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Abstract

In order to find a catalyst with high activity and stability for catalytic wet peroxide oxidation (CWPO) process under normal condition, with
Fe,03/v-Al, 05 and Fe,03;-Ce0O,/v-Al,O; catalysts prepared by impregnation method, the effect of CeO, doping on the structure and catalytic
activity of Fe,03/y-Al, 05 for catalytic wet peroxide oxidation of azo dyes at 25 °C and atmospheric pressure is evaluated using BET, SEM, XRF,
XRD, XPS and chemical analysis techniques, and test results show that, better dispersion and smaller size of Fe,O; crystal can be achieved by
adding CeO,, and the content of chemisorbed oxygen can also be increased on the surface of catalyst. CWPO experimental results indicate that
azo dyes in simulated wastewater can be efficiently mineralized and the catalytic activity of Fe,0;—CeQO,/y-Al,O5 can be increased by about
10% compared with that of Fe,Os/v-Al,O3 because of the promotion of the structural and redox properties of the ferric oxide by ceria doped.
Leaching tests indicate that Fe,O3/v-Al,03 and Fe,03;—CeO,/y-Al, O3 are stable with a negligible amount of irons found in the aqueous solution
after reaction for 2 h. It can therefore be concluded from results and discussion that in comparison with Fe,03/vy-Al, O3, Fe,0;—CeO,/v-Al, O3 is

a suitable catalyst, which can effectively degrade contaminants at normal temperature and atmospheric pressure.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The effluents from textile dyeing industry contain many
organic pollutants and cause serious environmental problems
for their color, high chemical oxygen demand (COD) and non-
biodegradability [1,2], and catalytic wet oxidation (CWO) has
been considered a very promising treatment method to destroy
these organic pollutions in wastewater [3—5]. Because it is nec-
essary to use more active oxidation agents to oxide wastewater
at lower reaction temperature and pressure, a catalytic wet per-
oxide oxidation (CWPO) process has been developed in recent
years [6]. By adding catalyst and oxidant, CWPO process can
work well under mild condition without too much energy con-
sumption, because the *OH radicals generated in the reaction
are highly oxidative, non-selective, and able to decompose many
organic compounds including dyes and pesticides. Chen et al.
[7] found that catalytic wet peroxide oxidation of reactive dyes
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can be successfully carried out with Cu-based catalysts, and
more than 80% of TOC is removed from the solution in less
than 15min at 150°C. Kim et al. [8] reported that complete
removal of reactive dyes can be achieved within 20 min at 80 °C
and normal atmospheric pressure by CWPO on Al-Cu pillared
clay catalysts with bubbled air. Neamtu et al. [9] evaluated the
degradation of a reactive azo dye, Procion Marine H-EXL, by
CWPO process with Fe-exchanged Y zeolite as catalyst, and
found more than 96% removal of color of 100 mg/L dye could
be removed in 30 min at pH 5, T7=50°C, 20 mmol/L H,O; and
1 g/LL FeY 15 which is equivalent to about 76% reduction of ini-
tial COD and 37% removal of initial TOC, but the degradation of
organic pollutants with high concentration by CWPO at normal
temperature and atmospheric pressure is not satisfactory.
Many investigators have been trying to improve the catalytic
activity and stability of heterogeneous oxidation catalysts to
enhance the efficiency of CWO [10-12], and cerium oxide and
CeO,-containing materials have been studied as catalysts, struc-
tural and electronic promoters used for heterogeneous catalysis
over past years. It has been shown that cerium oxide promotes
oxygen storage and release to enhance oxygen mobility, and
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forms surface and bulk vacancies to improve the catalyst redox
properties of the composite oxide when it is associated with
transitional metal oxides [13—-15].

In this paper, Fe;O3/y-Al,03 and Fe;03-CeO;/y-Aly 03
catalysts are prepared by impregnation and characterized by
BET nitrogen adsorption method, scanning electron microscope
(SEM), X-ray fluorescence (XRF), X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS) techniques, and
their catalytic activities were investigated by CWPO process at
normal temperature and atmospheric pressure, so that the cat-
alytic activity is correlated with catalyst characteristics and the
effect of ceria on the properties of Fe;O3/y-Al,O3 can be fur-
ther understood. Three azo dyes, acid orange 52 (AOS52), acid
orange 7 (AO7) and reactive black 5 (RBS), were selected as
model pollutants.

2. Experimental
2.1. Materials

All of reagents used for these experiments were analytical
grade and were used as supplied. Deionized water was used in
all experiments. The chemical structures of the three azo dyes
are as shown in Fig. 1.

2.2. Catalysts preparation

The catalysts were prepared by impregnation method, and
Fe(NO3)3-9H,0 and Ce(NO3)3-6H,O were used as precursors,
v-Al;03 (¢ =2-3 mm) as carrier. The Fe;O3/y-Al,O3 was pre-
pared by impregnation of 20 g y-Al,O3 with 100 mL aqueous
solution containing 0.1 mol/L. Fe(NO3)3 for 12h under room
condition, then the samples were dried at 80°C for 10h and
then dried at 110 °C for 2 h. The dried samples were calcined at
350°C in an oven for 3h to obtain Fe,O3/v-Al, O3 catalyst. The
Fe>03—CeO,/y-Al> O3, was prepared by consecutive impregna-
tion in such a sequence that Ce was first loaded on y-Al>O3
carrier by dipping of 20 g y-Al,O3 in 100 mL aqueous solution
containing 0.5 wt.% Ce (the weight ratio of Ce to carrier) for

CH,
|
NaO,S O N=N O N-CHj

Acid Orange 52

12 h under room condition, and the samples were dried at 80 °C
for 10h and then dried at 110°C for 2h. The dried samples
were calcined at 400 °C in an oven for 2h, so that the inter-
mediate CeO;/y-Al,O3 was obtained, and Fe was then loaded
on CeO,/y-Al; O3 by impregnation, too, and following the same
calcination procedure for the preparation of Fe,O3/y-Al, O3 cat-
alyst.

2.3. Characterization

The surface area, total pore volume and average pore size
of samples were analyzed using the BET nitrogen adsorption
method in an automated volumetric adsorption analyzer (model
Quantachrome Autosorb-1).

The surface morphology of the samples was investigated
using a Hitachi S-4700 SEM analyzer.

The elementary compositions of samples were determined
using a AXIOS pw4400 XRF analyzer operating at 4 kW with
Rh Ka used as X-ray source.

XRD analysis was carried out using a Rigaku D/max-rB
X-ray diffractometer with a scanning range of 10-80° and a
nickel-filtered Cu Ko radiation source at 45kV and 45 mA, and
a scanning speed of 5°/min.

XPS spectra were recorded using a PHIS700 analyzer with
Al Ka (hv=1486.60eV) used as X-ray source operating at
250 W and 12.5kV. Kinetic energies of photoelectrons were
measured using a hemispherical electrostatic analyzer work-
ing in the constant pass energy mode. The C 1s peak from the
adventitious carbon-based contaminant, with the bind energy of
284.62 ¢V, is used as the reference for calibration. Curve fit-
ting was carried out using a Physical Electronics PC-ACCESS
ESCA-V6.0E program with a Gaussian—-Lorentzian sum func-
tion. The Gaussian-Lorentzian mixing ratio was kept in the
range 0.8-1.0.

2.4. Reaction procedures and analysis

CWPO process was carried out in a cylindrical reactor of
200 mL with a constant temperature waterbath. The reaction

HO
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OH  NH,
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NaSO4

SO;Na

Reactive Black 5

Fig. 1. Chemical structures of acid orange 52, acid orange 7 and reactive black 5.
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Table 1
Results of BET tests

BET surface Total pore Average pore

area (m2/g) volume (mL/g) size (nm)
v-AlLO3 200.8 0.52 10.40
Fe03/y-AlL, 03 193.0 0.49 10.22
Fe,03-CeO,/y-ALbO3  193.6 0.50 10.29

was conducted at atmospheric pressure and 25 °C. Three grams
of catalysts and 33 mg H»O, were introduced into 100 mL of
aqueous dye wastewater with a dye concentration of 500 mg/L.

Liquid samples were taken out immediately at regular inter-
vals for analysis of absorbance and total organic carbon (TOC).
The visible light absorbance at the characteristic wavelength of
the three dyes, 465 nm for AO52, 485 nm for AO7 and 600 nm
for RBS, were measured using a UV-2550 Shimadzu UV-VIS
spectrophotometer. TOC measurement was carried out with a
TOC-Vcepny Shimadzu TOC analyzer. For evaluating the cat-
alytic activity of catalysts, both color removal efficiency and
TOC removal efficiency were calculated as shown below:

Co—C
X(%):% % 100 (1

where Cy and C; are the initial and final absorbance values of
dye, or the initial and final TOC, respectively.

An induced coupled plasma (ICP Model: Perkin-Elmer
5300DV) was used for determination of dissolved iron in solu-
tion and the samples were tested in duplicate.

3. Results and discussion
3.1. BET, SEM and XRF analysis of catalysts

The BET surface area, total pore volume and average pore
size of the investigated catalysts are listed in Table 1. FepO3/v-
Al>Oj3 catalyst and Fe, O3—CeO,/y-Al,O3 catalyst reduced the
surface area from 200.8 to 193.0 m?/g and 193.6 m?/g, respec-
tively, and due to the introduction of Fe and Ce, the total pore
volume and average pore size of the catalysts also reduced com-
pared with the carrier. The effect of CeO, doping on the pore
structure of Fe,O3/vy-Al, O3 catalyst is not obvious.

The dispersion of Fe; O3 particles on the surface of Fe, O3/v-
Al,O3 and Fe;03—CeO,/y-Al, O3 catalysts is as shown in Fig. 2.
It can be seen that from Fig. 2(a) slight aggregates of Fe,O3
particles are observed on the surface of Fe;O3/y-Al, O3 catalyst,
but the better dispersion can be achieved by doping of CeO, as
shown in Fig. 2(b), and a smaller crystal size can also be seen
from Fig. 2(b) compared with Fig. 2(a).

Fig. 2. SEM image of catalysts: (a) Fe,03/v-Al,O3; (b) Fe,03—CeO,/y-AlL O3.

The component contents of the two investigated catalysts
analyzed by XRF are shown in Table 2. The content of Fe in
Fe;03/v-Al> O3 catalyst increases from 1.907% to 2.207% by
introduction of Ce, although the content of Ce is only 0.390% in
Fey03—Ce0O,/v-Al» O3 catalyst. This shows that ceria can pro-
mote the structure of supports, so that the loading of Fe in the
catalyst is improved.

3.2. XRD analysis of catalyst

Fig. 3 shows the XRD patterns of y-Al,O3 carrier, Fe,O3/v-
Al>O3 catalyst and Fe,O3—CeO,/y-Al;O3 catalyst. y-Al,O3
phase can easily be seen in its pattern. The peaks character-
izing a-Fe;O3 crystal can be seen in the pattern of FeyO3/
v-Al,O3 catalyst, but become weaker or fade away in the
pattern of FeyO3—CeO,/y-Al,O3 catalyst, which verifies the
addition of CeO;, promotes the dispersion of Fe,O3 particles
and get the crystal size of Fe,O3; smaller. The peaks charac-

Table 2

Results of XRF analysis

Catalysts Al (%) 0O (%) Fe (%) Ce (%) Na (%) Si (%)
Fey03/v-Al, O3 48.341 49.641 1.907 0 0.063 0.048
Fe,03-Ce0,/y-AlL 03 47.835 49.679 2.207 0.390 0.031 0.038
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Fig. 3. XRD patterns of catalysts: (a) y-Al,O03; (b) FeyO3/y-Al,O3; (c)
F6203—C602/‘Y—A1203.

terizing CeO; crystals cannot be seen in the XRD pattern of
Fe;03—Ce0,/v-Al> O3 catalyst, because the content of Ce doped
in Fe, O3—Ce0,/y-Al, O3 catalyst is too low.

3.3. XPS analysis of catalysts

It can be seen from Fig. 4 that the Fe 2p3/2 peak of
Fe>03/y-Al;O3 catalyst appears at 710.9eV, while that of
Fe>03—CeO,/y-Al, O3 catalyst appears at 710.8 eV, which is
ascribable to Fe,O3 [16,17]. There is no great change in Fe
2p3/2 peak before and after CeO; doping, and this indicates that
CeO; has only a slight effect on the chemical state of Fe,;O3.

The characteristic peaks of Ce cannot be observed in the
survey XPS pattern of Fe,O3—CeO,/y-Al,O3 catalyst possibly
because the loaded content of Ce is too low to be detected,

Feopte  Fe2pd2
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Fig. 4. Fe2p XPS patterns of catalysts: (a) Fe,03/y-Al,O3; (b) Fe;03—-CeO,/y-
AL O3.
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Fig. 5. Ce 3d XPS spectra of CeO,/y-Al,03.

and Fe;03-CeO,/y-Al,O3 catalyst is prepared by successive
impregnation and Ce is covered by Fe,O3. It is well known that
XPS can be used to analyze the surface and a limited (5—10 nm)
depth of catalysts only, and so Ce cannot be detected on the
surface of Fe;03—CeO,/vy-Al, O3 catalyst.

In order to investigate the existence of Ce in Fe,O3—-CeO/y-
Al>,O3 catalyst, XPS is employed to analyze the surface of
intermediate CeO,/y-Al>O3. Fig. 5 shows Ce 3d XPS pattern
of CeO,/v-Al;O3, and Ce 3d5/2 peak can be observed at the
binding energy of 882.4 eV, which is ascribable to CeO; [18].

It can be seen from Fig. 6 that the O 1s XPS peaks are asym-
metric, which indicates that different types of oxygen exist on
the catalyst surface. The addition of CeO; increases the binding
energy of O 1s peak from 529.9 to 530.9 eV, and this shows the
existence of oxygen on the surface had been affected by CeO,.

In order to investigate the further details of oxygen on the sur-
face, O Is spectra are fitted roughly as shown in Fig. 7. The O 1s
peaks can be fitted into three peaks: One peak with the highest
binding energy can be attributed to the chemisorbed oxygen on
the surface of catalysts; one moderate is due to the lattice oxygen
of Al;O3, and the last peak is assigned to the lattice oxygen of

Intensity / a.u.

550 545 540 535 530 525 520 515 510

Binding Energy / eV

Fig. 6. O 1s XPS patterns of catalysts: (a) Fe,O3/v-Al,03; (b) Fe;03—-CeOy/y-
Al O3.
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Fig. 7. O 1s curves fitting of catalysts: (a) Fe,O3/v-Al,O3; (b) Fe,03—CeOs/y-
Al,O3.

Fe>O3 [16], i.e., there exist two types of oxygen on the surface of
catalysts, one is the characteristic lattice oxygen with low bind-
ing energy, and the other is most likely to be chemisorbed oxygen
with high binding energy. According to the studies [13,19], the
chemisorbed oxygen, which has higher mobility than lattice oxy-
gen, can take an active part in the oxidation process and greatly
improve the catalyst activity. In the CWPO process, *OH can be
generated not only by reacting ferrous salts with H>O; [20], but
also by a free radical chain auto-oxidation process, which can
be described as follows [21]:

RH + Fe’t — R® + H' 4 Fe?* (initiation) )
R* 4+ O — RO»* (propagation) 3)
Table 3

XPS data of O element on the surface of the two catalysts
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Fig. 8. Degradation efficiency of AO52 in CWPO with Fe;O03/y-Al,O3 and
Fep03—Ce0,/y-Al, O3 as catalyst.

RO;* + RH — ROOH + R* (propagation) @)
ROOH — RO* + °OH (autocatalytic decomposition) (®)]

Reaction (2) occurs on the catalyst surface and is a fast reaction,
and reactions (3) and (4) are the key steps to produce *OH, and
so0, increasing the chemisorbed oxygen content on the surface
of the catalysts expedites reactions (3) and (4) to produce *OH,
thereby promoting the activity of the catalysts.

It can be seen from Table 3 that the addition of CeO; increases
the percentage of the chemisorbed oxygen in the total oxygen,
in other words, CeO, doped improves the catalytic activity of
Fe>03/v-Al;03.

3.4. Analysis of catalytic activity

Figs. 8—10 summarize the time dependence of color removal
efficiencies and TOC removal efficiencies of three dyes in
the CWPO process with Fe,O3/y-Al,O03 and Fey;03—-CeOs/v-
Al,O3 used as catalysts, respectively. It can be seen that two
catalysts show promising catalytic activity during the catalytic
wet oxidation of three azo dyes at 25 °C and atmospheric pres-
sure with high mineralization efficiency achieved in this process.
After being used to treat the simulated wastewater containing
500 mg/L of AO52, the removal efficiency of color and TOC of
Fe;03—Ce0,/vy-Al>, O3 catalyst in 3h are 88.77% and 81.44%,
respectively, and the other two dyes, AO7 and RBS5, can also be
degraded efficiently.

Catalysts Binding energy (eV) Percentage of Oyq or O, to Ot (%)

Oud OL (ALO3) O, (Fey03) Oud O (ALL0O3) O (Fe203)
Fey03/y-Al, O3 531.61 530.36 529.64 28.10 31.86 40.05
Fey03-Ce0,/y-AlL03 531.75 530.26 529.55 36.22 23.39 40.39

O,q: the chemisorbed oxygen; Oy : the latter oxygen; Or: the total oxygen.
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Fig. 9. Degradation efficiency of AO7 in CWPO with Fe;O3/y-Al,O3 and
Fe;03—-Ce0s/y-Al, O3 as catalyst.

It can be concluded from the results of CWPO that the degra-
dation efficiency can be improved by about 10% by using ceria
promoted Fe;O3/v-Al> O3 catalyst under the same reaction con-
dition. The promoted catalytic activity can be attributed to the
special ability of Ceria for two reasons: (1) better dispersion
and smaller size of Fe;Os3 crystal achieved when CeO; doped
increases the number of effectively active sites, and this increase
helps the instant production of more *OH, and CeO> can act as
a structural promoter of Fe,O3/y-Al,O3 catalyst; (2) the addi-
tion of CeO; increases the content of chemisorbed oxygen on
the surface of Fe,O3/v-AlpO3 catalyst, thereby improving the
redox properties of composite catalysts, and so, CeO; can act as
an electronic promoter of Fe;03/y-Al,O3 catalyst. Therefore,
the catalytic activity of Fe;03—CeQO,/y-Al, O3 catalyst is higher
than that of Fe;03/y-AlpO3 catalyst in CWPO process under
normal condition.
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Fig. 10. Degradation efficiency of RB5 in CWPO with Fe;O3/y-Al,O3 and
Fep03—-Ce0,/y-Al, O3 as catalyst.

The treatment efficiency of Fe;03/y-Al,O3 or Fe, O3—CeO,/
v-Al, O3 without HyO» is also investigated, and only about 30%
decolorization efficiency was achieved in 3h with AO52 as
model pollution, which verifies the main reason for degrada-
tion of dyes is catalytic oxidation, not adsorption. In addition,
the data presented in Figs. 8—10 indicates that methyl orange is
easier to be degraded than acid orange 7, and reactive black 5
is the most difficult one to be degraded. The relative order for
degradation efficiency is directly proportional to the molecular
weight and structural complexity of dye.

The tests conducted to assess the catalytic activity of same
batch of Fe;O3/v-Al,03 and FepO3—-CeOy/y-Al,O3 used in
consecutive oxidation runs with the same catalysts load under
the same reaction conditions show that the catalytic activity
decreases fast in the successive runs, and the decolorization
efficiency of 500 mg/L of methyl orange in 3h decreases from
88.77% for the first run to 53.66% for the third run by using
Fe>03-CeO,/y-Al> O3 as catalyst, and from 79.67% for the first
run to 50.63% for the third run by using Fe;O3/vy-Al»O3 as cat-
alyst, which indicates that the doping of Ce does not improve
the service life of Fe,O3/y-Al,O3. Much effort should be given
to the improvement of catalyst service life in the next study.

3.5. Leaching tests

During the CWPO process, the components may be leached
out from the catalysts. To investigate the stability of Fe,O3/vy-
Al>O3 and Fe,03-CeO,/y-Al,O3 with respect to metal leach-
ing, the concentrations of dissolved Fe, Al and Ce in the solution
after catalytic oxidation for 2 h are analyzed using ICP, and the
concentrations of three metallic ions are 0.04, 0.36 and 0 mg/L,
respectively while Fe;O3/y-Al,O3 is used as catalyst, and 0.01,
0.39 and 2.16 mg/L, respectively while Fe,O3—CeO;/y-Al,O3
is used as catalyst. Under the reaction conditions employed for
this research, the two catalysts under study show an excellent
chemical stability with negligible leaching ions, and the doping
of Ce has no obvious effect on the stability of the catalyst.

4. Conclusions

Three azo dyes can be efficiently degraded with Fe,O3/y-
Al,O3 and Fe,03-CeO,/y-Al, O3 used as catalysts in a CWPO
process under standard atmospheric conditions. Fe,O3—CeO,/y-
Al>O3 has shown more promising catalytic activity compared
with Fe,O03/y-Al,O3. From the results of catalysts characteri-
zation and catalytic tests, it can be concluded that better disper-
sion and smaller size of Fe;O3 crystal can be achieved when
Ce0O; is doped, which increases the number of effectively active
sites. Moreover, the addition of CeO, increases the content of
chemisorbed oxygen on the surface of Fe,O3/y-Al,O3 cata-
lyst, and improves the redox properties of composite catalysts.
As a result, Fe;03—CeO,/v-Al,O3 catalyst can improve the
degradation efficiency by about 10% compared with Fe,O3/y-
AlyO3 catalyst under the same reaction conditions. Leaching
tests showed that the doping of Ce has no obvious effect on the
stability of catalyst and the two catalysts under study show an
excellent stability with negligible leaching ions in the CWPO
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process. It can therefore be concluded from Section 3 above
that in comparison with Fe;O3/y-Al», O3, Fe, O3—Ce0,/vy-Al, O3
is a suitable catalyst with high activity and stability for cat-
alytic wet peroxide oxidation (CWPO) process under normal
condition

CWPO process is a promising technology which can be used
to treat aqueous solutions containing organics under standard
atmospheric conditions with excellent performance, although
much efforts has to be directed to the improvement of catalyst
service life.
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