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1 Introduction

Industrial wastewaters, originating from the production of
textiles, paper printing, plastics, rubber and medicines,

often contain organic compounds with high concentration
and toxicity. Such compounds could cause toxic effects on
aquatic ecosystems and human health when directly
discharged into water body. Biological treatments, the
widest wastewater treatment technologies, are not appro-
priate for treating such wastewaters due to the bactericide
properties of refractory compounds [1]. The development
of effective technologies for removing pollutants has
gained considerable attention. Advanced oxidation pro-
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H I G H L I G H T S

• Fe2O3-CeO2-Bi2O3/γ-Al2O3, an environmental
friendly material, was investigated.

•The catalyst exhibited good catalytic perfor-
mance in the CWAO of cationic red GTL.

•The apparent activation energy for the reaction
was 79 kJ$mol–1.

•HO2$ and O2$
– appeared as the main reactive

species in the reaction.
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G R A P H I C A B S T R A C T

A B S T R A C T

The Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalyst, a novel environmental-friendly material, was used to
investigate the catalytic wet air oxidation (CWAO) of cationic red GTL under mild operating
conditions in a batch reactor. The catalyst was prepared by wet impregnation, and characterized by
special surface area (BET measurement), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). The Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalyst exhibited good catalytic activity and
stability in the CWAO under atmosphere pressure. The effect of the reaction conditions (catalyst
loading, degradation temperature, solution concentration and initial solution pH value) was studied.
The result showed that the decolorization efficiency of cationic red GTL was improved with increasing
the initial solution pH value and the degradation temperature. The apparent activation energy for the
reaction was 79 kJ$mol–1. Hydroperoxy radicals (HO2$) and superoxide radicals (O2

–$) appeared as
the main reactive species upon the CWAO of cationic red GTL.
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cesses (e.g. ozonation, photocatalysis, electrochemical
oxidation) have shown good removal for refractory
pollutants at a low concentration level [2–5].
Wet air oxidation (WAO) is one of effective technologies

to deal with highly concentrated, toxic and hazardous
organic compounds under high temperature (125–320°C)
and pressure (0.5–20 MPa), and organic compounds were
oxidized to CO2, H2O and innocuous compounds [6]. The
WAO was commonly applied as a pretreatment process of
the wastewaters before further using biological technolo-
gies [7]. The severely operating conditions to be
implemented for the WAO reaction limit the practical
application in the wastewater treatment. The catalysts
added in the reaction, catalytic wet air oxidation (CWAO),
can decrease the operating conditions, increase the
oxidation rate and shorten the reaction time [8]. Compared
with homogeneous catalysts, heterogeneous catalysts have
shown good promise since they are easily separated from
the effluents. Many heterogeneous catalysts have been
developed in the CWAO of organic compounds, such as
noble metal catalysts (Ru, Pt…) [9–12], transition metal
oxides (CuO, Fe2O3, MnO2…) [13–15] and carbon
materials [16,17].
Especially, in the last decade some attempts have paid a

lot attention to developing heterogeneous catalysts used
under mild conditions, namely atmosphere pressure and
low reaction temperature (< 100°C), in order to avoid the
severely operating conditions in the CWAO reaction. For
example, the catalysts (CuO-MoO3-P2O5, Zn1.5PW12O40,
Mo-Zn-Al-O, Pt/CexZr1-xO2…) exhibited good catalytic
performance in the CWAO of different model compounds
under atmospheric pressure [18–21]. It is noticed that
active phases of these catalysts commonly contained high
cost and free environmental-friendly metals. Therefore, the
development of effective heterogeneous catalysts is a
challenge in the CWAO under atmospheric pressure.
In the paper, a novel Fe2O3-CeO2-Bi2O3/γ-Al2O3

catalyst was selected and developed. The reason are listed
as follows: (1) iron oxide catalysts supported on γ-Al2O3,
with high specific surface area and low cost, are the
environmental-friendly materials and show good catalytic
activity in the CWAO reactions because the electronic
transformation of metal ions could produce strong
oxidative species (O2

–$, HO2$…) [22,23]; (2) the oxygen
vacancies on the CeO2 surface are helpful to improve the
formation of strong oxidative species [15,19]; (3) Ce and
Bi not only exhibit good stability, but also have the
catalytic performance in the CWAO reaction [24]. Cationic
red GTL, widely used in the textile industry, was selected
as a model molecule. The impact of the reaction conditions
(catalyst loading, reaction temperature, solution concen-
tration and initial solution pH) on the activity of the Fe2O3-
CeO2-Bi2O3/γ-Al2O3 catalyst was investigated in the
CWAO of cationic red GTL under atmospheric pressure,
and a mechanism of the catalyst was proposed.

2 Experimental

2.1 Materials

Cationic red GTL was supplied by Tianjin Fuchen Fine
Chemical Plant (China). Its chemical structure was shown
in the literature [20], and its pKa was ca. 4.7 measured by
the literature [25]. Other reagents used for the different
experiments were all of analytical grade. γ-Al2O3 was
purchased from Aladdin Industrial Corporation and used as
a support. The powder size was ca. 100 mm.

2.2 Catalyst preparation

The catalyst was synthesized by wet impregnation method.
First, Bi(NO3)3$5H2O was dissolved in the dilute nitric
acid, and then Fe(NO3)3$9H2O and Ce(NO3)3$6H2O
were added into the solution under vigorous stirring.
Secondly, γ-Al2O3 support was loaded above the mixed
solution, kept under sonication for 15 min (250 W,
40 kHz), and then impregnated at room temperature
overnight. The resulting mixture was dried at 110°C
overnight and calcined at 400°C for 3 h under flowing air
(400 mL$min–1) to get the Fe2O3-CeO2-Bi2O3/γ-Al2O3

catalyst. The corresponding Fe2O3/γ-Al2O3 and
Fe2O3-CeO2/γ-Al2O3 catalysts were prepared following a
similar process. Fe, Ce and Bi loadings on the γ-Al2O3

were ca. 3.5, 2.4 and 1.8 wt.% for all catalysts,
respectively.

2.3 Catalyst characterization

The specific surface area of the samples was measured by
N2 adsorption at 77 K using an analyzer (Autosorb IQ-MP,
USA). Before the analysis, the samples were outgassed at
250°C for 4 h. X-ray diffraction (XRD) analysis was
carried out on a diffractometer (Bruker D8 advance,
Germany) in the range 20°–80° using a Cu Ka radiation
source (l = 0.15406 nm) and a scanning speed of 4°$min–1.
X-ray photoelectron spectroscopy (XPS) study was
performed on an analyzer (PHI 5400 ESCA, USA) using
an Al Ka X-ray source (hn = 1486.60 eV). The C1s peak
(Eb = 284.60 eV), originating from the surface contamina-
tion, was used as a reference for the calibration of the
binding energies. The pH at the point of zero charge
(pHPZC) of different materials was measured with the
method developed by Noh et al. [26].

2.4 CWAO reaction

All experiments were performed in a glass reactor. It was
kept into a water bath in order to maintain the stable
reaction temperature during the experiments, and equipped
with a magnetic stirrer to ensure good mass transformation.
250 mL cationic red GTL solution (100 mg$L–1, pH0 = 5.4)
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was loaded into the reactor, while pure O2 (200 mL$min–1)
was continuously bubbled into the solution with stirring.
After heating the reactor up to the desired temperature, a
fixed amount catalyst was introduced into the reactor, and
this time was defined as the “zero” time. In parallel, in
order to evaluate the adsorption capacity of the catalyst, the
same experiment was performed under N2 bubbling. Upon
the reaction, the samples were periodically withdrawn
from the reactor. After being filtrated with a 0.22 mm filter
to eliminate any solid catalyst particles, the liquid samples
were analyzed with a UV-vis spectrophotometer and
measured at 530 nm. The evaluation of the catalytic
activity was based on the measurement of the decoloriza-
tion efficiency (%) and calculated as follows:

Decolorization ¼c0 – ct
c0

� 100; (1)

where c0 and ct were the initial and final concentration of
cationic red GTL in the reaction, respectively. The
intermediates produced during the CWAO reaction were
analyzed by high performance liquid chromatogram
(HPLC) with a UV detector using a C18 column. The
mobile phase was a mixture of 0.09% phosphoric acid
aqueous solution and methane (v/v, 90:10) with a flow rate
of 1.0 mL$min–1. The effluents in the reaction were further
analyzed by ICP to check any possible leaching of Fe, Ce,
Bi and Al from the catalyst.

3 Results and discussion

3.1 Characterization of the catalyst

3.1.1 BET and pHPZC

The specific surface areas of the samples were summarized
in Table 1. γ-Al2O3 had a pretty large specific surface area
(ca. 166 m2$g–1). Compared with that of the support, the
specific surface areas of the catalysts (Fe2O3/γ-Al2O3,
Fe2O3-CeO2/γ-Al2O3 and Fe2O3-CeO2-Bi2O3/γ-Al2O3)
slightly decreased, indicating that the impregnation of the
active components did not significantly affect the acces-
sibility of the porous structure of the support.
The pHPZC of the samples was close to 8.0, while the

pHPZC of the catalysts slightly decreased compared to that
of the support (pHPZC = 8.22). Such differences could
potentially alter the catalysts surface charge upon reaction

and subsequently affect the dye adsorption on the catalyst
surface [27]. The charge on the catalyst surface would be
positive below the solution of 8.0 pH value, and on the
contrary the charge on the catalyst surface would be
negative.

3.1.2 XRD

The XRD patterns of the samples were shown in Fig. 1. The
support was characterized by three main typical diffraction
lines at 37.6°, 45.9° and 67.0°. These peaks were also
observed for all catalysts and the intensity of the peaks did
not obviously change, indicating that active phases
supported on γ-Al2O3 did not affect the crystalline structure
of the support. In addition, very weak and broad diffraction
peaks at ca. 32.8° and 53.8°, attributed to α-Fe2O3, were
observed in the XRD pattern of Fe2O3/γ-Al2O3 catalyst,
indicating that Fe2O3 particles with very small crystal size
were well-dispersed on the support. When Ce and Bi were
impregnated on the support, the relative Fe diffraction
peaks disappeared from the XRD patterns. The observation
indicated that the addition of Ce and Bi promoted the
dispersion of Fe2O3 particles. No relative Ce and Bi
diffraction peaks were observed on the XRD patterns,
probably because of low loadings of Ce and Bi.

3.1.3 XPS

The surface composition and the element chemical state of
the samples were determined with XPS, and the spectra for
Fe, Ce and Bi were shown in Fig. 2 in the case of the
Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalyst. The XPS spectra of
Ce 3d and Bi 4f were observed, and assigned to CeO2 and
Bi2O3, in agreement with the preparation process of the
catalysts. By comparison with the spectra obtained for
Fe2O3/Al2O3 and Fe2O3-CeO2/γ-Al2O3 catalysts, it is
observed that the binding energy of Fe 2p3/2 was slightly
shifted toward lower binding energy upon the addition of
Ce and Bi, indicating a change in the chemical state of Fe.
To get deeper insights into the change, the Fe 2p3/2 spectra
were fitted with two bands, i.e. a main peak ca. 711.0 eV
attributed to Fe3+-O and a smaller peak ca. 709.5 eV
assigned to Fe2+-O [28,29]. The amounts of Fe2+ increased
and were 5.43， 8.74 and 11.09 at.% for Fe2O3/γ-Al2O3,
Fe2O3-CeO2/γ-Al2O3 and Fe2O3-CeO2-Bi2O3/γ-Al2O3 cat-
alysts, respectively (in Table 1). In addition, Al and O
spectra were obtained for different catalysts. No obvious

Table 1 The structure of the catalysts

Samples
Surface area
(m2$g–1)

pHPZC
Fe2+ Fe3

(at.%) (at.%)
Loading of metals (wt.%)
Fe Ce Bi

Fe2O3/γ-Al2O3 163 7.64 5.43 94.57 3.51 – –

Fe2O3-CeO2/γ-Al2O3 160 7.78 8.74 91.26 3.49 2.41 –

Fe2O3-CeO2-Bi2O3/γ-Al2O3 157 7.94 11.09 88.91 3.47 2.38 1.82
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change in the Al XPS spectra was observed for all catalysts
(see Fig. S1 in Supplementary material). A slight shift
forward high binding energy for the O 1s spectra was
observed for the different catalysts (see Fig. S2 in
Supplementary material), when Ce and Bi were added to
the Fe2O3/γ-Al2O3 catalyst.

3.2 CWAO of cationic red GTL

CWAO of cationic red GTL was studied under various
conditions, including stirring speed, oxygen flow rate,
catalyst loading, catalyst type, initial solution pH, reaction
temperature, and initial concentration of cationic red GTL.
The O2 partial pressure has some impact on the

conversion of pollutants in the CWAO reaction [9,10,19].
In our experiments, the effect of the stirring speed and
oxygen flow rate was measured in order to eliminate any
possible oxygen transformation limitations and ensure the
performance of the catalysts under chemical control. Under
the applied reaction conditions, the decolorization effi-
ciency was observed to be constant when the stirring speed

and oxygen flow rate were over 650 r$min–1 and 200 mL
$min–1, respectively.
The effect of the catalyst loading (1, 2, 3 and 4 g$L–1) on

the decolorization efficiency of the dye was evaluated at
70°C under atmospheric pressure. The reaction rate was
expressed per gram of a catalyst. The reaction rate rapidly
increased from 1 to 2 g$L–1 catalyst loading; however it
decreased at the higher catalyst loading. The catalyst
loading was fixed at 2 g$L–1 in the following experiments
to make sure that the reaction was performed under kinetic
control.

3.2.1 Impact of the different catalysts

Upon the WAO of cationic red GTL without any catalysts
(in Fig. 3), the decolorization efficiency was almost zero
after 240 min reaction at 70°C under O2 bubbling. In
conclusion, cationic red GTL was shown to be stable under
our operating conditions. Under N2 bubbling, the adsorp-
tion of cationic red GTL on the different catalysts was
assessed under the same reaction conditions. It is found
that a fraction of cationic red GTL was adsorbed on the
catalysts (up to 20%). Indeed, the high dye adsorption on
the catalysts would be attributed to the specific surface area
of the catalysts (ca. 160 m2$g–1). Under O2 bubbling, the
support was shown to be totally inactive. On the opposite,
the different catalysts exhibited the decolorization perfor-
mances. After 240 min reaction at 70°C, the decolorization
reached 32, 38 and 46% over the Fe2O3/γ-Al2O3, Fe2O3-
CeO2/γ-Al2O3 and Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalysts,
respectively. The decolorization of the solution should be
attributed to the combined effects of the adsorption and the
activity of the catalysts. Moreover, the addition of Ce and
Bi improved the activity of the Fe2O3/γ-Al2O3 catalyst. No
leaching of Fe, Ce, Bi and Al was detected upon
completion of the reaction, indicating that the iron
oxides-based catalysts were active and stable under the
applied reaction conditions. The main intermediates, as
identified by HPLC, were hydroquinone and 1-chloro-3-
nitro-benzene.

Fig. 1 XRD patterns of the support and catalysts (a: γ-Al2O3, b:
Fe2O3/γ-Al2O3, c: Fe2O3-CeO2/γ-Al2O3, d: Fe2O3-CeO2-Bi2O3/γ-
Al2O3)

Fig. 2 XPS spectra of Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalyst
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3.2.2 Impact of initial solution pH

Figure 4 showed the effect of initial pH of the cationic red
GTL solution (4.0, 7.0 and 9.0) on the decolorization of
cationic red GTL upon the CWAO over Fe2O3-CeO2-
Bi2O3/γ-Al2O3 catalyst at 70°C under atmospheric pres-
sure. Upon increase of initial pH of the solution under N2

bubbling (adsorption), the decolorization increased from
18 to 30% after 240 min reaction. Similarly, under O2

bubbling, the decolorization was enhanced from 33 to
67%. The adsorption of cationic red GTL on the solid
surface was affected by the pH of the solution, especially
with respect to the pKa of cationic red GTL (4.7) and the
pHpzc of the solid (ca. 8). Indeed, upon the CWAO of

cationic red GTL, the different situations might be
encountered: (1) when initial pH value of the solution
was acidic (4.0), i.e below the pHpzc of the catalyst and the
pKa of cationic red GTL, the catalyst surface will be
positively charged and the dye will be in the cationic form;
resulting in repulsive electrostatic interactions between the
cationic dye and the positively charged surface of the
catalyst, preventing the adsorption of the dye on the
catalyst and inhibiting the reaction of the the dye on the
catalyst surface; (2) when initial pH of the solution was
above 4.7 (7.0 and 9.0), i.e above the pKa of cationic red
GTL, the dye will exist in the molecular form and non-
specific weak interactions with the catalyst surface will
occur, leading to the adsorption and the further reaction of
cationic red GTL at the catalyst surface. Therefore, the
adsorption appeared to be a key parameter controlling the
catalytic performance of the Fe2O3-CeO2-Bi2O3/γ-Al2O3

catalyst in the CWAO of cationic red GTL.

3.2.3 Impact of the degradation temperature

The effect of the reaction temperatures (70°C, 80°C and
90°C) on the activity of the Fe2O3-CeO2-Bi2O3/γ-Al2O3

catalyst was investigated in the CWAO of cationic red GTL
under atmospheric pressure (in Fig. 5). With increasing
reaction temperature, the decolorization removal increased
from 18 up to 76% after 240 min reaction, and the initial
reaction rate (attributed to the activity of the catalyst)
increased from 1.7, 3.2 to 8.4 mgGTL$gcat

–1$h–1, respec-
tively. According to the Arrhenius plot, the apparent
activation energy was calculated to be ca. 79 kJ$mol–1 in
the CWAO of cationic red GTL over the Fe2O3-CeO2-
Bi2O3/γ-Al2O3 catalyst. The relative literatures did not
involve the activation energy in the CWAO of the cationic
ion red GTL, so no comparison was possible.

Fig. 3 Decolorization efficiency of cationic red GTL in CWAO
over the different catalysts under atmospheric pressure ([Dye]0=
100 mg$L–1; [Catalyst]0 = 2.0 g$L–1; [O2]0= 200 mL$min–1; T =
70 oC)

Fig. 4 Effect of initial pH value of cationic red GTL solution on
the decolorization efficiency in the CWAO over the Fe2O3-CeO2-
Bi2O3/γ-Al2O3 catalyst under atmospheric pressure ([Dye]0= 100
mg$L–1; [Catalyst]0= 2.0 g$L–1; [O2]0= 200 mL$min–1; T = 70 oC)

Fig. 5 Effect of reaction temperature on the decolorization
efficiency of cationic red GTL in the CWAO over the Fe2O3-
CeO2-Bi2O3/γ-Al2O3 catalyst under atmospheric pressure ([Dye]0=
100 mg$L–1; [Catalyst]0= 2.0 g$L–1; [O2]0= 200 mL$min–1)
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3.2.4 Impact of the solution concentration

The effect of the cationic ion red GTL concentration (50,
100 and 150 mg$L–1) on the activity of the Fe2O3-CeO2-
Bi2O3/γ-Al2O3 catalyst was investigated at 70°C under
atmosphere pressure (in Fig. 6). With increasing the
solution concentration, the decolorization removal
decreased, and the initial reaction rates (attributed to the
activity of the catalyst) were 1.8, 3.2 and 3.5
mgGTL$gcat

–1$h–1, respectively. A reaction order with
respect to cationic ion red GTL concentration was ca. 0.6
under the applied reaction conditions. This indicates that
the initial reaction rate has a close connection with the
concentration of cationic ion red GTL.

3.3 Insight into the reaction mechanism

While it is well accepted in the literatures that the CWAO
of organic compounds involves a free radical mechanism,
the nature of strong oxidative species formed in the process
(e.g. O2

–$, HO2$, OH$) is still a question of debate due to
the severely operating conditions [10,16,30]. To detect
active species formed in the CWAO of cationic red GTL
over the Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalyst under mild
conditions, a series of experiments were performed in the
presence of different radical scavengers. Tert-butyl alcohol
(TBA) and p-benzoquinone (BQ) were used as scavengers
for OH$ and HO2$/O2

–$ radicals, respectively. In addition,
para-chlorobenzoic acid (p-CBA) was also used as an
indicator to detect the presence of OH$ radicals upon the
CWAO of cationic red GTL, since it would be only
oxidized by OH$ radicals [31,32].
Looking at the possible involvement of radicals, the

experiments were performed in the presence p-CBA, TBA

and BQ, respectively. As shown in Fig. 7, it is found after
240 min reaction that: (1) the presence of BQ induced a
decrease of the decolorization efficiency from 45 to 22%;
(2) the decolorization removal of cationic red GTL did not
almost change in the presence of TBA; (3) p-CBA did not
be oxidized upon the CWAO. The result clearly demon-
strated that OH$ radicals were not generated and O2

–$/
HO2$ radicals were the main oxygen species in the CWAO
of cationic red GTL over the Fe2O3-CeO2-Bi2O3/γ-Al2O3

catalyst.

In the CWAO of cationic red GTL, O2 would first adsorb
on the catalyst surface and trap an electron from iron (Fe2+)
to produce O2

–$, and then further react with protons to
form HO2$ in the solution. Both radicals would be
responsible for the oxidation of cationic red GTL. The
activity of the iron catalysts could be related to the fraction
of Fe2+ in the catalyst that might be oxidized upon the
adsorption of oxygen, alone with the production of O2

–$/
HO2$ radicals. Therefore, the structural properties of the
Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalyst (high specific surface
area, pHPZC and high amount of Fe2+) would be
responsible for the efficient production of O2

–$/HO2$
radicals, and lead to good catalytic activity for the CWAO
of cationic red GTL.
We compared with the initial reaction rate of the Fe2O3-

CeO2-Bi2O3/γ-Al2O3 and Mo-Zn-Al-O catalysts in the
CWAO of cationic red GTL under atmosphere pressure
[20]. For the Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalyst, the
initial reaction rate, expressed per gram of active phases of
Fe, Ce and Bi, was ca. 49 mgGTL$gmetals

–1$h–1 at 70°C,
while the initial reaction rate for the Mo-Zn-Al-O catalyst
was ca. 28 mgGTL$gmetals

–1$h–1 at room temperature. The
result indicates that the environmental-friendly Fe2O3-

Fig. 6 Effect of the cationic red GTL concentration on the
decolorization efficiency in the CWAO over the Fe2O3-CeO2-
Bi2O3/γ-Al2O3 catalyst under atmosphere pressure ([Catalyst]0=
2.0 g$L–1, [O2]0= 200 mL$min–1, T = 70 oC)

Fig. 7 Effect of scavenging agents on the decolorization
efficiency of cationic red GTL in the CWAO over Fe2O3-CeO2-
Bi2O3/γ-Al2O3 catalyst under atmospheric pressure ([Dye]0= 100
mg$L–1; [Catalyst]0= 2.0 g$L–1; [O2]0= 200 mL$min–1; T = 70 oC)
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CeO2-Bi2O3/γ-Al2O3 catalyst with low cost has the
application potential in the wastewater treatment.

4 Conclusions

Iron oxide-supported catalysts, the environmental-friendly
materials, were investigated in the CWAO of cationic red
GTL under atmospheric pressure. The Fe2O3-CeO2-Bi2O3/
γ-Al2O3 catalyst showed good decolorization efficiency,
which was enhanced by the addition of Ce and Bi. Indeed,
the addition of Ce and Bi improved the iron dispersion and
increased the fraction of Fe2+ in the catalyst. The
decolorization efficiency was enhanced when the adsorp-
tion of cationic red GTL on the catalyst surface could be
promoted upon CWAO reaction. Superoxide and hydro-
peroxyl radicals were identified as the main reactive
oxidative species in the CWAO of cationic red GTL over
the Fe2O3-CeO2-Bi2O3/γ-Al2O3 catalyst.
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