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La0.7Sr0.3MnO3 (LSMO) nanoparticles with a perovskite structure were prepared by a combination of
ultrasound and co-precipitation method. The synthesized catalyst was characterized by X-ray diffraction,
transmission electron microscopy, Fourier transform infrared spectroscopy. The catalytic performance of
the catalyst was evaluated for the degradation of 4-chlorophenol in the presence and in the absence of
ultrasound. The degradation has been studied at different temperatures, pH, catalyst dosage, and initial
concentration of 4-chlorophenol. The results have shown that the degradation efficiency was higher in
the presence of ultrasound than its absence under the mild conditions. More than 88% decrease in the
concentration and 85% decrease in the TOC for 4-chlorophenol could be achieved in a short time of son-
ication with respect to the conventional method. This behavior could be attributed to the cavitation pro-
cess which followed by a high mass transfer on the catalyst with high surface area. These conditions led
to facilitate the removal of pollutant from aqueous solution. The results also indicated that the catalyst
without recalcination can be used successfully up to five consecutive cycles without any significant loss
in activity in the presence and in the absence of ultrasound. In addition, the most important is the mag-
netic property of the nanoparticles which separated easily from aqueous solution by an external mag-
netic field.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

One of the most toxic phenolic compounds is 4-chlorophenol
(4-CP) which used in the synthesis of higher chlorinated chemicals,
dyes, drugs and pesticides [1]. 4-CP is released into the environ-
ment as a byproduct of various industries, including the
chlorinated bleaching of paper and chlorination of drinking water,
drug decay, and via industrial wastewater discharge. It imposes
serious dangers to the environment due to its high toxicity,
carcinogenic character, persistence in the environment, and low
biodegradability [2]. Hence, great attention has been paid on its
removal from the wastewater [3–5].

Available methods to deal with phenolic compounds include
activated carbon adsorption, chemical oxidation, biological diges-
tion, photocatalytic degradation, etc. [6–8]. However, these
methods have their limitations and disadvantages. In many cases,
these methods are not appropriate to use for the removal of low
levels of pollutants, or the recovery is not economically feasible
in very low concentrations [9]. Therefore, it is necessary to use ad-
vanced techniques for the removal of pollutants and their
mineralization.
ll rights reserved.
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Recently, great attention has been paid to the use of ultrasound
as one of the wastewater treatment technologies due to its greater
efficiency and easier method to operate [2,10–12]. The chemical
effects of ultrasound derive from acoustic cavitation i.e. the forma-
tion, growth and implosive collapse of cavitation bubbles in a
liquid due to localized extreme conditions [13]. But the total min-
eralization of organic pollutants by ultrasound irradiation alone, is
still a difficult task especially for persistent organic compounds. To
improve the degradation efficiency, ultrasound can be used while
coupled with other techniques [2,11,14–18]. As a result, a proper
combination can increase the degradation and decrease the pro-
cess time [14–18].

Among different catalysts, little attention has been paid to
perovskite materials (ABO3) for the destruction of organic pollu-
tants such as phenolic compounds [19–22]. They have attracted a
great interest due to its environment friendly properties. Sr-doped
LaMnO3 or LSMO is particularly of interest owing to its proper
magnetic, electric, catalytic properties, non-toxicity, ease of han-
dling, stability at very high temperatures, high resistance to disso-
lution in aqueous/organic solvents or acidic and basic media [23],
and biomedical applications [24].

Recently, the cytotoxicity of synthesized LSMO nanoparticles
has been evaluated. The result has showed that the synthesized
nanoparticles were not toxic and this is critically important for
real-world applications [24–26]. Great efforts have been made in
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Fig. 1. XRD pattern of the synthesized LSMO.
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the field of green chemistry to adopt methods that use less toxic
chemicals, less energy, and produce fewer by products [27,28].
Hence, using of combination ultrasound and catalyst (LSMO) for
pollutant degradation constitutes a very important direction in
green chemistry for environmental applications.

Different methods have been reported to prepare perovskite
materials, such as the versatile chemical technique [29], anodized
alumina oxide template [30], hydrothermal [31–33], homogeneous
co-precipitation [34], ultrasound [35]. Generally, these methods
have some disadvantages such as complexity in the procedure
[30] and long reaction time [31–33]. But, ultrasound is an easy
method to operate under mild conditions [36–42].

To the best of our knowledge, there is no report on the
p-chlorophenol degradation by a combination of ultrasound and
LSMO nanoparticles. In the present work, LSMO nanoparticles were
prepared by ultrasound and co-precipitation. The catalytic activity
of LSMO is investigated in p-chlorophenol degradation under ultra-
sound and classical methods, as well as the optimization of the
process. Its reusability was also investigated and found to be quite
stable with excellent catalytic activity even after 5 recycles. In
addition, easier workup, higher decomposition efficiency, shorter
reaction time, decrease of TOC, and magnetically recoverable can
be considered as advantageous of this study.
2. Experimental

2.1. Materials

High-purity KMnO4, KOH, MnCl2�4H2O, LaCl3�6H2O, and Sr
(NO3)2 were used as starting materials. KMnO4, Sr (NO3)2 and
LaCl3�6H2O from BDH, KOH, 4-chlorophenol from Riedel, and
MnCl2�4H2O from Merck were used without further purification.
The stock solution of 4-chlorophenol was prepared in de-ionized
water with concentration of 1000 mg L�1. These solutions were di-
luted as required to obtain the solution with specific concentration.
The required pH adjustment was done using NaOH and HCl
solutions.
2.2. Preparation and characterization of the catalyst

LSMO nanoparticles were synthesized by sonication-assisted
co-precipitation (Branson Digital sonifier, Model W-450 D, output
acoustic power 40 W, normal horn) with some changes [35]. Stoi-
chiometric amount of LaCl3�6H2O, Sr(NO3)2 and MnCl2�4H2O dis-
solved in 75 mL de-ionized distilled water in a beaker (solution
A). Then, 25 mL of solution B contains KMnO4 and KOH, is slowly
dropped into solution A under sonication. The solution was contin-
ued to sonicate at room temperature for 30 min. During sonication,
the temperature of the reaction was raised to ca. 75 �C by stopping
the circulating bath. The brown suspension was centrifuged and
then it was washed with distilled water five times. The product
was suspended in ethanol under sonication for 7 min, centrifuged
and dried at 100 �C for 1 h. The fully crystallized black LSMO nano-
particles with magnetic properties were obtained after calcination
in air at 900 �C for 1 h.

The prepared samples were characterized by X-ray diffraction
(XRD, Bruker-axs, D8 advance model), transmission electron
microscopy (Hitachi H8 100 (200 kV) equipped with ananalyzing
system EDAX Link ISIS), and Fourier transform infrared
spectroscopy (FTIR, Shimadzu 4300). The zeta potential of the
nanoparticles was determined by zetasizer (MALVERN NANO-
ZS90).

Fig. 1 shows the XRD pattern of the prepared LSMO nanoparti-
cles. All of the peaks can be identified as the LSMO perovskite
phase. It reveals that the XRD peaks in the pattern can be indexed
to the (012), (110), (104), (202), (006), (024), (214), (018),
(220), (208), (134), (128) planes for the hexagonal structure by
Celref software. This pattern indicates that the sample is fully
crystallized, and no impurity can be detected by XRD. Particle size
was calculated from the X-ray line broadening, using the Debye–
Scherrer equation. The average particle size was about 23 nm.

Fig. 2(a, b) shows the TEM of the as-synthesized samples and
Fig. 2(c, d) the calcinated samples at 900 �C. It is clearly seen from
the TEM images that the particle size increases with calcination.
Size distribution was also determined as shown by histogram in
supporting (Fig. 1S). The particles after calcination at 900 �C have
a distribution from 25 to 150 nm, with an average diameter of
72 nm. The corresponding selected area electron diffraction pat-
terns in Fig. 2(e, f) show spotty ring patterns, calcination results
in stronger spotty pattern, indicating larger particle size with
highly crystalline structure.

Fig. 2S(a) in supporting shows the infrared spectra of the syn-
thesized LSMO before calcination. The peaks at 1630 and
3500 cm�1 are related to the O–H group. The perovskite oxides
with basic properties can absorb CO2 which is slightly acidic on



Fig. 2. TEM micrograph of the as-synthesized (a, b) and calcinated (c, d) LSMO samples. SAED patterns of as-synthesized (e) and calcinated sample (f).
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the basic sites. Upon CO2 adsorption on perovskites the monoden-
tate and bidentate carbonates are formed. The peaks in the range of
1362–1546 cm�1 are ascribed to the stretching vibrations of the
carbonate groups [43]. In addition, the absorption band at 860–
900 cm�1 could be related to the CO3

2� functional group. These
bands may correspond to the carbonate impurity phase which dis-
appears after calcination at 900 �C (Fig. 2S(b)). The main absorption
band around 600 cm�1 in Fig. 2S(a, b) related to the metal–oxygen
bond, indicating the formation of the perovskite. This is due to the
change in Mn–O–Mn bond length in MnO6 octahedral [25].

2.3. Catalytic degradation

The catalytic experiments were carried out in the presence of
ultrasound with equipment operating at 20 kHz (Branson Digital
sonifier, Model W-450 D, output acoustic power 36 W, normal
horn). A total of 50 mL of 4-chlorophenol solution (50 mg/L) con-
taining nanocatalyst (0.07 g) was sonicated for 10 min in a Rosset
cell at initial pH of 2.5. The experiments without ultrasound (con-
trol method) were performed in a batch reactor with stirring at
400 rpm. The temperature was controlled by a circulating bath at
20 �C for both methods. Then, the aqueous phase was separated
from solid catalyst by Universal 320 centrifuge (Zentrifugen het-
tich), and the final concentration of the chlorophenol determined
with a UV–vis spectrophotometer (unico 2800) at 280 nm. The
pH of the samples was measured using calibrated pH meter (827
pH Lab). The total organic carbon (TOC) of the samples was deter-
mined by a TOC-V CSN analyzer (model Shimadzu).
3. Results and discussion

Preliminary experiments were carried out over LSMO sample
with the purpose of monitoring the catalytic performance for the



Fig. 3. UV absorption spectra of 4-CP solution at different times at pH = 2.5.

Fig. 4. Changes of TOC with time.
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4-CP removal in the presence of ultrasound. These experiments
were done with an initial 4-CP concentration of ca. 50 mg L�1

and 0.07 g catalyst at 20 �C. Fig. 3 shows the UV absorption spectral
changes during the degradation process. The absorption bands at
225 and 280 nm in the main sample are characteristic of the chlo-
rophenol. The absorption intensity of these bands decreases con-
tinuously and a new absorption band develops at �250 nm. This
band has been associated to the formation of cyclic intermediate.
But, the concentration of this intermediate is very low and van-
ishes at longer times. The intermediate might be related to the
benzoquinone that has an absorption band at �248 nm [44]. The
structure of intermediate was confirmed by the UV absorption
spectra of benzoquinone solution at different pH (Fig. 3S in
supporting).

For considering the fate of degradation, the solid and liquid
phases should be checked for the final products of degradation.
Fig. 4S in supporting shows the FTIR spectra of LSMO before and
after contact with solution containing 4-CP. There is no difference
between the two spectra (a and b). This means that 4-CP does not
adsorb on the surface and the byproducts cannot be observed on
the nanoparticle’s surface too.
For checking the aqueous phase, Fig. 4 shows the total organic
compound (TOC) of the solution at different interval times. A
reduction of 85% of TOC under ultrasound and 58% in conventional
method were obtained in 10 min. This reduction confirmed the low
concentration of intermediate after treatment of the solution. In
addition, the chloride ion formed via the degradation of 4-CP in-
creases with time (Fig. 5S in supporting) which is in agreement
with the removal of TOC.

3.1. Optimization of the catalytic degradation

The catalytic degradation of 4-CP over LSMO is optimized in the
presence and absence of ultrasound by considering the effect of
important variables on the degradation process.

3.1.1. The pH of medium
Fig. 5(a, b) show the absorption spectra of 4-CP in the main

samples and in the samples with catalyst at various pH and
Fig. 6S in supporting shows the degradation rate versus the pH
(ca. 1–10). As it is observed, the absorption spectra of 4-CP (main
sample) has been only shifted in alkaline solution and no interme-
diate was formed in the presence of the catalyst. The maximum
degradation efficiency was observed at pH 2.5 with formation of
intermediate in the presence of the catalyst. Since the initial and
final pH of the solution are acidic, the appeared pick at k = 250 is
not related to 4-CP (Fig. 3S in supporting).

The pH is the most important factor for the removal of pollutant
in this work. The rates of degradation are varied by changing the
pH which is related to the specification of pollutant molecule i.e.
whether the pollutant is present as ionic species or as a molecule
and the surface’s charge of the catalyst.

The variations of the degradation rate are attributed to the var-
iable ratio of ionic form to neutral component of 4-CP at different
pH based on Henderson equation. The rate of degradation is lowest
in alkaline solution. This should be explained by the ratio of anio-
nic form to the molecular form which calculated at different pH.
These ratios are 1.99 � 10�7, 1.99 � 10�6, 0.025 and 6.309 at pH,
2.5, 3.5, 7.6 and 10, respectively. At pH lower than 2.5, 4-CP can
be protonated and due to the high positively charge of the nano-
particles at these pH, the degradation decreased. On the other
hand, the z-potential of the nanoparticles was measured and it
was changed from nearly +24 mV to +40 mV by changing the pH
from 7 to 2.5. Both forms exist at pH = 2.5 and the majority form
is neutral. The electrostatic attraction between the high positively
charged surface at pH = 2.5 and the anionic form (with very low
concentration) of the pollutant in the solution led to the adsorption
and shift the equilibrium to the production of anionic form and this
process continued to complete removal. In all selected pH, the
presence of ultrasound was more effective than conventional
method. This should be explained based on adsorption on the sur-
face and the higher mass transfer of organic molecule between the
liquid phase and the catalyst surface which are due to the shock-
wave and microjet produced by the cavitation process. In addition,
the presence of particulate matter can play a critical role in differ-
ent ways for oxidation of pollutants in water solution irradiated
with ultrasound. The presence of dispersed particles in solution
during sonication provides additional nucleation sites for cavity
formation over its surface, enhancing the number of microbubbles
in the solution. Moreover, this fact has been proven to be influ-
enced by the roughness of the particles. Dispersed particles can
also act as a wall for the bubbles transmission, producing an asym-
metric collapse of the cavitation bubbles and leading to the gener-
ation of a large number of tiny bubbles in the liquid solution. Both
of them produce an increase of microcavities that enhance the effi-
ciency of the sonochemical oxidation [45–47]. The asymmetric col-
lapse of microbubbles over the solid surface, turbulent flow and



Fig. 5. Effect of pH on the degradation of 4-CP in the main sample (a) and in the presence of the catalyst (b) (stirring speed, 400 rpm; initial concentrations, 50 mg L�1;
temperature, 20 �C; time, 10 min; catalyst dosage, 0.07gr).

Fig. 6. Effect of the amount of catalyst on the degradation of 4-CP, (concen.
50 mg L�1; temp. 20 �C; time 10 min).

Fig. 7. Effect of initial concentration of 4-CP on its degradation (temp., 20 �C; time,
10 min; catalyst dosage, 0.07 g).
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shock waves generated by cavitation in liquids irradiated with
ultrasound offered additional degradation of adsorbed pollutant.
The result of blank experiment (without catalyst) in the presence
of ultrasound should also be confirmed that the particulate matter
can play a critical role in the decomposition of the pollutant
(Fig. 3).

3.1.2. The amount of catalyst
The degradation of 4-CP on LSMO in the presence and absence

of ultrasound was studied by changing the amount of catalyst in
aqueous solution while the other variables were kept constant.

Based on Fig. 6, by increasing the mass of catalyst the degrada-
tion was increased for both methods which is due to the availabil-
ity of higher surface area and active sites of the catalyst. The
degradation rate was more effective in the presence of ultrasound.
This is due to the increase of diffusion process and the number of
new catalytic sites by the micro-jet and streaming effects of the
cavitation process. According to Fig. 6, the proper amount of cata-
lyst for this removal was about 0.07 g.
3.1.3. The initial concentration
The effect of pollutant concentration on its degradation was

investigated in the range of 10–200 mg L�1. Fig. 7 shows that by
increasing the initial concentration, the final concentration
remaining in the solution was also increased. This should be ex-
plained based on the constant catalytic available sites for the con-
stant amount of the catalyst. In addition, the final concentration
remaining in the solution under ultrasound was much lower than
conventional method. This might be due to the cavitation process
that leads to an enhancement of the reaction rate of active species



Table 1
Kinetic rate constants in the presence and absence of ultrasound at different
temperatures.

t (�C) Classic method Sonicated method

k2 (L mg�1 min�1) R2 k2 (L mg�1 min�1) R2

15 0.0025 0.98 0.0098 0.99
20 0.0052 0.99 0.0133 0.99
30 0.0089 0.98 0.0205 0.99
50 0.0127 0.98 0.0923 0.99

Table 2
Reusability of LSMO catalyst.

Catalyst Percent of degradation

Classic method Sonicated method

La0.7Sr0.3MnO3 73.51 ± 1.36 90.54 ± 0.18
Reused-1cycle 73.00 ± 0.31 91.24 ± 0.18
Reused-2cycle 72.41 ± 1.56 90.89 ± 1.07
Reused-3cycle 69.75 ± 0.99 91.33 ± 0.12
Reused-4cycle 65.47 ± 0.83 90.51 ± 0.21

Fig. 8. Effect of temperature on the degradation of 4-CP with time (stirring speed
400 rpm; initial concentration of 4-CP 50 mg L�1;catalyst dosage, 0.07 g; pH, 2.5).

Fig. 9. Effect of gas atmosphere on the catalytic activity of LSMO nanoparticles
(stirring speed, 400 rpm; initial concentration, 50 mg L�1; catalyst dosage, 0.07 g;
time, 10 min; pH, 2.5).
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with pollutant and applied other affects such as cleaning and
sweeping of nanoparticle surface by acoustic micro-streaming
which allows more active sites to be available.
3.1.4. The temperature of medium
The effect of temperature was investigated in the range of 15–

50 �C for the catalytic degradation of 4-CP. Fig. 8 shows the concen-
tration of 4-CP versus reaction time at different temperatures. The
increase of temperature significantly enhanced the degradation. A
removal of 90% and 54% of 4-CP was obtained after 3 min at 50 �C
in the presence and absence of ultrasound, respectively. However,
a lower catalytic performance was observed at lower tempera-
tures, which might be related to the diffusion process of the spe-
cies. In addition, a higher degradation of intermediate was
obtained after 45 min at 80 �C in the presence of ultrasound
(Fig. 3).

For both methods, by increasing the temperature, the rate of
degradation was enhanced. The rate was higher in the presence
of ultrasound than its absence. These behaviors are in agreement
with the other reports [48–53]. However, the results obtained for
decomposition with increasing temperature are in disagreement
with that expected ultrasound is less effective at higher tempera-
tures. This is due to an increase of vapor pressure of water that
leads to cushion the collapse and the lower production of radicals
[54,55]. Nevertheless, in this system, the presence of the catalyst as
a solid particle can extremely alters the situation. In addition, the
experimental results in the presence and absence of ultrasound
confirmed that the catalyst alone play a critical role in the degrada-
tion. It seems that ultrasound facilitates the catalytic effects on the
degradation of the pollutant. Based on Fig. 3, the sonication of the
solution without catalyst for one hour had a negligible effect. This
observation was also confirmed the basic role of the catalyst in
degradation.
3.2. Mechanism of degradation

Oxidation reaction on perovskite catalysts are often described
by the Mars van Krevelen model [56] (Fig. 7S in supporting). A
two step reaction was proposed which involves the reaction be-
tween the oxidable reactant and the active oxygen on the surface,
and then re-oxidation of the reduced catalyst site by the gas phase
oxygen. Based on this model, the adsorption of molecular oxygen
on the surface is assumed to be the rate limiting step of the overall
reaction. For confirming the role of oxygen in this process, the cat-
alytic degradation was carried out under Ar atmosphere in conven-
tional method. According to Fig. 9, the catalytic activity of LSMO
decreases in the presence of argon gas. This means that the ambi-
ent oxygen is effective on the catalytic activity of LSMO nanoparti-
cles which is in agreement with Mars-van Krevelen mechanism. In
addition, in Ar atmosphere, the activity of the nanocatalyst was not
stopped and the activity in the absence of oxygen (Ar atmosphere)
was lower than that in the presence of gas phase oxygen. These
behaviors could be explained that when the degradation is carried
out in the absence of oxygen, the lattice oxygen may be involved in
the process, whereas, in the presence of oxygen, both adsorbed
oxygen and lattice oxygen can be involved.

The following mechanism can be in agreement with previous
results obtained by S. Kaliaguine and et al. [57–61]. Based on these
studies, the reactive oxygen located on Mn4+ valency sites may be
considered as any of the surface oxygen species (O�2 , O� and/or
O2�) in the 4-CP oxidation process. The reaction of reactive oxygen
with the 4-CP molecules leads to the formation of Mn3+ reduced
sites that can be reoxidized by adsorption of a dissolved O2 mole-
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cule for the regeneration of active sites. In fact, it is necessary an
anion vacancy and a Mnn+ O� site produced after the calcination
step [60]. In according to the mechanism proposed, the oxidation
reaction starts with adsorption of 4-CP on the catalyst surface
and simultaneous tearing off of an H-atom from the phenolic
OH-group. This process combines with the active oxygen (O�) of
the catalyst to form surface OH� that participate further in the next
steps of the surface oxidation and the reduced sites (reactions 1
and 2) (where h is an anion vacancy)
Cl

OH

O
Cl

O

+ OH
1)

2)

Cl

O O

OH Cl

H+

O

OH OH

+
H2O
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Mn 3+

Mn 3+
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Mn 3+
The reduced sites (Mn(surf)
3+) can be re-oxidized by adsorption

of a dissolved O2 molecule for active site regeneration (reaction
3). In addition, the low amount of TOC determines the most prod-
ucts must be gaseous because of they do not stay in the solution

3) + 1/2 O2

(surf) (surf)

Mn 3+

O

Mn 4+
3.3. Kinetics of degradation

Fig. 8S(a, b) in supporting shows the rate of catalytic decompo-
sition of 4-CP under the applied conditions for both methods. It
confirms that the degradation is second-order for both methods
by the linearity of the plots of 1/C versus contact time at different
temperatures.

Table 1 indicates the rate constants (k) for the degradation of 4-
CP at different temperatures. In both methods by increasing the
temperature, the rate constant of degradation increases. The rate
constants are more in the presence of ultrasound than in the ab-
sence of ultrasound which is due to the chemical and mechanical
effects of ultrasound.

3.4. Reusability of the catalyst

Table 2 shows the percent of degradation by the recoverable
magnetic nanocatalyst under ultrasound and conventional meth-
ods in the several successive cycles. All experiments were con-
ducted with 0.07 g nanocatalyst at 20 �C for 10 min. The catalyst
was separated by magnet and after drying by air it was used
repeatedly in direct addition to the solution. The results indicated
that the catalyst can be used successfully up to five consecutive cy-
cles without changing and significant loss in activity especially for
the sample under sonication. In addition, the nanocatalyst can be
used successively without need to recalcination in contrast to the
other works [21,22]. The high reusability in the sono-assisted reac-
tion as compared with the classic method (where a gradual de-
crease of the degradation is observed (Table 2)) is due to the
self-cleaning and removal of surface contamination of the catalyst
surface by the action of the ultrasound [16,62,63].
4. Conclusion

The removal of 4-CP has been investigated under different
experimental conditions in the presence and absence of ultra-
sound. This study exploited the applicability of lanthanum stron-
tium manganite for the catalytic degradation of 4-CP. The
degradation has been studied at different temperatures, pH, cata-
lyst dosage, and initial concentration of 4-CP for both methods.
Decreasing in the concentration of 4-CP and TOC under ultrasound
achieved in a shorter time than conventional method. This is due to
the cavitation process which increased the mass transfer, the sur-
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face area of the catalyst, and the new catalytic sites. The kinetics of
degradation was second-order for both methods and more impor-
tant the catalyst can be used up to five consecutive cycles with no
significant loss in the activity and without need to recalcinate in
contrast to the other works. Furthermore, the fast decrease of
TOC and efficient use of this catalyst under mild condition for con-
secutive cycles makes this catalyst as an excellent candidate for the
application in high level of wastewater treatment.
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