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�Mesoporous alumina-supported Fe
catalysts were developed (0.5–4% Fe).
� The systems were applied in the

phenol catalytic peroxidation
reaction at 70 �C.
� A synergistic effect between Fe–Al

might improve the catalytic
performance.
� Catalytic activity was enhanced due

to high dispersion over the alumina
support.
� High mineralization levels (up to 80%)

and efficient H2O2 consumption were
reached.
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Highly dispersed Fe2O3/Al2O3 catalysts (0.5–4 wt% Fe) were prepared by incipient wetness impregnation
of iron citrate over a mesoporous alumina host. Their structural and textural properties were determined
by N2 adsorption–desorption at �196 �C, XRD, TEM, SEM–EDAX, Raman and XPS. The structure of the cat-
alytic materials resulted similar to the c-Al2O3 support, exhibiting high dispersion levels of the iron oxide
active phase with a narrow pore size distribution in the range of 2–7 nm and high surface areas. The capa-
bility of these systems as efficient and active Fenton-like catalysts, were further tested for the catalytic
oxidation of concentrated phenol solutions (5 g/L) with H2O2 at 70 �C in a batch reactor. The effects of
iron concentration, catalyst concentration and the nature of the support were evaluated, under adjusted
sub-stoichiometric oxidant concentration. Besides the positive impact of increasing the iron loading, a
synergistic effect between Fe and Al species would be possibly responsible of the improvements observed
using higher iron dispersions and/or support concentrations. The catalytic performance of these alumina-
based catalysts resulted very promissory as they yielded: total phenol abatement, high mineralization
levels (up to a maximum of 80%) and high oxidant consumption efficiencies (between 80% and 96%).

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The development of catalytic materials for water remediation is
a topic under growing research. The current demands of more
efficient and economic treatment solutions necessarily involve
environmentally friendly procedures. In this context, the applica-
tion of advanced oxidation technologies (AOTs) have emerged as
very promising alternatives due to their excellent capability for
the mineralization of toxic or highly refractory organic compounds.
AOTs include a series of methods that generate strongly oxidative
radicals to degrade pollutant molecules. The use of the classic Fen-
ton reaction (Fe(II)/H2O2) can be classified as a non-photochemical
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AOT. More recent approaches have aimed to overcome some of the
major drawbacks of the Fenton system (e.g., separation/recupera-
tion of the homogeneous catalyst, ineffective consumption of the
H2O2, acid-range pH adjustment requirements) by immobilizing
transition cations (mostly Fe but not exclusively) on solid supports
in the so-called heterogeneous Fenton processes. A variety of
materials have been investigated [1–4]; however, up to the present
only a relatively limited number of these studies have explored the
advantages of using alumina-based catalysts [5–10]. Table 1
reviews main results on the abatement of organic pollutants by
means of Catalytic Wet Hydrogen Peroxide Oxidation (CWHPO)
under mild operating conditions, in presence of Fe–Al solid cata-
lysts; for comparative purposes Cu–alumina and Fe–silica materi-
als were also included. As can be observed, the reaction tests
were performed under different operating conditions, such as cat-
alyst load, initial Total Organic Carbon (TOC), H2O2 concentration,
temperature, reaction time and pH, as well as diverse catalyst
preparation methodologies.

Al2O3 is a widely used adsorbent and a typical catalyst support.
Some forms of transitional alumina (e.g., c-Al2O3) are useful as cat-
alysts or co-catalysts due to a favourable combination of textural
properties, acid–base characteristics and on the degree of hydra-
tion and hydroxylation of the surface [16]. The extent of these fea-
tures is strongly dependant on the preparation and pretreatment
conditions [17]. During the catalyst preparation steps, the adsorp-
tion phenomena take a significant part since most of the precursors
are incorporated via impregnation. After the impregnation process,
alumina has been reported to play an essential part in the forma-
tion of active sites. This support is also able to adsorb reactants
in the course of reactions and this may be beneficial for the cata-
lytic activity and selectivity [18].

In the case of mesoporous aluminas, they are characterized by
narrow mesopore size distributions with average pore diameters
in the range of 3–7 nm. Due to their high surface area they provide
higher density of active sites. As well with the presence of Bronsted
and Lewis acid sites, these materials present a relatively high den-
sity of basic sites which promote strong interactions between
metal oxides and the alumina support, thereby improving the cat-
alytic performance [19].

Our group have amply investigated gamma alumina-supported
catalytic materials for the abatement of water pollutants. In a pre-
vious work, we studied the performance of Fe2O3/c-Al2O3 (2 wt%
Fe) catalysts in the peroxidation of model phenol solutions (0.5–
5 g/L) at mild operating conditions [9]. The systems resulted active
but they exhibited relatively controlled H2O2 consumption rates.
Therefore, we adjusted the H2O2 initial concentrations to obtain
more efficient oxidant consumptions. We also registered that cat-
alysts stability could be enhanced by using a simple preparation
methodology (wet impregnation followed by 900 �C calcination)
that promoted good active phase dispersion levels and a marked
decrease in the iron leaching, with no significant reduction of the
final mineralization percentages. From these results, the catalysts
preparation procedure and the reaction variables were adjusted
in order to improve the catalytic performance at demanding oper-
ating conditions.

For the present study, the synthetic effluents were prepared
using a high organic carbon content of 3.5 g/L, chosing phenol as
model recalcitrant contaminant [20]. While several works dealt
with the abatement of low concentration phenolic solutions
([TOC]0 = 76.6 mg/L), Fenton-type reaction is more effective for
medium–high organic contents (typically higher than 0.5 g TOC/
L) [21]. Throughout this work a relatively concentrated phenol ini-
tial charge (5 g/L) was selected; this concentration represents an
upper limit within the range of concentrations commonly found
in phenolic industrial effluents [20]. However, better catalytic per-
formances (in terms of activity and stability) can be expected by
using lower organic concentrations [9].

Along with some major reaction variables such as temperature
or pH, the oxidant dose and the concentration of iron species
should be also considered as key parameters in the Fenton pro-
cesses [22]. In particular, the yield of hydrogen peroxide use is a
very critical parameter for CWHPO reactions, as the solid catalysts
may also catalyze H2O2 side decomposition to H2O and O2. This
parameter depends considerably on the reaction conditions, princi-
pally on the modality of the oxidant addition and on the ratio
between catalyst load and volume of solution [23].

In this study, the performance of mesoporous Fe2O3/c-Al2O3

materials was tested in the CWHPO of phenolic solutions. We
aimed to investigate the impact of the total iron concentration,
the catalyst concentration and the influence of the alumina sup-
port in the performance of heterogeneous Fenton-like systems, fol-
lowed in terms of phenol and TOC removal and oxidant
consumption efficiency. The purpose was to explore the potential
advantages of economical catalytic materials (i.e., base-metal
oxides) enhanced through simple procedures to be used for water
pollutant abatement applications.

2. Experimental

2.1. Catalysts preparation and characterization

The Fe2O3/c-Al2O3 catalysts were prepared by incipient wetness
impregnation of commercial c-Al2O3 (ALFA AESAR, spheres,
1.1 mm) using an aqueous solution of iron citrate (Cicarelli, p.a.)
as precursor. After impregnation, the sample was left for 12 h at
room temperature and calcined at 900 �C, under air current
(10 L/min) for 4 h. The total iron content of the samples ranged
between 0.5 and 4 wt% Fe. Table 2 summarizes the iron contents
of the four different samples, designed as 0.5FeAl, 1FeAl, 2FeAl
and 4FeAl.

The iron determination was performed by a standard colorimet-
ric test (FerroVer� Iron Reagent, HACH), with a previous nitric acid
extraction of the solid samples. Final leaching levels were esti-
mated by comparing the initial and final iron contents of the used
catalysts.

The support and the catalysts were also characterized using the
following techniques:

– Nitrogen Physisorption. The nitrogen adsorption and desorption
isotherms at �196 �C were measured using a Quadrasorb SI
equipment. Specific surface areas were calculated from the
adsorption branches by the BET method, while pore size distri-
bution were deduced from the desorption branches. Before
analysis, each sample was degassed overnight at 120 �C under
vacuum conditions.

– X-ray diffraction (XRD). Powder X-ray diffraction patterns of the
catalysts were obtained with a PANalytical X’Pert Pro diffrac-
tometer by using nickel-filtered Cu Ka radiation. The patterns
were recorded over 10� < 2h < 70� range and compared to the
JCPDS files to confirm phase identities. The main peaks corre-
sponding to the gamma alumina phase are: 2h = 66.7� (100);
46.1� (80); 37.4� (60); 39.7� (30).

– Transmission Electron Microscopy (TEM). The microstructure of
the materials was studied using a JEOL TEM-1011 instrument
operating at an accelerating voltage of 100 kV. Samples were
prepared by dispersing the powdered catalysts in ethanol and
then dropping the suspension onto a standard formvar-coated
copper grid.



Table 1
CWHPO of organic pollutants by Fe–Al heterogeneous catalysts under mild reaction conditions (for comparative purposes Cu–Al and Fe–Si systems were also included).

Catalyst Preparation method Pollutant (P) Results Leaching Operating conditionsa Ref.

7.7 wt% Fe/Al2O3

powder
Impregnation Fe(III) nitrate
on c-Al2O3 (Rhone Poulanc,
145–205 m2/g) ox. 450 �C

Phenol
[TOC]0 = 72 mg/L

XTOC = 50%
XP = 100%
XH2 O2 ¼ 47%

8%
(6.5 mg/L)

T = RT, P atm
[cat] = 1 g/L
R = 1.07
treaction = 120 min
pH not controlled

[5]

2 wt% Fe/Al2O3

powder
Precipitation Fe(III) nitrate
on a-Al2O3 (3 m2/g) ox.
500 �C

Phenol
[TOC]0 = 720 mg/L

XTOC = 26%
XP = 100%
XH2 O2 ¼ 100%

21%
(21 mg/L)

T = 90 �C, P atm
[cat] = 5 g/L
R = 0.71
treaction = 180 min
pH not controlled

[11]

4 wt% Fe/Al2O3

powder
Commercial Fe/c-Al2O3

(IC-12-74)
Phenol
[TOC]0 = 720 mg/L

XTOC = 56%
XP = 98%
XH2 O2 ¼ 100%

5%
(10 mg/L)

T = 90 �C, P atm
[cat] = 5 g/L
R = 0.71
treaction = 180 min
pH not controlled

[11]

2 wt% Fe/Al2O3

pellet (2–3 mm)
Impregnation Fe(III) nitrate
on c-Al2O3 (201 m2/g) ox.
350 �C

Acid Orange 52
[TOC]0 = 260 mg/L

XTOC = 75%
81% discolouration
XH2 O2 ¼ 47%

Negligible
0.04 mg/L

T = RT, P atm
[cat] = 30 g/L
[H2O2]0 = 9.7 mM
treaction = 180 min
pH not controlled

[6]

3.9 wt% Fe/Al2O3

powder
Impregnation Fe(III) nitrate
on c-Al2O3 (Merck,
142 m2/g) ox. 300 �C

Phenol
[TOC]0 = 76.6 mg/L

XTOC = 78%
XP = 100%
XH2 O2 ¼ 81%

�2%
(0.9 mg/L)

T = 50 �C, P atm
[cat] = 1.25 g/L
R = 1
treaction = 480 min
pH0 = 3

[7]

Phenol
[TOC]0 = 1150 mg/L

XTOC = 45%
XP = 99%
XH2 O2 ¼ 54%

15%
(7.4 mg/L)

3.8 wt% Fe/Al2O3

powder
Impregnation Fe(III) nitrate
on c-Al2O3 (Merck, 141 m2/
g) ox. 300 �C red. 350 �C

4-Chlorophenol
[TOC]0 = 56 mg/L

XTOC � 75%
XP = 100%
XH2 O2 ¼ 80%

6%
(63 mg/L)

T = 50 �C, P atm
[cat] = 1 g/L
R = 1
treaction = 240 min
pH0 = 3

[10]

0.4 wt% Fe/Al2O3

pellet (2.5 mm)
Adsorption of Prussian Blue
NPs on c-Al2O3 (SASOL,
224 m2/g) not calcined

Orange G
[TOC]0 = 38 mg/L

XTOC = 60%
100% discolouration
XH2 O2 ¼ 100%

3%
(0.7 mg/L)

T = 70 �C, P atm
[cat] = 6.5 g/L
R = 1
treaction = 300 min
pH0 = 3

[12]

5 wt% Fe/Al2O3

powder
Impregnation (Fe(III), NH4)-
citrate on mesoporous Al2O3

ox. 450 �C

Phenol
[TOC]0 = 36 mg/L

XTOC = 67%
XP = 100%
XH2 O2 ¼ not reported

1%
(0.43 mg/L)

T = RT, P atm
[cat] = 1 g/L
R = 1.14
treaction = 240 min
pH0 = 3.7

[13]

Al–Fe pillared clay (3 wt% Fe)
powder

Pillaring commercial
bentonite by Al–Fe species
180 m2/g ox. 500 �C

Phenol
[TOC]0 = 36 mg/L

XTOC = 65%
XP = 100%
XH2 O2 ¼ not reported

Negligible
0.2 mg/L

T = RT, P atm
[cat] = 5 g/L
R = 1.14
treaction = 240 min
pH0 = 3.7

[14]

16 wt% Fe/SBA-15
powder

Co-condensation of Fe(III)–
chloride and TEOS
(470 m2/g) ox. 550 �C

Phenol
[TOC]0 = 766 mg/L

XTOC = 75%
XP = 100%
XH2 O2 ¼ not reported

6%
(�5 mg/L)

T = 100 �C, 0.7 MPa
[cat] = 0.6 g/L
R = 0.75
treaction = 90 min
pH not controlled

[15]

30 wt% Cu/Al2O3

pellet (3 mm)
Molten method of Cu(II)
nitrate and c-Al2O3 (Alfa
Aesar, 214 m2/g) ox. 400 �C

Phenol
[TOC]0 = 766 mg/L

XTOC = 51%
XP = 100%
XH2 O2 ¼ 71%

1.9%
(60 mg/L)

T = 50 �C, P atm
[cat] = 10.35 g/L
R = 1.3
treaction = 180 min
pH not controlled

[8]

2.1 wt% Fe/Al2O3

pellet (1.1 mm)
Impregnation Fe(III) citrate
on c-Al2O3 (Alfa Aesar,
231 m2/g) ox. 400 �C

Phenol
[TOC]0 = 3500 mg/L

XTOC = 42%
XP = 100%
XH2 O2 ¼ 50%

60%
(�11 mg/L)

T = 70 �C, P atm
[cat] = 0.9 g/L
R = 1.2
treaction = 240 min
pH not controlled

[9]

ox. 900 �C XTOC = 36%
XP = 94%
XH2 O2 ¼ 40%

7%
(�1 mg/L)

0.53 wt% Fe/Al2O3

pellet (1.1 mm)
Impregnation Fe(III) citrate
on c-Al2O3 (Alfa Aesar,
231 m2/g) ox. 900 �C

Phenol
[TOC]0 = 3500 mg/L

XTOC = 63%
XP = 100%
XH2 O2 ¼ 86%

30%
(�10 mg/L)

T = 70 �C, P atm
[cat] = 7.2 g/L
R = 0.8
treaction = 240 min
pH not controlled

this work

a The oxidant dose was reported as: R ¼ rused
rstoichiometric

, where r ¼ ½mol H2O2 �
½mol p� . For instance, R = 1 represents stoichiometric H2O2 dosage.
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Table 2
Characterization results of the support and the catalysts.

Samples BET surface area (m2/g) Total iron content (wt%)

Al2O3 244 –
Al2O3-900 231 –
0.5FeAl 188 0.53
1FeAl 186 1.1
2FeAl 181 2.1
4FeAl 177 4.1
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Fig. 1. TEM and N2 physisorption results for the 2FeAl catalyst and the alumina
support: (a) TEM images; (b) isotherms at �196 �C and (c) pore size distribution.
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– Scanning Electron Microscopy coupled to Energy Dispersed X-ray
Spectroscopy (SEM–EDAX). The surface morphology of the cata-
lysts was investigated by means of a scanning electron micro-
scope JEOL JSM-6460LV. The elemental composition of the
catalysts was determined using an EDAX Genesis XM4-Sys60
equipment.

– Raman spectroscopy. The nature of iron species on the catalyst
surface was analyzed by micro Raman spectroscopy (Renishaw
inVia + Reflex spectrometer). Raman spectra were recorded at
room temperature employing an Ar laser as excitation source
(k = 514 nm).

– X-ray Photoelectron Spectroscopy (XPS). The nature of iron spe-
cies on catalyst surface was analyzed by means of a multi-tech-
nique system (SPECS) equipped with a conventional dual Mg/Al
X-ray source and a Phoibos 150 analyzer operating in the fixed
analyzer transmission (FAT) mode. Spectra were recorded at a
pressure below 2 � 10�8 mbar. Binding energies were referred
to adventitious carbon at 285 eV. The data treatment was done
using the Casa XPS Processing Software.

2.2. Reaction experiments

The catalysts were tested for the oxidation of aqueous solutions
of phenol using a batch reactor (250 mL) equipped with a con-
denser, thermocouple and a pH electrode. The experiments were
performed in contact with air at atmospheric pressure and 70 �C,
under vigorous stirring (1000 rpm). Since Fenton process is a heat
producing reaction, the beginning of the tests was accompanied by
an increase in the reactor temperature. Thus, in order to prevent
the uncontrolled heating of the reaction mixture, all experiments
were started at lower temperatures (between 60 and 65 �C). Once
the reaction began, the temperature was maintained at the desired
value by means of the temperature control of the stirring hot plate
(StableTemp�, Cole-Parmer). In a typical run, the catalyst pellets
were added to 100 mL of phenol aqueous solution (5 g/L). When
the reaction temperature was reached, the corresponding volume
of hydrogen peroxide 30 wt% (Cicarelli) was charged into the reac-
tor and the reaction started. The final total volume was 110 mL and
the resulting H2O2/phenol molar ratio was 11.2, which represents a
sub-stoichiometric oxidant dosage according to reaction [1]:

C6H5OHþ 14H2O2 ! 6CO2 þ 17H2O ½1�

The experimental runs were designed changing the total iron
concentration and/or the catalyst concentrations (ranges:
[Fe] = 10–300 mg/L; [catalyst] = 0.9–7.2 g/L). Also, some comple-
mentary experiments were performed in the presence of different
concentration of gamma-Al2O3 using homogeneous Fe(II) added in
the form of FeSO4�7H2O (60–190 mg/L). Four additional commer-
cial supports were tested: c-Al2O3 (SASOL), a-Al2O3 (Hyflux),
SiO2 (Grace G59) and cordierite (Corning).

For all the runs, the total reaction time was 4 h. Liquid samples
were taken at different time intervals and immediately analyzed.
Phenol and hydrogen peroxide concentrations were measured by
standard analytical techniques (colorimetric and iodometric meth-
ods, respectively) [24]; Total Organic Carbon (TOC) determinations
were carried out with a Shimadzu TOC-V CPN analyzer. The pH
evolution of the reaction solution was also determined.

The percentage efficiency of oxidant consumption gH2O2
was

estimated according to Eq. (1). The value of ‘‘R’’ corresponds to
the ratio between the experimental oxidant to phenol molar ratio
and 14 (theoretical stoichiometric). For most of the experiments
the value of ‘‘R’’ was 0.8:

gH2O2
ð%Þ ¼ g TOCconverted=g TOCinitial

g H2O2converted=g H2O2initial
� 100

R
ð1Þ

In order to confirm the repeatability of the CWHPO experi-
ments, the reaction runs were performed at least in duplicate,
obtaining a coefficient of variation Cv 65% in the determinations
of pH, phenol, TOC and H2O2 concentrations.
3. Results and discussion

3.1. Catalyst characterization

Table 2 summarizes the characterization results of the alumina
and the Fe2O3/Al2O3 catalysts. Nitrogen adsorption and desorption
isotherms for the fresh support and samples calcined at 900 �C
(Al2O3 and 2FeAl) are shown in Fig. 1. All isotherms resulted in type
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Fig. 2. SEM image (2000�) and FeK map (EDAX) of 0.5FeAl and 4FeAl catalysts.
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IV curves with a distinct condensation step, commonly found in
mesoporous materials [25]. The hysteresis loops are apparently a
combination between H1 and H3, indicating that they have slit-
shape pores or plate-like particles, as confirmed by TEM images
(Fig. 1a) [19]. Fresh alumina presented a specific surface area of
244 m2/g, with a fairly narrow pore size distribution centered at
around 36 Å (evaluated at the maximum of the curve) and a pore
volume of 0.7 cm3/g. The thermal treatment at 900 �C did not alter
the characteristics of the support; after the calcination step the
Al2O3-900 exhibited only a slightly decrease of the surface area,
resulting in 231 m2/g, with a pore width of 37 Å and a pore volume
0.685 cm3/g. The incorporation of Fe species produced a decrease
in the surface area and the pore volume in relation with the
c-Al2O3 support, suggesting that the impregnation procedure lead
to a partial pore blockage by Fe particles [26]. Thus, for the 2FeAl
catalyst the specific surface area and the pore volume resulted in
181 m2/g and 0.622 cm3/g, respectively. According to the pore size
distribution and the pore volume of the catalyst, it can be observed
that after Fe addition the surface characteristics of the catalyst
remained similar to those of the support, suggesting good disper-
sion levels. In addition, due to the relatively low iron contents of
the samples, the surface areas of the catalysts were practically
not affected by the different iron loadings.

TEM analysis revealed a similar morphology to that previously
reported by Huang et al. [19]. For certain group of gamma-alumina
materials, they observed disordered plate or slit-like particles
forming an open, randomly 3D stacking structure.

X-ray diffraction analysis revealed only c-Al2O3 characteristic
peaks; no iron phases neither mixed Fe–Al phases were detected
(not shown). These observations are consistent with the conditions
selected for the catalysts preparation. Both the lower iron concen-
trations and the impregnation method with iron citrate would
have promoted the good dispersion of the Fe species onto the sup-
port that was retained even after calcination at 900 �C. According
to Shaheen et al. [27], it has been demonstrated that after oxida-
tion treatments at high temperature, alumina increases the degree
of dispersion of active constituents hindering their grain growth. In
terms of catalytic activity, it was observed that high Fe dispersion
levels enhanced the performance of Fenton-like systems by
improving H2O2 decomposition, and consequently hydroxyl radi-
cals generation rate, due to a higher availability of active sites
[28,29].

The surface of the different samples was analyzed by SEM–
EDAX (Fig. 2). From SEM images it can be seen that catalysts with
higher iron contents developed rougher surfaces. EDAX results and
surface mappings confirmed a uniform distribution of iron onto the
support.

The nature of Fe species was analyzed by Raman spectroscopy.
The collected spectra evidenced the presence of hematite along the
catalyst surface; characteristic bands of Fe2O3 were observed at
Raman shifts of 226, 235, 292, 410, 490, 608, 649 and 1327 cm�1 �

. XPS measurements also revealed that the most important iron spe-
cies on catalyst surface are present as a-Fe2O3. Table 3 shows the
binding energies of the Fe 2p3/2 main peak maximum (BE), the BE
shift (eV) between samples calcined at 900 �C and the ones calcined
at 400 �C and the ratio between superficial Fe (XPS) to the total Fe
load (r) for 0.5FeAl and 2FeAl catalysts. From the reported BE values
it can be observed that thermal treatment at 900 �C induced a shift of
the Fe 2p3/2 band to higher energies in comparison with samples
calcined at 400 �C with BE values ca. 710.8 eV [30]. This displace-
ment might suggest strong interactions between Fe and support. In
this sense and taking into account the size and charge of Fe3+, it
� Espectral lines of hematite were taken from the Raman database available at
Ruff.info. http://rruff.info/hematite (acceded October 24, 2014).
should not be discarded the diffusion of trivalent Fe cations into
inner and/or defective zones of the Al2O3 network. To confirm this
idea, ‘‘r’’ ratios were calculated; the ‘‘r’’ values below unity could
be indicating that not all the charged iron was accessible at the cat-
alyst surface. Moreover, in dispersed systems, neighbouring atoms
are fewer than in bulk; therefore, there are fewer screening electrons
and the binding energy shifts to higher values [31].

3.2. Phenol oxidation reaction

3.2.1. Preliminary tests
Before starting CWHPO tests, several blank experiments were

carried out in order to evaluate the potential contribution of
non-catalytic mechanisms in phenol elimination and H2O2 decom-
position. The thermal decomposition of phenol and hydrogen per-
oxide (in the absence of catalyst) were negligible at 70 �C. In the
absence of H2O2, the phenol adsorption levels on the solids
(supports and catalysts samples) remained below 6% which can
be also considered as marginal.

Several experiments were also conducted without phenol. The
hydrogen peroxide decomposition rates in the absence of the tar-
get organic compound were relatively high for all the catalytic sys-
tems and no induction time was observed. In a recent work, the
apparent activation energy for a similar Fe2O3/Al2O3 system was
estimated; the value of 52 kJ/mol [32] reasonably compares with
literature reports [33,8].

3.2.2. Effect of the iron content
The catalytic runs were initially performed in the presence of a

constant catalyst concentration (1.8 g/L). For this purpose, a cata-
lyst mass of 200 mg was charged into the reactor in order to eval-
uate the impact of the iron content of the four different catalytic
systems: 0.5FeAl; 1FeAl; 2FeAl; 4FeAl. Fig. 3 exhibits the results

http://rruff.info/hematite


Table 3
XPS results of iron–alumina catalysts calcined at 400 and 900 �C.

Fresh samples TCalcination (�C) BE (eV) ‘‘BE shift’’ (eV) r

0.5FeAl 900 711.1 0.3 0.76
2FeAl 900 711.2 0.4 0.84

Note: ‘‘BE shift’’ was calculated as the difference between the BE of samples calcined
at 900 �C and the ones calcined at 400 �C.
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of phenol, TOC and H2O2 conversions obtained in this reactions
series.

The presence of a larger number of active sites was expected to
induce higher reaction rates as more hydroxyl radicals could be
generated. Consequently, the iron content of the catalyst samples
had a significant effect on the conversion rates and the final TOC
and H2O2 consumption levels. As summarized in Fig. 3, the effi-
ciency in the consumption of the oxidant increased a 20% with
an eight-fold increment in the total iron (from 0.5 to 4FeAl); the
TOC conversion resulted even more sensitive to the Fe content
and an 87% increase of the mineralization was observed.

The application of these Fe(III) heterogeneous systems exhib-
ited a marked induction period, as shown in Fig. 3. This observation
coincides with previous works [5,9,11] using alumina-supported
catalysts. We observed that the induction period was only slightly
reduced with an increase of the iron content of the systems. The
process of activation of the catalyst would have probably two con-
tributions: the presence of homogeneous iron and the Fe(II)/Fe(III)
ratio. Pestunova et al. [11] tested a commercial Fe2O3/Al2O3 cata-
lyst for a second run and observed that the induction period disap-
peared with the repetitive use. The authors considered this as an
evidence of the activation of the catalyst under reaction conditions.
This activation could be associated with changes in the Fe(II)/Fe(III)
ratio. Chen and Pignatello [34] investigated homogeneous systems
and reported that the lag period declines as the initial concentra-
tion of ferrous ions increases. These authors indicated that the
lag phase of phenol conversion was connected to the slow rate-
limiting reduction of Fe3+ by H2O2 and also that the progression
from the lag to the reaction phase was due to the build-up of
Fe2+ concentration through faster reactions routes, such as the
reduction of ferric species by hydroquinones and other organic
species.

Supplementary experiments were carried out using 1.8 g/L of
catalyst 0.5FeAl that was partially reduced. The catalyst was trea-
ted at 350 �C under hydrogen current (10 mL/min), following a
similar reduction procedure as was described by Muñoz et al.
[10]. The results were also included in Fig. 3. This preliminary
investigation showed that in the presence of an initial amount of
Fe(II) onto the catalyst, the induction period was shortened (to
approximately 30 min) but it did not completely disappear. The
conversion profiles for the reduced catalyst were higher than for
0.5FeAl, reaching a final mineralization of 44%. The major draw-
back of these reduced Fe2O3/Al2O3 systems would be their lower
resistance to iron leaching, as was also reported by Muñoz et al.
[10].

3.2.3. Effect of the catalyst or support concentration
Fig. 4 shows the reaction results (phenol, TOC and H2O2 conver-

sions) obtained using different catalyst concentrations (range
0.9–7.2 g/L) and a constant total iron loading in the reactor
([Fe] � 36 mg/L). First, different support concentrations were
tested in the absence of iron and the conversion levels were prac-
tically negligible for all the experiments. In the presence of Fe spe-
cies, we observed that higher catalyst concentrations gave better
performances in terms of mineralization and oxidant efficiency
(Fig. 4).
As confirmed by the characterization of the samples, all the cat-
alysts exhibited a good dispersion of active species on the alumina.
Nevertheless, the impact of using the same iron content dispersed
on a higher amount of alumina was significant. According to the
conversion profiles, the dispersion of the iron species would be
enhancing the advance and the efficiency of the oxidation process.
The main differences arose at higher reaction times (>120 min) for
the H2O2 decomposition and the mineralization degrees. This
might be indicating a positive effect of the dispersion of iron in
the rate of hydroxyl radical generation. As the catalyst loading aug-
mented, both the H2O2 and TOC conversions increased but not pro-
portionally, resulting in an improvement of the final oxidant
consumption efficiency that was close to the 92% (using 7.2 g/L
of 0.5FeAl catalyst). This high percentage would evidence that
the H2O2 decomposition routes leading to �HO formation were
strongly favoured in the system. Thus, only a minor difference
between the theoretical consumption of the oxidant (estimated
from mineralization results) and the measured H2O2 conversion
was observed.

For these advanced oxidations, the hydroxyl radicals formation
occurs via Fe(II) to Fe(III) reaction and most frequently, the ferric to
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ferrous reconversion routes are slower steps of the process. On that
basis, it is likely that higher dispersion of the iron species onto the
alumina could be promoting the iron redox cycle by means of Fe/Al
interactions. These interactions have been previously reported for
different catalytic materials [13,35]; Gabelica et al. suggested that
a higher dispersion of Fe could lead to better Lewis acid–base inter-
actions with the support, resulting in an improved performance of
Fenton catalysts [13]. If so, one should expect higher H2O2 decom-
position rates from the beginning of the reaction due to an
enhanced �HO production. However, the results of Fig. 4 do not
show improvements at the initial stages of the CWHPO process
for the experiments performed with higher catalyst concentra-
tions. Rather than a direct effect on the redox cycle, the higher
amount of heterogeneous catalyst might be inducing better surface
interactions with the reaction intermediates formed throughout
the process. Some of these organic compounds, in turn, would par-
ticipate in the reduction of ferric species required for the progress
of the oxidation mechanism [36,37]. Additionally, a similar kind of
behaviour was recently described in a preliminary work focussed
on the abatement of 1 g/L phenol solutions by Wet Air Oxidation
promoted by H2O2 (PP-CWAO) using alumina-based catalysts.
The authors observed that the adsorption of oxidation aromatic
intermediates onto the alumina surface allowed the enhancement
of the obtained mineralization levels in relation with experiments
carried out in the absence of solid catalysts [38].

3.2.4. Catalyst stability and homogeneous contribution
The iron content of the used samples was measured. Regardless

of the Fe loading or the catalyst mass used in the experiments, the
leaching levels remained close to the 30%. These values are mark-
edly below from the lixiviation percentage near 60% registered for
a similar Fe2O3/Al2O3 system calcined at lower temperatures [9].
For all the experimental runs, the high initial phenol concentration
led to an important accumulation of organic intermediates (some
of them, carboxylic acids) and the catalysts were forced to operate
at an acidic pH (2–3) during much of the CWHPO reaction time.
Since these conditions strongly promote the solubilization of iron,
the leaching levels that were obtained should be considered appre-
ciable but satisfactory at this stage of the investigation, as they
were in the same range than other works using analogous solid
catalysts (Table 1).

The iron leaching levels cannot be neglected at the reaction con-
ditions studied and in consequence could be contributing to the
overall degradation process. For instance, in the heterogeneous
experiment performed with 7.2 g/L of the 0.5FeAl catalyst, the
amount of total Fe ions present in the reaction supernatant after
240 min was about 10 mg/L (ca. 30% of the total iron content).
With the purpose of discriminating the potential phenol and TOC
reduction due to the dissolved iron, the catalytic activity was eval-
uated in a phenolic solution containing 10 mg/L of Fe(II) under the
same operating conditions than the heterogeneous test, giving rise
to a 96% of phenol conversion and 32% of TOC removal after
240 min of reaction. Agreeing with the dynamics of hydroxyl rad-
ical generation, conversions profiles achieved almost final levels
during the first 20 min of the run and then advanced slowly (as
observed for the homogeneous experiments described in Section
3.2.5). However, it is noteworthy that this experiment overesti-
mates homogeneous contribution since the release of Fe ions is a
gradual process and varies with the reaction time as well as reac-
tion conditions [8]. This fact was confirmed by the presence of an
induction period at the beginning of the heterogeneous tests which
indicates that the reaction is started by a heterogeneous pathway.

For a better interpretation of the role of dissolved iron species,
the catalytic activity of the final supernatant with 7.2 g/L of the
0.5FeAl catalyst was assessed by adding a fresh dose of H2O2

(TOC0 = 1200 mg/L; [H2O2]0 = 0.54 M). After 240 min of reaction,
the TOC and H2O2 conversions were only of 3% and 20%, respec-
tively. This poor performance might indicate two facts, for one
hand dissolved iron can be coordinated with aromatic rings or also
sequestered by organic acids forming iron complexes with low cat-
alytic activity [36,39] and/or the supernatant solution may be com-
pounded of refractory organic intermediates which are not able of
being further oxidized.

From these results it can be concluded that the heterogeneous
contribution prevailed in relation with the homogeneous one.

3.2.5. Effect of catalyst support in the presence of homogeneous Fe(II)
For a more detailed study, a series of reaction runs were per-

formed using homogeneous iron (FeSO4�7H2O) in the presence of
different amounts of gamma-alumina. These reaction results are
shown in Fig. 5. The concentration of the dissolved iron was equiv-
alent to the total iron loading used for the preceding experiments
(Fig. 4).

All these reactions performed with homogeneous Fe(II) did not
present induction periods. The phenol conversion profiles
remained mostly unvaried for increasing alumina concentrations;
however, the H2O2 consumption and TOC reduction increased
notably, resulting in higher final mineralization levels and Etha
efficiencies.
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From these results, a synergistic effect due to the combination
of the support and the dissolved iron species was confirmed. Alter-
native materials were further investigated in order to compare the
impact of different porous solids as catalyst supports. The oxida-
tion reactions were carried out using silica and cordierite
(2MgO–2Al2O3–5SiO2) in the presence of 36 mg/L of homogeneous
Fe(II). The TOC conversion results are shown in Fig. 6. No improve-
ments were observed with any of the silicate materials when com-
pared with the homogeneous run performed in the absence of solid
support. The oxidant conversion rates and phenol conversion pro-
files also remained unchanged. This behaviour might be related to
the stronger acidity of gamma-alumina in comparison with silica–
alumina and silica–magnesia materials [40].

For a better elucidation of the role of alumina, further homo/
heterogeneous experiments were performed by using c-Al2O3 sup-
plied by SASOL and a-Al2O3 (Fig. 6). The performance of homoge-
neous Fe(II) in the presence of a different gamma-alumina
support reached similar final conversion levels than the one pro-
vided by ALFA AESAR, giving rise to a 73% of TOC removal after
240 min of reaction. The repeatability in the conversion trends
might confirm the positive influence of the surface characteristics
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of mesoporous aluminas and also prevents the possibility of cata-
lytic activity due to the presence of impurity traces from the differ-
ent preparation methodologies of the carriers. In contrast, by
incorporating alpha-alumina to the reaction medium no enhance-
ment in the catalytic activity was registered and final TOC conver-
sion was only of 48%. Again, the reason for the different catalytic
behaviours between c and a phases could be directly related with
significant differences in their structural and surface properties.
While corundum is characterized by a low surface area and is lar-
gely used when high inertness is required, c-Al2O3 is based on a
defective spinel structure with cation vacancies giving place to
the development of unique acidity or acido-basicity property
(Lewis acid sites are compounded by unsaturated Al3+ ions,
whereas surface basicity is provide by the presence of oxide
anions). Then, the true particular sites are very likely anion–cation
couples which can act synergistically [41].

So far, the variety of alternative supports that were compared is
limited; however, these experiments confirmed that the effect of
gamma-alumina in the Fenton process should not be generalized
to other materials, even when they contain Al species in their struc-
ture (as in the case of cordierite and alpha-alumina). The positive
impact of c-Al2O3 should be considered in terms of its good sorp-
tion properties and Fe/Al interactions. As reported by Lim et al.
[42], it can be supposed that the association with Lewis acid sites
could facilitate the reduction of ferric ions by attracting the electron
density from the iron center and destabilizing the Fe(III) state. In
the presence of higher Al2O3 loadings we observed that both the
TOC conversion rate and the H2O2 consumption increased. In the
absence of catalyst support, the homogeneous reaction advanced
rapidly, but then the H2O2 decomposition rate slowed down (after
30 min of reaction time) and so did the TOC conversion. Despite
of the formation of intermediates that could intervene in the Fe(II)
reconversion process, the H2O2 consumption rate became progres-
sively slower in the homogeneous process probably due to partial
complexation of the iron species in solution [36,37]. The presence
of gamma-alumina would allow the adsorbed Fe ions to turn into
ferrous species more efficiently, so that the generation of �HO radi-
cals is promoted and the overall oxidation may advance at a reason-
able rate. As the H2O2 conversions were increased even at short
reaction times, it could be inferred that the presence of Al2O3 would
be promoting the hydroxyl radicals formation rate from the begin-
ning of the reaction. Probably, the adsorbed iron species that are
present in this homo/heterogeneous system resulted more active
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and/or less susceptible to complexation reactions with organic spe-
cies. For the experiments using 7.2 g/L of c-Al2O3, the accelerated
conversion of H2O2 to �HO led to a practically complete consump-
tion of the oxidant at 180 min of reaction and a high Etha efficiency
of 96%.
3.2.6. Combined effect of higher iron and catalyst concentrations
As a closing, we report the experiments performed combining

both higher iron content and higher catalyst loading (7.2 g/L of cat-
alyst 4FeAl). For the sake of comparison Fig. 7 also includes the reac-
tion results obtained using 7.2 g/L of 0.5FeAl. As indicated by the
hydrogen peroxide concentration profile of 4FeAl, the oxidant was
completely consumed at 120 min of reaction time and the oxidation
process stopped. Then, a subsequent dose of H2O2 was added
(27 mmol, which represents half of the initial oxidant dosage) and
the reaction continued (the final mineralization levels were close
to 80%). The induction time was shortened (to 30 min) and the over-
all CWHPO performance was notably enhanced by the increase in
the initial charge of heterogeneous iron. The oxidant consumption
efficiency remained near 80%. Lower accumulation of intermediate
species should be inferred from these reaction parameters. This was
also confirmed by the higher final pH of the solution (Fig. 7). As a
consequence of these improvements, the iron leaching levels were
reduced from 30% to 20%.

Additional exploratory experiments were performed using
increasing doses of oxidant and higher total iron loadings and it
was detected that the TOC reduction could not overcome the 80%
(when 5 g/L phenol initial concentration is used). This might be
an indication of the formation of refractory carboxylic intermedi-
ates (that would represent the 20% of the initial organic carbon)
that were not able to be completely oxidized to CO2 at the present
conditions of the CWHPO. According to literature survey, this
refractory fraction would be mainly conformed by carboxylic acids
such as oxalic and acetic acids [36].

At this point, it must be considered that the treatment of con-
centrated phenol solutions requires the development of improved
catalytic materials in order to accomplish the demands of the
aggressive reaction medium. As mentioned before, the high initial
phenol concentration forces the system to operate at very acidic
conditions (Fig. 7, pH evolution) with important accumulation of
organic intermediates.
The results using mesoporous alumina-based materials were
very promising and lixiviation was reduced, but the final iron con-
centrations that remained in solutions were still high. Thus, further
efforts are needed in order to develop more active and stable cata-
lysts. A higher activity might be crucial to enhance catalytic stabil-
ity: if the total operation period at strongly acidic pH could be
shortened (by means of higher mineralization rates) and also the
refractory intermediates portion could be reduced to its minimum,
then the catalyst stability should be favoured. At first glance, a tem-
perature increase would be a relatively simple way to improve the
CWHPO performance [43]. However, from all the previous work
accomplished in this field, there are interesting approaches that
might be taken into account in order to adjust the catalyst design
and the preparation procedures to carry out the oxidation processes
under reaction conditions as moderate as possible. A good alterna-
tive to satisfy these requirements could be the development of
ordered mesoporous alumina-based catalysts.

In general terms, the Fe/Al interactions may provide certain
advantages when implementing Fenton and heterogeneous
Fenton-like treatment systems.

4. Conclusions

By means of economical procedures and materials (impregna-
tion of a c-Al2O3 support using ferric citrate as iron precursor, fol-
lowed by a high temperature treatment at 900 �C), mesoporous
catalysts were developed, and they resulted very promissory as
heterogeneous Fenton-like systems. The Fe/Al interactions pro-
moted by the properties of the alumina support could facilitate
the iron redox cycle that is implied in the progress of the organic
pollutants oxidation.

Under adjusted reaction parameters, these Fe2O3/meso-Al2O3

systems exhibited an effective catalytic performance: complete
phenol conversions, high mineralization levels with a maximum
TOC conversion of 80% and high oxidant consumption efficiencies
(between 80% and 96%). The mineralization levels achieved under
soft operation conditions were high, taking into account the initial
organic carbon content of the effluent, but the accumulation of
refractory reaction intermediates prevented complete TOC conver-
sions. The iron leaching resistance of the catalysts was improved;
however, the effect of using a high initial phenol concentration
on the catalytic stability could not be disregarded. Iron species sol-
ubilization was promoted by the presence of acidic intermediates
and the resulting pH drop that was registered during the process.

A positive impact of using higher iron contents was confirmed
in the range 0.003–0.11 of [Fe]/[phenol] molar ratios. An additional
positive influence was noted due to the high dispersion degree of
the iron species onto the alumina support. For a constant iron total
loading, the iron dispersion favours the CWHPO performances,
probably connected to a synergistic effect of Fe/Al interactions.

Also, for Fenton experiments (using dissolved FeSO4) we
observed that the presence of increasing amounts of c-Al2O3 pel-
lets in the reactor notably improved the mineralization levels (in
a 64%) and the oxidant consumption efficiency (in a 27%). Alterna-
tive materials (silica, cordierite and a-Al2O3) were tested, showing
no improvements in the homogeneous oxidation. In this regard,
the favourable interaction between Fe/Al should be taken as an
advantage of catalytic materials based on gamma-alumina, but
also as a potential strategy to improve the classic homogeneous
Fenton processes by incorporating alumina to the reaction systems
configuration.
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