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A B S T R A C T

The influence of Ce amount on catalytic behaviour of perovskite catalysts La1-xCexFeO3-δ, prepared by copre-
cipitation was examined in catalytic wet air oxidation (CWAO) of high concentrated acrylic acid pollutant. The
catalysts with the molar ratio of Ce/ (La+Ce) upper than 0.4 exhibit high catalytic activity, and outstanding
stability. Because Ce doping into the skeleton of LaFeO3 could cause the change of iron valence state as well as
the change of the reactive oxygen species and oxygen vacancies of the catalyst. Three ways of O2 involved in this
reaction were considered, a synergistic mechanism of oxygen vacancies, the reversible electronic transition
Fe3+↔ Fe2+, and direct oxidization of acrylic acid. First-principles calculations revealed that the oxygen va-
cancy is more easily to form in the case of Ce content increasing in La1-xCexFeO3-δ, and oxygen would adsorb on
oxygen vacancy to form reactive oxygen species. Consequently, the reactive oxygen species (O*) could oxidize
acrylic acid. In this process, Fe ions of higher valence sate which would attack organic compounds and itself was
reduced to Fe2+ to achieve catalytic cycles. Finally, the reaction was verified as first order, which was well
explained by a proposed generalized kinetic model, in good accordance with our experimental data.

1. Introduction

Acrylic acid is an important organic synthesis raw material and
synthetic resin monomer, acrylic acid and acrylic ester can be copoly-
merized, their polymers are used in the synthesis of resins, synthetic
fibers, superabsorbent polymers, building materials, coatings and other
industrial sectors. [1] Acrylic acid and its esters in the production
process will produce a large amount of organic wastewater, in which
chemical oxygen demand (COD) ranges from 20,000–90,000mg L−1

[2]. In general, such wastewater is biodegradable and environmental
hazards. The efficient removal of organic pollutants from acrylic acid
industrial wastewater, therefore, has become a prime issue. So far,
several treatment methods, including incineration process, wet air
oxidation (WAO), biological process, supercritical water oxidation,
have been developed for the removal of acrylic acid industrial waste-
water. However, incineration is limited by high energy cost, air pollu-
tion and equipment corrosion [3]. The supercritical water oxidation is
also high cost, and has corrosion behaviour. Biological process is not

suitable for both toxic water and COD of more than 10,000mg L−1, and
a large amount of activated sludge would be produced. In terms of the
oxidation of various organic compounds, WAO is an effective process
for removal of organic wastewater with high concentration and poor
biodegrability. [4] The WAO reaction is generally carried out with or
without catalyst at 120–320 °C, under pressures ranging from 0.5 to
20MPa, [5] and has many advantages, such as the possibility of si-
multaneous removal of highly concentrated COD, ammonia nitrogen
compounds in 2 h and production of no harmful gas and sludge. Fur-
ther, the treated wastewater can be recycled. Therefore, WAO is always
used to sufficiently treat various wastewaters containing complex
composition, highly concentrated organics that are hard for degrada-
tion [6–8].

In the process of WAO, catalysts could mild reaction conditions,
which makes WAO more economical. However, the use of homo-
geneous catalysts is limited by some conditions, it can only be used in
acid environments, it’s hard to recycle, and it would cause secondary
pollution, which can be solved by using heterogeneous catalysts.
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Therefore, it is an urgent issue to develop a heterogeneous catalyst with
high efficiency, low cost and long-term stability. [9] Among the state-
of-the-art catalysts, noble metal based catalysts were generally con-
sidered to be more effective and had superior activity and satisfactory
stability in the aggressive aqueous oxidative medium [10–12], but
suffer from high cost (100,000–300,000 dollors m3−1). To overcome
this, an economic and multi-functional catalyst is needed, [13] various
transition metal and rare earth metal oxides were intensively exploited
as CWAO heterogeneous catalysts [14–17]. Notably, among the per-
ovskite type catalysts, LaMeO3 is the most active one. [18–21] Cu
doped LaAlO3 has been used as a promising catalyst in Fenton-like re-
actions. [22] LaMO3(M]Co, Cu, Fe, Mn and Ni) is an effective catalyst
for pollutant degradation. [23–26] La2-xSrxFeCoO6 exhibited thermal
stability and high activity in chemical looping steam methane re-
forming. [27] Considering the low toxicity of Fe, LaFeO3 is chosen as
the substrate catalyst for CWAO. Meanwhile, cerium oxide could in-
troduce more oxygen vacancies into the catalysts. [28] Thus this work
introduce La1-xCexFeO3-δ into CWAO process for the first time.Herein,
this current work is aimed at studying the influence of Ce amount on
catalyst structure and catalytic behaviour of La1-xCexFeO3-δ CWAO
process. These catalysts were prepared by the coprecipitation method.
It is revealed that the optimal catalysts with the molar ratio of larger
than 0.4 of Ce/(La+Ce) exhibit high catalytic activity for efficient
degradation of acrylic acid by CWAO. Further, it is disclosed that, when
Ce in (La+Ce) by molar ratio was upper 0.4, Ce would readily entered
the skeleton of LaFeO3, and thus cause efficient conversion of Fe2+ and
Fe3+, as well as the increase of reactive oxygen species and oxygen
vacancies on the catalyst surface, enabling O2 to sufficiently degrade
organic pollutant. [16]

2. Experimental

2.1. Catalyst preparation

All the catalysts in this study were prepared by co precipitation
method. The precipitant was 14 wt.% ammonia aqueous (100mL), the
stoichiometric La(NO3)3·6H2O, Ce(NO3)3·6H2O and Fe(NO3)3·9H2O
were dissolved in 100mL deionized water as precursors, and the total
molar of La, Ce and Fe was 0.02mol. Thereafter, the nitrate precursors
(3.1 mL min−1) were added into the precipitant under vigorous stirring
(≈ 300 rpm). The resultant mixtures were treated at 60 °C in a water
bath for 12 h. Then filtered and repeatedly washed with deionized
water until the pH value of supernatant was 7. Thereafter, the powder
catalyst dried at 65 °C for 24 h, and further calcined at 750 °C for 4 h.

2.2. Characterization of the catalysts

The instrument for X-ray diffraction (XRD) spectra was X'Pert PRO
which is produced by PANalytical. The radiation source was Cu Kα
(λ=1.5406 Å), the current and voltage are 40 kV and 40mA, respec-
tively. The scan range of 2θ was 10–90°. The specific surface area of
catalyst was assessed by isothermal adsorption of N2 at 77 K, on a
QUADRASORB SI instrument produced by Quantachrome Company. Fe
Mössbauer spectroscopy was carried out on Topolpgic 500 A, Japan.
Scanning electron microscopy (SEM) images were obtained by FE-SEM
SUPRA 55 equipment by Carl Zeiss Jena. Energy dispersive X-ray
spectroscopy (EDX) was carried out on an EDAX silicon-drift detector.
O2-TPD measurements were performed in a U-tube quartz micro-re-
actor (i.d., 4 mm). The sample weight, ranging from 0.020 to 0.025 g.
Step 1, the catalyst was heated with He flow from room temperature to
800 ◦C for 77min. Step 2, catalyst adsorbed oxygen for 60min at 800
◦C and then automatically cool down to room temperature in oxygen
atmosphere. Step 3, repeat step 1 and 2, but in He atmosphere. And the
heating rate was 10 ◦C min−1. The O2 desorption was detected by a
Mass Spectrometer (Rfeiffer Vacuum, Ominstar GSD 30102) which was
connected to a computer for data storage and data processing. X-ray

photoelectron spectroscopy (XPS) was carried with a Thermo Scientific
ESCA Lab250, Al Kα was used as the excitation source. The binding
energies were corrected by C1s at 284.6 eV. H2 temperature pro-
grammed reduction (H2-TPR) measurements were performed in a U-
tube quartz micro-reactor (i.d., 4 mm) under a 15% H2/Ar reducing
atmosphere. The sample weight, ranging from 0.020 to 0.025 g. First,
the catalyst was treated with Ar flow at 300 ◦C for 60min. Then all
measurements were carried out in the range 20 ∼ 900 ◦C, and the
heating rate was 10 ◦C min−1. The H2 consumption was detected by a
TCD detector which was connected to a computer for data storage and
data processing. Transmission electron microscope (TEM) images were
carried out on JEM-2100 equipment by JEOL Ltd.

2.3. Catalytic testing

Experiments were carried out in a batch reactor (TA10) of 0.5 L
capacity, the reactor was equipped with a four bladed magnetically
driven turbine agitators at 600 rpm. Reaction temperature remained
constant during the experiments by a proportional integral differential
(PID) controller. 1 mL solution was sampled from the reactor at regular
intervals to analysis the substrate and total organic carbon (TOC)
concentrations. In a typical run, adding 0.2 L acrylic acid solution and
1.0 g L−1 catalyst to the reactor, and then 3 L nitrogen was injected into
the reactor to remove oxygen from the reactor. And then oxygen was
charged into the reactor at the moment (time zero) of the solution was
heated to the set temperature. The schematic of experimental setup is
shown in Fig. S1. All reactions were performed under the following
conditions: acrylic acid concentration= 10,000mg L−1, oxygen partial
pressure= 2MPa, reaction temperature= 240 °C, reaction time=
120min.

2.4. Analytic methods

The concentration of acrylic acid and products were messured by
high performance liquid chromatography (HPLC) produced by Dalian
Elite Analytic Instruments Co., Ltd, China, equipped with an chroma-
tographic column of Hypersil SAX (4.6mm×250mm×5 μm) and an
UV detector with wavelength of 210 nm. The mobile phase was
0.01mmol L−1 KH2PO4 and H3PO4 was used to adjust the pH of mobile
phase to 2.5, and the flow rate was fixed at 0.8mL min-1. TOC of sample
was tested by TOC Analyzer produced by TOC-VCPN, Shimadzu, Japan.

The amount of Fe leaching after experiments was determined by
inductively coupled plasma (ICP, PerkinElmer Optima7300DV). The pH
of solution was tested by REX PHS-3C pH meter produced by Shanghai
Rex Instrument Factory Co., Ltd, China, and the electrodes are cali-
brated before each test.

2.5. Calculation methods

LaFeO3 crystalized in an orthorhombic structure at room tempera-
ture. To investigate the defect formation energies for nurtral VO as a
function of Ce atoms doping concentration, first-principles calculations
are performed using the Vienna Ab initio Simulation Package with
Perdew-Burke-Ernzerhof generalized gradient approximation(GGA-
PBE). [29–31] A cutoff energy of 680 eV and a 2×2×2 supercell
containing 160 atoms are used to optimize the structure until all re-
sidual forces remain below 0.001 eV/Å, where a Γ-centered 3×2×3 k-
mesh is adopted for total energy calculations.

Defect formation energies are defined as the difference between the
total energies of the system containing a defect and the total energy of
the perfect system. To investigate defects such as vacancies or dopants
that change the composition of a material, it needs to calculate the
formation energy that a set of external chemical potentials of atomic
species are taken into account while the atoms are removed or added
the atomic system. [32] The calculated results will depend on the va-
lues of the atomic chemical potentials. For O vacancy and the Ce doping
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occupying La positions in LaFeO3 crystal, defect formation energy will
be evaluated as:

= − + −
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Where μLa and μCe are the chemical potential of La and Ce atoms in bulk
La and bulk Ce, respectively. In the present calculated work, we assume
that the environment containing O2 gas is present in all the situations.
Therefore, the μO2 is the DFT total energy of the oxygen molecules.

3. Results and discussion

3.1. Catalytic activity for acrylic acid removal

Perovskite catalysts LaFeO3 doped with different contents of ceria
were investigated. Fig. 1 showed the acrylic acid conversion and TOC
removal of different catalysts for CWAO after 120min reaction. It can
be seen that the catalysts showed greatly enhanced catalytic activity
when the Ce/(La+Ce) by molar ratio were 0.4 ∼ 0.8. By contrast,
LaFeO3, La2O3, CeO2 and Fe2O3 showed almost no catalytic activity or a
certain degree of inhibition, similar to the activity as WAO process. On
the study of wet aerobic oxidation of lignin, La3+ and Fe3+ also did not
present any catalytic activity. [33]

In order to understand the relationship between catalyst activity
and catalyst structure and surface properties, detailed characterizations
of catalysts were carried out. The results were discussed in Section 3.2
below.

3.2. Catalyst characterization

3.2.1. XRD
The results of XRD pattern are shown in Fig. 2. According to the

structural refinement, there were at most four phases among catalysts.
All catalysts revealed a diffraction peak at around 32° which assigned to
LaFeO3 (112). Besides this, CeO2 phase with cubic structure (reference
code 01-089-8436), La2O3 phase with hexagonal structure (reference
code 01-074-2430), and Fe2O3 phase with rhombohedral structure
(reference code 01-087-1166) were also detected. With the increase of
Ce doping content, the characteristic diffraction peaks of LaFeO3 be-
came wider and weaker gradually and shifted to large angles while the
characteristic diffraction peaks of CeO2 showed the opposite, which
indicated that the content of LaFeO3 decreased and crystal partical
became smaller while the amount of CeO2 increased with the increasing
of Ce doping content in LaFeO3 [34]. This is likely induced by the in-
corporation of Ce, with a smaller radius, into the skeleton of LaFeO3.
[35] A/B-site doping of perovskites could cause changes in physico-
chemical properties and catalytic activity of catalysts [36,37].

The mass fraction of each crystal phase is calculated according to
adiabatic method (relative error: ± 5%). Firstly, XRD pattern of each
sample was simulated by Gauss peak. Then, each crystal phase was
quantitatively analyzed according to Eqs. (1)–(3), the calculation re-
sults were shown in Fig. 3(The gray line indicates that if Ce does not
incorporate into the skeleton of LaFeO3).When the Ce/ (La+Ce) by
molar ratio was below 0.4, the content of La2O3 and Fe2O3 was lower
than 5% (5% is the quantitative detection limit of XRD) and the cal-
culated CeO2 content was approximately the same as the theoretical
amount, indicating Ce did not enter the skeleton of LaFeO3. But when
Ce in (La+Ce) by molar ratio was upper 0.4, the amount of CeO2

Fig. 1. WAO and CWAO of acrylic acid. (A) acrylic acid conversion; (B) TOC
removal.

Fig. 2. XRD patterns of the catalysts with different molar ratio of Ce/ (La+Ce).

Fig. 3. XRD quantitative analysis of the catalysts.
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calculated was less than the theoretical one, suggesting Ce entered the
skeleton of LaFeO3. The incorporation of Ce into the framework would
affect the valence state of Fe and oxygen vacancy of the catalyst, and
thus affecting the catalytic activity. [38,39]
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(Wi : mass fraction of each crystal phase, Ii : diffraction peak in-
tensity, K/RIR: ratio of intensity reference)

3.2.2. Specific surface area
The specific surface area of catalysts ranged from 6 to 29m2 g−1

(Table 1). In this study, the specific surface area of catalysts prepared by
coprecipitation was larger than that of perovskite catalysts prepared by
Picini method (< 10m2 g−1) [9,23]. Generally, specific surface area
and pore structure are important parameters of solid phase catalysts.
But in this work, catalytic activity has no relevance to their specific
surface area.

3.2.3. Mössbauer spectra of catalyst
In order to investigate the iron oxidation state,57 Fe Mössbauer

spectroscopy was applied (Fig. S2), and the Mössbauer parameters
were listed in Tab. S1. The original spectrum of catalyst can be fitted as
one sextets and one paramagnetic doublet. The result suggested that
there are two kinds of Fe species. The parameter of the sextets was
assigned to ɑ- Fe2O3 and doublet was assigned to FeIII with six co-
ordinate. [40] Another peak may contribute to La0.6Ce0.4FeO3-δ. There
may have valence changes of Fe in La0.6Ce0.4FeO3-δ, which would fa-
cilitate catalytic reaction. [41] The valence state of Fe needs further
analysis combined with XPS results. And the reversible electronic
transition Fe2+↔ Fe3+ could achieve catalytic cycle.

3.2.4. SEM and EDX
Morphologies and EDX analyses of perovskite-like catalysts were

shown in Fig. S3 and Table 2. The catalyst of LaFeO3 (Fig. S3-A)
showed a single morphology and it was different from that of La2O3,
CeO2, Fe2O3. When Ce/(La+Ce) by molar ratio was 0.2, it’s obvious
that CeO2 was loaded on the surface of LaFeO3. When the Ce /(La+Ce)
by molar ratio was upper 0.4, the Fe2O3 appeared in the SEM diagram,
as while as La2O3, CeO2, and a very small amount of LaFeO3. The SEM
characterization verified the results of the XRD in 3.2.1 section.

According to the EDX results, the oxygen element content of catalyst
surface was lower than the theoretical calculation, indicating that there
were oxygen vacancies on the catalyst surface, that was beneficial to
the catalytic reaction. [42]Because according to gas-solid L-H me-
chanism, oxygen would adsorb on active sites(vacant site on the cata-
lyst) to form reactive oxygen species [43]. Finally, reactive oxygen
species could oxidize organic pollutants.

3.2.5. O2-TPD
We can infer from Fig.4 that CeO2 and LaFeO3 have almost no

oxygen desorption peaks at 200–500 °C, it can be conducted that these
materials have week absorption of O2. However, as for La1-xCexFeO3-δ,
it has an obvious desorption peak for oxygen at 200∼500 °C, which is

from O2 adsorbed on the surface oxygen vacancies, [44] that means La1-
xCexFeO3 is easier to adsorption and diffusion O2 than CeO2 and
LaFeO3. Because the reaction temperature in this work is 240 °C, so La1-
xCexFeO3-δ is easier to adsorb and activate oxygen and then effectively
degradate organic matter. The result of O2-TPD also verifies the L-H
mechanism.

3.2.6. XPS
XPS analysis was carried out to study the surface chemical proper-

ties of catalysts. From Fig. 5 we can see that the peak of O1s spectra was
an asymmetric peak, indicating that there are different forms of oxygen
existed on the surface of catalyst. [45,46] From the peak separation
results in Table 3, we can see that with the increasing of Ce doping
content, the surface oxygen on the catalyst surface gradually increase,
surface oxygen is often as active oxygen species [47]. So catalytic ac-
tivity of LaxCe1-xFeO3-δ is better than that of LaFeO3.

Furthermore, XPS was employed to analyzed the oxidation state of
the surface Fe. The results show that there were two state of Fe on
catalysts surface, that is Fe(II) and Fe(III), and Fe 2p3/2 was fitted ac-
cording to literature. [48] Fig. 6 indicated that with the increasing of Ce
doping content, the content of Fe(II) would increase. It was because
that Ce has different valence states. Thus, Fe(II) and Fe(III) could
achieve catalytic cycles.

3.2.7. TEM
It can be seen form Fig. 7 that there are many phase interface on

Table 1
The specific surface area of the perovskite-like catalysts.

Ce/(La+Ce) 0 0.2 0.4 0.6 0.8

SBET, m2 g−1 13 21 6 18 29

Table 2
The EDX of the perovskite-like catalysts.

Ce/(La+Ce)
mol/mol

Element Found
(Surface)
At (%)

Calculated (Bulk)
At (%)

0.0 O 42.63 60.00
Fe 24.17 20.00
La 32.91 20.00
Ce 0.28 0.00

0.2 O 48.49 60.78
Fe 26.14 19.61
La 19.74 15.69
Ce 5.63 3.92

0.4 O 32.61 61.54
Fe 30.08 19.23
La 22.39 11.54
Ce 14.92 7.69

0.6 O 28.31 62.26
Fe 35.17 18.87
La 14.32 7.55
Ce 22.20 11.32

0.8 O 47.61 62.69
Fe 23.68 18.52
La 6.05 3.70
Ce 22.67 14.81

Fig. 4. O2-TPD of catalysts.
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catalyst. And lattice defects and oxygen vacancy are easily generated at
the interface. [47] In particular, it was shown that the interaction of Ce
and defects could lower the activation of oxygen exchange “surface”,
and thus it will enhance catalytic activity. [49] And oxygen vacancies
on the catalyst surface are beneficial to the catalytic reaction, this is
consistent with the above EDX results. Therefore, the incorporation of
Ce into LaFeO3 could improve catalytic activity.

3.3. Kinetics of acrylic acid by CWAO

Fig. S4 showed the selective oxidation results during the reaction
process and the reaction products obtained during WAO of the acrylic
acid (T=240 °C, oxygen partial pressure= 2MPa).

Acetic acid was detected to be the only residual short-chain car-
boxylic acid after reaction. On the other hand, the concentration of
acetic acid reached the highest after 90min, and then gradually re-
duced as the reaction time extended to 120min in this operating con-
dition. Thus, a degradation pathway of acrylic acid is proposed as Fig.8.
This is consistent with other studies, in which acetic acid is considered

as a refractory product in CWAO. [50–52]
Fig. 8 shows the degradation pathway of acrylic acid. Assume that

all reactions are first-order kinetics, a generalized model was proposed,
[A] corresponded to the concentration of acrylic acid and [B] corre-
sponded to the concentration of acetic acid, α was defined as the point
selectivity, respectively. [53] The kinetic parameters in Eqs. (4)–(6)
were obtained by a nonlinear least-squares curve fitting method using
Matlab 2014®. The kinetic parameters results were listed in Table 4 Fig.
S5 exhibited the generalized model fit of the [A] and [A+B] data, the
proposed kinetic model represented the experimental data well. From
the dynamic point of view, the addition of catalyst greatly improved the
carbon dioxide selectivity of acrylic acid, but it could not improve the
degree of mineralization of acetic acid because acetic acid is hardly
degraded in CWAO. When the molar ratio of Ce to (La+Ce) was 0.4,
the selectivity of carbon dioxide in catalytic wet oxidation degradation
of acrylic acid was the highest as well as the α value. From a kinetic
point of view, the catalyst with Ce/ (La+Ce) which molar ratio equal
to 0.4 was considered to be the best one.

= −ln A A kt( / )0 (4)

= +k k k1 2 (5)

+ + =A B A B[ ]/[ ]0

+ − − + − + − − +k k k k exp k t k k k k k exp k k t{[ /( )] ( ) [( )/( )] [ ) ]}2 1 2 3 3 1 3 1 2 3 1 2

(6)

=α k k/1 2 (7)

3.4. Leaching tests

To evaluate the stability of catalysts, the amount of Fe metal leached
was detected. Fig. S6 showed the results. In this study, the leaching
amount of Fe was lower than 6mg L−1. The Fe leaching of catalysts in
this study was much lower than that of Yang’ study (15.6 mg L−1), [54]
the experiment results indicated that the introduction of Ce in LaFeO3

could improve the stability of perovskite-type crystal structure.

Fig. 5. The XPS O1s spectra of different catalysts.

Table 3
O XPS spectra measured for different catalysts.

Ce/(La+Ce)mol/mol Binding energy (eV) Assessment Area (%)

0.0 527.78 Lattice oxygen 76.44
—— Surface oxygen 0
529.98 Adsorption oxygen 23.56

0.2 528.02 Lattice oxygen 69.72
529.69 Surface oxygen 4.29
530.51 Adsorption oxygen 25.99

0.4 528.21 Lattice oxygen 73.39
529.79 Surface oxygen 5.64
530.61 Adsorption oxygen 20.97

0.6 528.73 Lattice oxygen 84.56
530.88 Surface oxygen 10.55
531.5 Adsorption oxygen 4.89

0.8 527.56 Lattice oxygen 82.38
529.57 Surface oxygen 12.04
530.41 Adsorption oxygen 5.58
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3.5. Catalytic reaction mechanism

According to the results, a possible synergistic mechanism of CWAO
for acrylic acid was proposed (Fig. 9). Oxygen vacancies and Fe2+/
Fe3+ were assumed as active sites, Fig. 9(b) list the oxidation valence
and corresponding electron configuration of Fe metal ions in La1-
xCexFeO3-δ. And these low-coordinated active atoms and adjacent
oxygen ions may play the role of active sites that synergistically facil-
itate catalytic activity of acrylic acid oxidation. On the one hand, O2

could be absorbed by oxygen vacancies (*) to form reactive oxygen
species (O*), and reactive oxygen species (O*) would oxidize acrylic
acid. On the other hand, O2 would oxidize Fe2+ to Fe3+ under acidic
conditions, and Fe3+ would attack organic compounds and itself was
reduced to Fe2+ to achieve catalytic cycles. [55] At the same time,
oxygen could also directly oxidize acrylic acid.

3.6. Formation energy

According to the above experimental results, the catalytic activity
towards the degradation of acrylic acid in CWAO was found to strongly
correlate with the lattice oxygen vacancy content. To understand the
effect of Ce doping on lattice oxygen vacancy, we calculated the oxygen
vacancy formation energy of La1-xCexFeO3-δ.

In Fig.10, we show the supercell structures of LaFeO3 and the defect

Fig. 6. The XPS Fe spectra of different catalysts.

Fig. 7. TEM images of catalysts(Ce/(La+Ce)=0.4).

Fig. 8. The degradation pathway of acrylic acid.

Table 4
The kinetic parameters of WAO and CWAO.

Ce/(La+Ce)
mol/mol

k1 (min−1) k2(min−1) k3(min−1) α

WAO 6.42E-03 3.18E-03 1.90E-03 2.02
0.0 8.51E-03 1.19E-03 0 7.17
0.2 1.15E-02 4.42E-03 0 2.61
0.4 2.05E-02 3.96E-03 0 5.17
0.6 1.79E-02 4.23E-03 0 4.23
0.8 1.69E-02 4.93E-03 0 3.42
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formation energies for netural Vo and LaCe as a function of Ce content.
It can be seen that the defect formation energy decreased linearly with
the increasing of Ce doping concentration, which means that the
oxygen vacancy is more easily to form in the case of Ce content in-
creasing. By fitting to the defect formation energies using linear equa-
tion, we obtained y=-9.107x+0.415. As we know, the low-coordinated
active atoms on the surface can serve as active sites accessible to the O
species. Consequently, the increase of oxygen vacancies will be bene-
ficial for O2 adsorption and can form reactive oxygen species (O*),
these O* together with reactive oxygen species on the catalyst surface
to oxidize acrylic acid. In this process, concomitantly oxidation of Fe
ions to higher valence sate, which would attack organic compounds and

itself was reduced to Fe2+ to achieve catalytic cycles.
Fig.11(a) shows the computed density of states (DOS) of the Fe d-

band and its ligand O p-band, for LaFeO3 and Ce-doped LaFeO3, re-
spectively. The overlap of the peaks in these two bands indicates the
orbital hybridization and Fe-O binding. The strong overlap of peaks
over Fermi level for the Ce-doped LaFeO3 suggest more facile charge
transfer process between Fe d band of B-site metal and O-2p band of the
adsorbate. In addition, compared with LaFeO3, Ce-doped LaFeO3 oxides
preserves a significant overlap of spin-down state around 0.5 eV over
Fermi level, but has negligible overlap of the unoccupied spin-up states,
which are anti-bonding in character, indicating the greater stability due
to the Ce doping. While, highly localized electrons orbitals of La and O

Fig. 9. (a) Scheme illustrating the possible synergistic mechanism of CWAO for acrylic acid; (b) oxidation valence and corresponding electron configuration of Fe
metal ions in C4V field.

Fig. 10. (a) the 2× 2×2 supercell structure of LaFeO3; (b) the defect formation energy for VO and the Ce substituted Fe sites in nutural as a function of Ce
concentration.
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ligand, revealed stabilized framework of La in perovskite, which further
explain the La3+ did not present any catalytic activity.

4. Conclusions

Effect of increasing Ce content on catalytic properties of perovskite
catalyst La1-xCexFeO3-δ for CWAO of acrylic acid was systematically
investigated. The catalysts with the molar ratio upper than 0.4 of Ce in
(La+Ce) have highly catalytic activity, stability and low cost. The
catalyst with a Ce ratio of 0.4 is the most active one from a kinetic point
of view. LaFeO3, La2O3, CeO2 and Fe2O3 showed the same activity as
WAO and almost no catalytic activity. A synergistic mechanism of
oxygen vacancies and the reversible electronic transition Fe2+↔ Fe3+

as well as direct oxidization of acrylic acid was proposed. First-princi-
ples calculations revealed that the oxygen vacancy is more easily to
form in the case of Ce content increasing in La1-xCexFeO3-δ, EDX also
verified this result. Vacancy oxygen could adsorb oxygen to form re-
active oxygen species according to gas-solid L-H mechanism. And XPS
and H2-TPR revealed that with the increase of Ce doping content, the
content of reactive oxygen species on the catalyst surface also increases,
then reactive oxygen species could oxidize organic pollutants. In ad-
dition, computed density of states (DOS) show that the catalyst could be
more stable due to the Ce doping. Finally, the reaction was verified as
first order, as illustrated by a generalized kinetic model, representing
the experimental data well.
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