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a b s t r a c t

Three 5% CuO/CeO2 catalysts were synthesized by sol–gel, precipitation and combustion methods, fol-
lowed by incipient wetness impregnation with copper nitrate. The samples were characterized by XRD,
TPR, BET and tested for the catalytic wet peroxide oxidation of a phenol solution (5 g/L). The reaction
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eywords:
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took place in a batch reactor at atmospheric pressure, in a temperature range of 60–80 ◦C, during 4 h.
Phenol conversion, H2O2 consumption, pH and chemical oxygen demand were determined. The reaction
temperature and the catalyst loading did improve the phenol and the H2O2 conversions. The effect on
the selectivity towards complete mineralization was less marked, with levels among 60–70%. Stepwise
addition of H2O2 was also tested.
henol
ydrogen peroxide

. Introduction

Environmental pollution has become a very complex and
xtended problem. The worldwide increase of controls and reg-
lations demands new technological strategies. One major area
f study is associated with new developments and advances in
astewater treatment technologies.

Many methods have been proposed to deal with aqueous efflu-
nts containing organic pollutants. Recently, Advanced Oxidation
rocesses (AOPs) have become recognized as promising alterna-
ives for the removal of hazardous chemicals, exploiting the high
otential energy of hydroxyl radicals [1–4]. Among different pol-

utants, phenol is frequently chosen as a model compound for
on-conventional detoxification studies, due to its high toxicity and
oor biodegradability [5–7]. A variety of AOPs have been applied
o treat wastewaters containing phenol, including the classic sys-
em discovered by Fenton more than a century ago [8]. Fenton’s
eagent (Fe+2/H2O2) has demonstrated to be able to destroy toxic
ompounds such as phenols and herbicides [3,9–11]. However, the
pplication of conventional Fenton reaction is seriously affected by
he typical problems in homogeneous catalysis (catalyst separa-
ion, regeneration) and is also limited to an acid-range controlled
H [7,9].
Different heterogeneous Fenton-type systems have been pro-
osed, using transition metals supported over different solid
aterials in the Catalytic Wet Peroxide Oxidation (CWPO) reactions

7,11,12].
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We have previously studied the performance of CeO2-supported
catalysts for the CWPO of phenol solutions, working with Fe2O3 and
WO3 as active phases with promising results [11]. Now, we pro-
pose to study CuO/CeO2 systems, taking into account the activity
and selectivity of copper for oxidation of phenol [13–17]. Only a
few CWPO studies dealing with copper-based catalysts have been
reported. Nevertheless, none of them used ceria as support. We
here present exploratory studies with nanostructured CuO/CeO2
materials. The application of these catalytic systems is the current
subject of extensive research [18–21]; however, so far, CuO/CeO2
have not been used in CWPO processes.

In this preliminary approach we studied the effect of major pro-
cess variables, such as temperature, hydrogen peroxide addition
and catalyst loading, in the CWPO of phenol solutions (5000 ppm)
performed at mild operation conditions (atmospheric pressure and
60–80 ◦C).

2. Experimental

2.1. Preparation of the catalysts

Three CeO2 nanosized supports were synthesized by different
methods:

- Sol–gel autocombustion method: the precursors Ce(NO3)3·6H2O
and citric acid (in 1:2 molar ratio) were dissolved in bidistilled

◦
water, vaporized at 60 C with continuous stirring, up to gelation
and dried at 120 ◦C overnight. The support was then calcined at
400 ◦C in air atmosphere for 4 h. (CeO2-G)

- Calcination method: the precursor Ce(NO3)3·6H2O was directly
calcined at 400 ◦C in air atmosphere for 4 h. (CeO2-C)

dx.doi.org/10.1016/j.jhazmat.2011.03.033
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pamassa@fi.mdp.edu.ar
dx.doi.org/10.1016/j.jhazmat.2011.03.033
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Table 1
Surface area and particle diameters of the different samples.

Sample BET surface
area (m2/g)

Particle
diametera (nm)

CeO2-G 53 7.6
CuO/CeO2-G 50 7.2
CeO2-C 59 11.4
CuO/CeO2-C 55 10.5

of surface ceria at 500 ◦C disappeared [18]. Previous results using
different CuO/CeO2 preparation methods suggest that the dissolu-
tion of some copper and the formation of highly dispersed copper
ions promote the reduction of surface ceria at lower temperatures
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Precipitation method: a solution was prepared dissolving
Ce(NO3)3·6H2O in bidistilled water (0.4 M) and KOH 1 M was
added dropwise up to a pH 9. The powder was dried at 120 ◦C
overnight, and then calcined in air atmosphere at 400 ◦C for 4 h.
(CeO2-P)
All the supports were further impregnated using
Cu(NO3)2·2.5H2O as precursor (Incipient Wetness Impreg-
nation, IWI, method). The solids were dried at room temperature
for 24 h, then at 120 ◦C in air atmosphere (4 h) and finally calcined
at 400 ◦C in air for 4 h. The final CuO loadings of the three catalysts
(CuO/CeO2-G; CuO/CeO2-C; CuO/CeO2-P) were 5 wt.%.

All the reagents were reagent-grade, from Aldrich.

.2. Characterization of the catalysts

The supports and the catalysts were characterized using the
ollowing techniques:

Temperature programmed reduction (TPR). The experiments
were performed with 5% (v/v) H2/Ar (flow: 20 mL/min), with a lin-
ear increase of 20 ◦C min−1 (20–1000 ◦C). A thermal conductivity
detector monitored the H2 uptake.
X-ray diffraction (XRD). Powder X-ray diffraction patterns of the
catalysts were obtained with a PW 1830/00 Philips diffractome-
ter by using nickel-filtered Cu K� radiation. The patterns were
recorded over 10◦ < 2� < 70◦ range and compared to the JCPDS
files to confirm phase identities. The main peaks corresponding
to the cerium oxide phase (cerianite, cubic) are: 2� = 28,68◦ (999);
33,18◦ (285); 47,58◦ (458); 56,38◦ (361).
Surface areas (BET method). Surface areas were calculated from
the N2 adsorption at −196 ◦C by using a Micromeritics FlowSorb
II 2300 surface analyser.

.3. Determination of catalytic activity and selectivity

The catalysts were tested for the phenol oxidation reaction in
batch reactor (250 mL) equipped with a thermocouple and a

H electrode. The experiments were performed at atmospheric
ressure and different temperatures (60–80 ◦C), with continuous
tirring (1200 rpm). In a typical run, a mass of 0.1 g of catalyst (pow-
er) was added to 100 mL of phenol aqueous solution (5 g/L). When
he reaction temperature was reached, 10 mL of hydrogen perox-
de (30%) were charged into the reactor and the reaction started.
he resulting phenol and hydrogen peroxide initial concentrations
ere 0.0048 M and 0.88 M, respectively; the H2O2/phenol molar

atio was 18.
Complementary experiments were performed changing some

f the reaction conditions. Different catalyst loadings were tested,
n the range of 0.05–0.3 g. Different dosages of the 10 mL addition
f H2O2 were also tried (two-step and four-step addition of H2O2
olution every 120 and 60 min, respectively).

For all the runs the total reaction time was 4 h. Liquid sam-
les were taken at different time intervals and analysed. Phenol
nd hydrogen peroxide concentrations were measured by standard
nalytical methods (colorimetric and iodometric methods, respec-
ively) [22]. Chemical Oxygen Demand (COD) was measured by
olorimetric method after reflux with K2Cr2O7 [22], for the sam-
les at 0 and 240 min of reaction time. Due to interferences in the
OD measurements, the remnant H2O2 was eliminated from the

eaction samples using a ruthenium catalyst. Percentage of phenol
onversion and COD reduction were calculated. The CO2 production
evels were estimated from the COD reduction [16].

For all the experimental determinations, the error was evaluated
o be in the range of ±5%.
CeO2-P 27 14.4
CuO/CeO2-P 22 14.4

a By Scherrer equation, from the most intense peak of Ce in XRD patterns.

3. Results and discussion

3.1. Catalyst characterization

The surface area of the different supports and CuO/CeO2 cat-
alysts were determined, and are shown in Table 1. Only a slight
decrease in the surface area was observed in the presence of cop-
per species, probably as the theoretical monolayer of CuO was
approached (corresponding to a 4 wt.% of CuO, approximately).
These values are in agreement with literature reports on similar
catalyst systems [19,23–25].

X-ray diffraction analysis revealed the characteristic diffraction
peaks of CeO2 phase, both for the support and the catalyst. No
diffraction peaks of CuO (tenorite) were detected, suggesting that
no segregation of CuO phase with a bulk-like structure occurred
(Fig. 1), and copper species are well dispersed onto the support.
Both the low copper content and the preparation method (IWI of
a copper precursor onto CeO2 supports) induce high dispersion
of copper species and limit the formation of bulk mixed phases
[19,26].

All the catalysts show defined XRD lines and the crystallite sizes
calculated using the Debye–Scherrer method are in the range of
7–15 nm. The copper species deposition did not significantly affect
the CeO2 crystallites size. These results are also summarized in
Table 1.

Additionally, H2-TPR experiments for the CeO2 supports and the
CuO/CeO2 catalysts were performed (Fig. 2). For the pure ceria, two
reduction peaks appeared, at 515–550 ◦C and 875–905 ◦C, corre-
sponding to the reduction of surface and bulk ceria, respectively
[19]. The presence of copper strongly modified the TPR patterns:
overlapping reduction peaks appeared at temperatures much lower
than for pure CeO2 or CuO (170–220 ◦C), the ceria high temperature
reduction peak (near 900 ◦C) remained unchanged and the peak
70605040302010

2θ(degree) 

Fig. 1. XRD patterns for the different supports and catalysts.
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Table 2
Summary of blank experiments results at 70 ◦C.

Sample Reaction conditions Conversions (%)a

CPhe
b (mol/L) CPer

c (mol/L) mCAT
d (mg) mCeO2

e (mg) Phenolf H2O2
g CO2

h

CeO2-G 0.048 – – 100 <2 – <2
CeO2-C 0.048 – – 100 <2 – <2
CeO2-P 0.048 – – 100 <2 – <2
CuO/CeO2-G 0.048 – 100 – <2 – <2
CuO/CeO2-C 0.048 – 100 – 6 – <2
CuO/CeO2-P 0.048 – 100 – 4.2 – <2
CeO2-G – 0.88 – 100 – 92.7 –
CeO2-C – 0.88 – 100 – 31.6 –
CeO2-P – 0.88 – 100 – 31.6 –
CuO/CeO2-G – 0.88 100 – – 100 –
CuO/CeO2-C – 0.88 100 – – 100 –
CuO/CeO2-P – 0.88 100 – – 100 –

a The reported conversions correspond to 4 h of reaction time.
b Initial phenol concentration.
c Initial hydrogen peroxide concentration.
d Mass of CuO/CeO2 catalyst.

[
a
t
m

1
l
(
c
b
C
m
p
G

c
p
c
e
i
r
C

3

r

s

T
R
0

the sol–gel method exhibited higher conversion and CO2 produc-
tion levels. On the basis of characterization results, we can relate the
best performance of CuO/CeO2-G with both a more homogeneous
dispersion of small copper clusters and a relatively high surface
area. Thus, it was selected for more detailed reaction studies.
e Mass of CeO2 support.
f Phenol conversion.
g Hydrogen peroxide conversion.
h CO2 production.

19]. Strong metal oxide–support interactions (SMSI) between CuO
nd CeO2 would be responsible for the decrease in the reduction
emperatures and would contribute to the complexity of ther-

orreduction profiles [20].
According to literature, these overlapping TPR peaks in the range

70–220 ◦C could be qualitatively attributed to the reduction of iso-
ated Cu2+ ions (200–220 ◦C) and highly dispersed copper clusters
170–200 ◦C), both strongly interacting with the support [25]. Con-
urrent reduction of CeO2 promoted by copper addition could not
e neglected for any of these peaks [19,27,28]. In our study, the
uO/CeO2-C catalyst showed thermorreduction peaks at approxi-
ately 170 ◦C and 200 ◦C; a similar behaviour, with slightly higher

eak temperatures (200 and 220 ◦C) were registered for CuO/CeO2-
and CuO/CeO2-P systems.
The lower reduction temperatures observed for CuO/CeO2-C

ould be explained taking into account the catalyst preparation
rocedure. Due to its explosive and less-controlled nature, the
alcination method is likely to produce pores and a highly het-
rogeneous surface (confirmed by SEM studies). This morphology
s probably favouring the formation of some larger (and more
educible) dispersed copper clusters than for CuO/CeO2-G and
uO/CeO2-P catalysts.

.2. Phenol oxidation reaction
Different “blank” runs were performed at 70 ◦C and are summa-
ized in Table 2.

Preliminary experiments were carried out to observe the exten-
ion of the phenol oxidation process over the supports and the

able 3
eaction results at 70 ◦C with the different supports and catalysts. (mSAMPLE = 100 mg;
.048 M of phenol; 0.88 M of H2O2).

Sample Phenol
conversion
(%)

H2O2

conversion
(%)

CO2

production
(%)

Selectivity

None <2 3.5 <2 –
CeO2-G 7.1 34.8 4.1 0.58
CuO/CeO2-G 100 57.0 67.0 0.67
CeO2-C 2.7 20.5 <2 –
CuO/CeO2-C 96.2 55.1 57.8 0.61
CeO2-P 4.4 27.3 <2 –
CuO/CeO2-P 97.6 48.9 63.0 0.64
catalysts, in the absence of H2O2. Negligible conversions were reg-
istered at 70 ◦C.

The ability of the three supports to decompose the H2O2 was
also examined. From these results it can be inferred that nano-
CeO2 are promising for the CWPO reaction due to its rate of H2O2
consumption, especially in the case of CeO2-G. The decomposition
of H2O2 was also tested in the presence of phenol and significant
differences were observed (Table 3). Indeed, the presence of phe-
nol diminished the H2O2 conversion, especially for CeO2-G support
(probably because of sorption of phenol to the surface sites that
promote decomposition of H2O2, [29]). In the presence of phenol
and H2O2, the supports exhibited minor phenol conversion levels
(lower than 10%) and relatively high selectivity towards complete
mineralization. The best performance corresponded to the support
prepared by the gelation method.

The catalysts were tested at 70 ◦C and at typical reaction con-
ditions (catalyst loading of 0.1 g; phenol initial concentration of
0.048 M; H2O2 initial concentration of 0.88 M). The results are also
presented in Table 3. No marked differences were detected among
the three performances. Again, the catalytic system prepared by
10008006004002000
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Fig. 2. H2-TPR profiles for the different supports and catalysts.
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Table 5
Effect of the CuO/CeO2-G catalyst loading. Phenol conversion and CO2 production
results, after 4 h of reaction at 70 ◦C. (0.048 M of phenol; 0.88 M of H2O2).

Catalyst mass
(mg)

Phenol
conversion (%)

CO2 production
(%)

Selectivity

50 90.2 61.3 0.68
Fig. 4. Reaction results for CuO/CeO2-G at 70 ◦C, using different catalyst

Catalytic runs with CuO/CeO2-G were performed at different
emperatures. Phenol conversion, H2O2 consumption and pH evo-
ution against time are presented in Fig. 3. As the temperature was
ncreased, an increase in initial reaction rates was observed. Above
0 ◦C, almost complete phenol conversion was reached after 60 min
f reaction. The selectivity towards complete mineralization, esti-
ated as the ratio of the CO2 production and the phenol conversion,
as also determined from COD measurements. No changes in selec-

ivity were observed in the 60–80 ◦C temperature range (Table 4).
In all the cases, the mass balance is completed considering the

ormation of several reaction intermediates: hydroquinone and
enzoquinone (responsible for initial darkening of the reaction
olution) and organic acids (responsible for pH decrease).

Taking into account the low content of active phase in the
eaction system (a total of 36 ppm of Cu), additional experiments
ere carried out using different catalyst loadings. The results (phe-
ol conversion and H2O2 consumption against time, at 70 ◦C) are
hown in Fig. 4. The increase in catalyst mass induced higher
nitial consumption rates for phenol and hydrogen peroxide. How-
ver, no significant changes in the mineralization were detected

Table 5).

For the catalytic runs using 300 mg of CuO/CeO2-G, a distinc-
ive behaviour was observed. This high catalyst loading produced
practically complete H2O2 consumption (at 120 min of reaction),
nd consequently, the progress of the phenol oxidation was halted.

able 4
ffect of different reaction temperatures. Phenol conversion and CO2 production
esults, after 4 h of reaction, using CuO/CeO2-G catalyst (mCAT = 100 mg; 0.048 M of
henol; 0.88 M of H2O2).

Reaction
temperature (◦C)

Phenol
conversion (%)

CO2 production
(%)

Selectivity

60 71.8 48.9 0.68
70 100 67.0 0.67
80 100 67.7 0.68
100 100 67.0 0.67
150 100 71.0 0.71
300 94.6 65.1 0.69

Thus, a lower final phenol conversion and also a lower mineraliza-
tion degree of the reaction solution was achieved.

Step-wise additions of hydrogen peroxide solution (30%) were
also performed; for all the experiments, the total amount of added
H2O2 was kept constant. The results are presented in Table 6. The
best results were those obtained for the higher initial concentration
of H2O2 (one step addition). The other dosages induced lower initial
rates of phenol oxidation, that could not be compensated by further
addition of peroxide.

Fig. 5 shows the evolution of phenol and H2O2 conversion during
the reaction; the results of an experiment with one-step addition of

H2O2 at the stoichiometric molar ratio (H2O2/phenol = 14) are also
included. A marked increase of the initial phenol degradation rate
was registered for higher initial concentration of H2O2 [30]. There
is agreement with considering that the H2O2 could participate in

Table 6
Step-wise addition of H2O2 solution (30%). Phenol conversion and CO2 production
results, after 4 h of reaction at 70 ◦C, using CuO/CeO2-G catalyst, (mCAT = 100 mg;
0.048 M of phenol).

H2O2 solution
addition

Phenol
conversion (%)

CO2 production
(%)

Selectivity

1 × 10 mL 100 67 0.67
2 × 5 mL 87.8 51.5 0.59
4 × 2.5 mL 82.1 47.6 0.58
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hree major competitive reactions: (1) the thermal decomposition
iving water and oxygen (2) the formation of hydroxyl radicals and
3) the scavenging of the OH* radicals (the last reaction being more
ignificant for high H2O2 concentration) [1,5,9]. Thus, a suitable
atalyst for these CWPO processes should minimize the thermal
ecomposition of H2O2, the main cause of inefficient consumption
f the hydrogen peroxide, and favour the activation to form oxidant
adicals.

For other catalytic systems, it was reported that the step-wise
ddition of the oxidant improved the oxidation performance [17].
owever, in the present study a different behaviour was detected.
uring the 4 h of reaction time, the consumption of hydrogen
eroxide was gradual and not complete. Two and four-step addi-
ion increased the remaining H2O2 levels at long reaction times.
owever, this effect did not improve final phenol conversion or
ineralization levels. The contribution of catalyst deactivation

rocesses could not be neglected. Exploratory experiments were
erformed adding more fresh catalyst during reaction runs, and
o significant changes in the mineralization rates were observed.
ore experiments are under study in order to investigate catalyst

tability.

. Conclusions

According to the present study, we conclude that 5% CuO/CeO2
anocatalysts resulted active and selective for the CWPO of phenol
eaction, at mild operation conditions (60–80 ◦C and atmospheric
ressure).

The different preparation methods of CeO2 had a moderate
nfluence on the physicochemical properties and catalytic per-
ormance of the CuO/CeO2 catalysts. The catalyst CuO/CeO2-G
xhibited the highest conversion levels and selectivity towards
omplete mineralization. This was related to both a more homo-
eneous dispersion of small copper clusters and a relatively high
urface area.

The reaction temperature and the catalyst loading did improve
he initial phenol and H2O2 consumption rates. However, no

arked effect on the selectivity towards complete mineralization
as observed.

The catalyst CuO/CeO2-G produced a gradual consumption of

2O2. The stepwise addition of the oxidant agent increased the

emaining H2O2 levels at long reaction times. However, this effect
id not improve the selectivity of the oxidation towards complete
ineralization.
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