheless, the
decolorization kinetics was considerably slowed as k1 changed
from 0.171 to 0.042 min�1 when pH decreased from 5 to 3. This
is because Oxone is much more stable under relatively acidic con-
ditions, leading to slower activation of Oxone [27]. In contrast,
once pH was increased from 5 to 7 by adding OH�, the correspond-
ing Ct/C0, even though approaching zero at equilibrium, proceeded
quite slowly with k1 = 0.0029 min�1. Catalytic activation of Oxone
can be generally formulated as follows (Eq. (3))

HSO�
5 !catalysts

CO3þ þ SO��
4 þ OH ð3Þ

Thus, the presence of OH� could hinder the transformation of
Oxone to sulfate radicals [27–29]. This adverse effect became even
more pronounced at pH = 9 and 11 with k1 = 0.011 and 0.001 min�1,
respectively. During the activation of Oxone, peroxymonosulfate
anion (SO5

�) is possibly converted to peroxymonosulfate radical
(SO5

� ), which can further evolve to sulfate radicals (SO4
� ) as follows

(Eq.(4)):
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2SO��
5 ! 2SO��

4 þ O2 ð4Þ

When a high concentration of OH� is present in RB solutions, OH�

could be deposited on LCZ surface. Therefore, the approach of SO5
��

to LCZ surface might be restrained, thereby diminishing the forma-
tion of SO4

�� and leading to incompetent RB decolorization [30].
In addition, the variation of pH during the RB degradation by

LCZ-activated Oxone under the typical experimental condition
without adjustment of initial pH had been also measured
(Fig. S2). The pH slightly and gradually decreased from 5 to 4.4
because of the resulting sulfate ions derived from Oxone activation.
Even though pH was reduced because of sulfate ions, the variation
of pH in fact remained quite similar over the curse of Oxone
activation.
3.4. Effects of co-existing compounds and radical scavengers on RB
decolorization by LCZ-activated Oxone

As Oxone is commonly adopted for degrading organic contam-
inants of wastewater, it is also essential to investigate how other
co-existing compounds (e.g., salts and organic surfactants) present
in wastewater affect activation of Oxone. NaCl was thus selected as
a typical salt for evaluating its effect. Fig. 5(b) reveals that the pres-
ence of NaCl with an equivalent concentration as RB did not notice-
ably influenced RB decolorization on both decolorization extent
and kinetics (i.e., k1 remained as 0.171 min�1). Even though a more
reactive salt, NaF, was used, the RB decolorization remained almost
the same (k1 = 0.172). These results suggest that the presence of
salts did not significantly affect activation of Oxone for RB decol-
orization. On the hand, as surfactants are easily present in wastew-
ater, we selected SDS, an extensively-used anionic surfactant, for
evaluating the effect of co-existing organics on Oxone activation.
Nevertheless, the RB decolorization remained almost unchanged
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even in the presence of SDS (k1 = 0.172 min�1), indicating that LCZ-
activated Oxone remained effective even with other co-existing
compounds.

Moreover, specific radical scavengers were also evaluated for
their inhibitive effects and for revealing the mechanism of RB
decolorization by LCZ-activated Oxone. Ascorbic acid was first
evaluated and added to RB solutions (Fig. 5(c)); the RB decoloriza-
tion was completely inhibited. As ascorbic acid is a typical radical
scavenger for reactive oxygen species, the complete inhibition
indicates that RB indeed involved reactive oxygen species. In addi-
tion, since sulfate radicals can react with water to result in hydro-
xyl radicals (OH�) as follows [31] (Eq. (5)):

SO��
4 þH2O ! SO2�

4 þ OH� þHþ ð5Þ
Therefore, it would be necessary to study whether OH� also partic-
ipated in RB decolorization by LCZ-activated Oxone. To this end,
TBA was particularly adopted as it is an OH�-specific scavenger.
However, Fig. 5(c) reveals that RB decolorization by LCZ-activated
Oxone in the presence of TBA was almost the same to that in the
absence of any scavengers, demonstrating that the contribution of
OH� for RB decolorization was insignificant. On the other hand,
another radical scavenger, methanol, was further employed as it
is a scavenger for both OH� and SO4

��. Fig. 5(c) shows that the pres-
ence of methanol indeed inhibited RB decolorization substantially
as Ct/C0 merely approached 0.35 and k1 decreased to 0.021 min�1.
Nevertheless, the inhibitive effect of methanol was as significant
as that of ascorbic, indicating that other reactive oxygen species
might be also involved. A previous study has reported that Oxone
activation not only produces SO4

�� but also induces the generation
of HO2

� , O2
� , and 1O2 [32]. Thus, these results of radical scavengers

suggest that the RB degradation by LCZ-activated Oxone can be
attributed to SO4

�� as well as the induced reactive oxygen species
(i.e., HO2

� , O2
� , and 1O2).

3.5. The activation mechanism of LCZ to activate Oxone

In addition, we also studied the mechanism for activation of
Oxone by LCZ. Since LCZ primarily consisted of La and Co, it is
essential to distinguish which component plays a more important
role for activating Oxone. As revealed in the XPS analysis, La ion in
LCZ is La3+. Thus, Oxone activation by La3+ was evaluated via RB
decolorization. Fig. S3 shows that La3+-activated Oxone was cer-
tainly more effective than Oxone alone, demonstrating the capabil-
ity of La3+ for activating Oxone. La3+ might react with HSO5

� to
generate sulfate radicals (SO4

��) as follows (Eqs. (6) and (7)):

La3þ@LCZþHSO�
5 ! La4þ þ SO��

4 þ OH� ð6Þ

La4þ@LCZþHSO�
5 � La3þ þ SO��

5 þHþ ð7Þ
However, the RB decolorization extent and kinetics were relatively
low and slow, respectively compared to those by LCZ-activated
Oxone. Thus, another constituent, Co3+, might also contribute to
activation of Oxone. Co3+ has been reported to react with Oxone
to generate peroxymonosulfate (SO5

� ) and sulfate (SO4
� ) radicals

through a series of reactions as follows (Eqs.(8) and (9)) [27,33–39]:

Co3þ@LCZþHSO�
5 ! Co2þ þ SO��

5 þHþ ð8Þ

Co2þ@LCZþHSO�
5 ! Co3þ þ SO��

4 þ OH� ð9Þ
Therefore, the mechanism of Oxone activation by LCZ can be attrib-
uted to Co3+ and La3+ of LCZ.

Although LCZ is employed as a heterogeneous catalyst for
Oxone activation, it is essential to investigate whether Oxone acti-
vation by LCZ involved with the leaching out of metals from LCZ.
By measuring concentrations of La, Co, and Zr ions in the end of
RB degradation using LCZ-activated Oxone, we found that only a
very small amount of La can be detected (0.09 mg L�1); however
the concentrations of Co and Zr were under detection limit. As
we have shown in Fig. S3, La3+ (100 mg L�1) was not highly effi-
cient for activating Oxone, we found that 0.09 mg L�1 of La3+ could
not activate Oxone. Thus, these results validate that the RB degra-
dation by LCZ-activated Oxone was mainly attributed to a hetero-
geneous reaction.

3.6. The recyclability of LCZ to activate Oxone

Since LCZ is developed as a heterogeneous catalyst for activa-
tion of Oxone, LCZ must be reused for multiple times without loss
of catalytic activity. Fig. 5(d) reveals that LCZ can be re-used with-
out significant loss of catalytic activity over multiple cycles,
demonstrating that LCZ can be a durable and recyclable heteroge-
neous catalyst for Oxone activation.
4. Conclusion

In this study, a zirconia-supported LaCoO3 was particularly pre-
pared as a heterogeneous catalyst for activating Oxone. In contrast
to the low surface areas of bulk LaCoO3 powder, the resulting
LaCoO3/ZrO2 (LCZ) exhibited a significantly higher surface area
(i.e., 10 times) than that of bulk LaCoO3 powder. As RB decoloriza-
tion was selected as a model test for evaluating catalytic activity of
LCZ for activating Oxone, LCZ exhibited a much higher catalytic
activity than LaCoO3 for activating Oxone to decolorize RB. LCZ-
activated Oxone also remained effective for RB decolorization even
in the presence of salts and other organic contaminant. The mech-
anisms of RB decolorization by LCZ-activated Oxone were revealed
and involved sulfate radical and other reactive oxygen species. The
mechanism of Oxone activation by LCZ could be owing to both La3+

and Co3+ of LCZ. LCZ was recycled to activate Oxone for RB decol-
orization over multiple times without loss of catalytic activity.
These findings demonstrate that LCZ is a promising LaCoO3-based
nanocomposite as a heterogeneous catalyst for activating Oxone
to degrade organic pollutants.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2017.03.004.
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