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ABSTRACT
This review examines in detail all components involved in
heterogeneous Fenton-type reactions, with special focus on
copper species supported on alumina for H2O2 decomposition,
their redox chemistry, and their practical advantages over
traditional Fenton for the degradation of recalcitrant organic
compounds. Several aspects for a deeper comprehension of the
properties of g-Al2O3 as support for catalytic applications are
discussed. Iron-free systems stability after calcination and
catalyst performance during the oxidation reaction are
evaluated to solve the disadvantages of iron-based system.
Copper species supported on alumina for H2O2 decomposition
in Fenton-like reactions are examined, with special focus on
their redox chemistry and practical advantages over traditional
Fenton system for recalcitrant compounds degradation.
Characterization techniques for the elucidation of the structures,
compositions, and chemical properties of both the solids used in
heterogeneous catalysis, and the adsorbates and intermediates
present on the surfaces of the catalysts during reaction are
explained. Global indicators for chemical characterization of
wastewaters and measurement of catalytic efficiency are
described.
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1. Introduction

The increasing world population with growing industrial activities and consump-
tion habits has positioned the environmental protection as a priority issue and a
crucial factor for several industrial processes, which will have to meet the require-
ments of the sustainable development for modern societies. In order to balance the
industrial activities with the environment preservation there is a global tendency
to adopt rigid environmental legislation, where the well-known Green Technolo-
gies play a key role. Some chemical processes are valid options of best available
technologies because they do not entail excessive cost and aspire to minimize
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impact. These environmentally friendly strategies minimize, or even eliminate, the
use or generation of hazardous substances in the design, manufacture, and applica-
tion of chemical products.[1] An overview of these treatments is shown in Table 1.

Many wastewaters from industrial processes contain organic pollutants that are
toxic and poorly biodegradable when concentration is too high for direct biological
treatments. On the other hand, the concentrations of these agents are often so
small that the classical recovery (such as centrifugation, flocculation, and filtration)
is not economically feasible. Chemical oxidation tries to accomplish complete min-
eralization of the contaminants to carbon dioxide, water, and inorganics or their
transformation into harmless products. These pollutants are not amenable to bio-
logical treatments and may also be characterized by high chemical stability and/or
by great difficulty to be completely mineralized. In these cases, it is necessary to
adopt more effective reactive systems than those used in conventional purification
processes.[20] Direct oxidation of organic contaminants in aqueous solutions can
be performed under a variety of conditions, ranging from ambient conditions to
supercritical water oxidation at very high temperatures and pressures.[21] High-
yield pulping wastewaters are characterized by a high organic load, low biodegrad-
ability, and the presence of iron and other metals, so that these effluents are usually
managed as hazardous wastes and commonly treated by incineration (or noncata-
lytic chemical processes) at a high cost. However, these features also make these
effluents good candidates to be treated by chemical oxidation.[22] Energy consump-
tion of various well-known oxidation procedures e.g. supercritical water oxidation,
wet peroxide oxidation, wet oxidation, and wet air oxidation may be reduced with
adaptable catalyst.[23]

Technologies like Fenton, photo-Fenton, wet oxidation, ozonation, photocataly-
sis, etc., known as Advanced Oxidation Processes (AOPs) differ in the source of
free radicals. AOPs with the capability of exploiting the high reactivity of hydroxyl
radicals have emerged as a promising technology for the treatment of wastewaters
containing refractory organic compounds.[24] The hydroxyl HO� radical is an oxi-
dizing species even more reactive than fluorine. Although fluorine displays the
strongest oxidation potential, its application is undesired due to formation of halo-
genated compounds in the course of oxidation. Compared with chlorine or ozone,
HO� radicals exhibit much higher oxidation potential. Moreover, HO� radicals
react nonselectively with organic or inorganic species with higher rate constants
(108–09M¡1s¡1) than molecular O3 (1–10

3 M¡1s¡1). The rate of HO� radical gen-
eration is of great interest when it is used to decompose toxic organic compounds
in wastewater.[25] AOP processes are widely used to treat wastewaters from several
industries such as chemical, petrochemical, paint, textile, and pesticide plants, con-
taining different organic compounds such as aromatic rings, polyphenols, haloge-
nated compounds, resin acids, unsaturated fatty acids, compounds resulting from
the decomposition process of organic nitrogen, mutagenic compounds, hydrocar-
bons, volatile organic compounds, pentachlorophenol (PCP), nitrophenols,
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Table 1. Options of chemical treatment most used in wastewater treatment.

Treatment process Main features Refs.

Chemical oxidation
Incineration Involves complete thermal oxidation at elevated temperature. It

is a useful method when treating small amounts of liquid with
a high concentration of oxidizable contaminants. Otherwise,
the operating costs associated with the need for an auxiliary
fuel become excessive.

[2]

Wet air oxidation (WAO) Removes organic compounds in the liquid phase by oxidizing
them completely to carbon dioxide and water using an
oxidant such as oxygen or air. However, one of its significant
drawbacks is that high temperatures and pressures are
required (more than 120�C and 10 bar) to achieve a high
degree of oxidation within a reasonable time.

[3, 4]

Catalytic wet air oxidation
(CWAO)

This technique is proposed to relax the WAO oxidation
conditions. The addition of catalysts allows the process to be
carried out at much milder conditions, improves conversion of
organic pollutants that are refractory to non-catalytic
oxidation, and accelerates the oxidation reaction.

[5, 6]

Supercritical water
oxidation (SCWO)

Shows high efficiency for decontamination of many aqueous
organic wastes in an aqueous medium, above the critical
temperature and pressure of pure water (374�C and 221 bar,
respectively). This technique can efficiently destroy organic
substances into H2O and CO2 (99–99.99% of conversion) at
500–650�C in 1–100 s, which are significantly short residence
times.

[7]

Advanced oxidation (AOP)
O3/OH

¡ This technique performs best at alkaline pH, due to the reaction
of almost all organic and inorganic compounds with
molecular ozone and oxygen radicals, including the hydroxyl
radical. These phenomena are attributed to the ability of O3 to
initiate hydroxyl radical formation at high pH. These hydroxyl
radicals have an oxidation potential (2.80 V) higher than O3

(2.07 V) in direct reaction under acidic conditions

[8]

O3/ H2O2 and O3/H2O2/
OH¡

Ozone treatment greatly enhances the production of hydroxyl
radicals by adding H2O2 during the reaction. This can reduce
the reaction time required for organic matter transformation.

[9, 10]

O3/UV and O3/H2O2/UV Combining ultraviolet radiation (UV) with H2O2 results in the
generation of �OH. It can lead to organic matter
transformation by direct photolysis and by reaction with �OH.
Therefore, these combinations have higher yields of hydroxyl,
peroxyl, and superoxide radicals, which synergistically
accelerate the removal of organic matter from complex
wastewater matrices.

[10, 11]

O3/Catalyst Ozonation is influenced by pH of the solution (high pH),
composition of the solution, and temperature, but it is limited
to a certain extent of mineralization. In this context, some
studies have focused on heterogeneous catalytic ozonation in
aqueous media, due to the enhancement of the production of
hydroxyl radicals with materials such as activated carbons,
zeolites, oxides, and the subsequent O3 economy. Efficient
catalysts have been reported via different approaches, such as
accelerating �OH radical production from ozone or enhancing
the chemical adsorption of target pollutants on the surface of
the catalyst.

[12, 13]

H2O2/Me
nC and H2O2/

MenC/UV
These catalytic methods are based on the generation of hydroxyl

radicals from hydrogen peroxide with metal ions acting as
catalyst at certain pH and temperature. The generally
accepted mechanism of the process proposes that hydroxyl
radicals are produced while the catalyst is regenerated. It does
not require highly complicated devices or pressurized systems
for the oxidation process, making it technologically viable for
direct application on any scale. The most studied process is

[14–17]

(Continued on next page )
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detergents, and pesticides, as well as inorganic contaminants such as cyanides, sul-
fides, and nitrites.[26–30]

There is a need to improve current wastewater technologies for several reasons:
(1) the increasing cost of wastewater treatment, (2) the severe environmental regu-
lations, and (3) an increasing attention to Emerging Pollutant Categories of Con-
cern (EPOC; e.g. endocrine disrupting chemicals, hormonally active agents,
xenobiotics, pharmaceutically active compounds, persistent organic pollutants,
etc.) and in general to effluent-derived microcontaminants and organic wastewater
contaminants.[31] Among AOPs, the use of catalysts to improve the performance
of water treatment technologies is known for many years, but only in the last
decade more scientific attention was given to this. Catalysts are distinguished into
homogeneous (catalyst operates in the same phase where the reaction occurs) and
heterogeneous (it operates in a different phase). In the case of homogeneous cata-
lysts, every single catalytic entity can act as a single active site, which makes them
intrinsically more active and selective compared to traditional heterogeneous cata-
lysts. The heterogeneity of the surface sites is, in fact, a common feature of the solid
catalysts.[32]

Homogeneous catalysts offer some advantages over their heterogeneous coun-
terparts. As said, all catalytic sites are accessible because the catalyst is usually a
dissolved metal complex. Furthermore, it is often possible to tune the chemoselec-
tivity, regioselectivity, and/or enantioselectivity of the catalyst. The main

Table 1. (Continued )

Treatment process Main features Refs.

Fenton, which implies the oxidation of ferrous to ferric ions to
decompose H2O2 into hydroxyl radicals. The combination of
UV/Vis radiation with Fenton’s reagent (photo-Fenton
process) promotes the oxidation reaction yielding additional
radicals by photolysis.

Electro-H2O2/Me
nC This method is divided into four categories. In type 1, hydrogen

peroxide and ferrous ions are electrogenerated using a
sacrificial anode and a bubbling oxygen cathode. In type 2, a
sacrificial anode is used as a source of ferrous ions and
hydrogen peroxide is externally added. In type 3, ferrous ions
are externally added and hydrogen peroxide is generated
using a bubbling oxygen cathode. In the type 4 (the most
used one), Fenton’s reagent is used to produce hydroxyl
radicals in an electrolytic cell, and ferrous ions are
regenerated by the reduction of ferric ions at the cathode.

[18]

Sono-H2O2/Me
nC This method is a combination of ultrasound and H2O2 with

transition metals. In sonolysis, the radicals are produced
through cavitation. This phenomenon includes three phases:
nucleation, growth, and an adiabatic implosive collapse of a
gas or vapor bubble. These phases are driven by pressure
variations induced in the liquid medium due to propagation
of the ultrasound wave. The �OH radicals are formed at the
location of the bubble collapse. With MenC present in the
medium, �OH radicals can also be generated through Fenton
reactions. The micromixing by ultrasound can also increase
the probabilities of interaction of radicals and organic
molecules.

[19]
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disadvantage compared with heterogeneous catalysts is the difficulty to separate
the reaction products from the catalyst and from any reaction solvent. This prob-
lem arises because most homogeneous catalysts are thermally sensitive and the
most commonly used separation method, distillation, requires high temperatures.
Other conventional processes such as chromatography or extraction also lead to
catalyst loss.[33] Organic solvent nanofiltration [34,35] and membranes nanofiltra-
tion [36, 37] are other widely known separation techniques. Precipitation by the for-
mation of hydroxides is the most common method for homogeneous metal
recovery. The precipitate obtained after the alkalinization of the reaction media is
often called the Fenton sludge. This alkaline precipitation and recycling of the
metal could be a viable alternative for catalyst recovery and reuse in oxidative reac-
tions.[38] Unfortunately most of these catalyst recovery methods are not economi-
cally feasible for industrial application. So, the use of solid catalyst is generally
preferred, which can be recovered by a simple operation and reused in the treat-
ment process.

This review examines in detail all components involved in heterogeneous Fen-
ton-type reactions, with special focus on copper species supported on alumina for
H2O2 decomposition, their redox chemistry, and their practical advantages over
traditional Fenton for the degradation of recalcitrant compounds.

2. Heterogeneous catalysis

2.1. Main characteristics of heterogeneous catalyst

Heterogeneous catalysts are frequently defined as solids, or mixtures of solids,
which accelerate chemical reaction without undergoing changes. This definition
however is too limited in scope, considering that the properties of catalysts can
change significantly with use, with service lives that vary from minutes to years.[39]

Metal oxides are the key components for a variety of catalytic reactions, func-
tioning directly as reactive components or as supports to disperse active metal spe-
cies, or as additives or promoters to enhance the rate of catalytic reactions.[40] A
heterogeneous catalyst is considered as a composite material, and is characterized
by: (1) the relative amounts of components (such as active species, physical and/or
chemical promoters, and supports); (2) shape; (3) size; (4) pore volume and distri-
bution; (5) surface area. The optimum catalyst provides a certain combination of
desired properties at an acceptable cost. Solid catalysts must fulfill a number of
requirements, such as high activity in terms of pollutant removal, minimum leach-
ing of active phase, stability over a wide range of pH and temperature, and a high
hydrogen peroxide conversion with minimum decomposition, selectivity, lifetime,
ease of regeneration, and toxicity.[41] Therefore, catalyst design mainly consists of
a suitable compromise between the desired morphological characteristics and the
specifications required for a long catalyst life.[39, 42]

The ideal surface of the particles of a solid oxide can be constituted by: (1)
exposed coordinatively unsaturated cationic centers (acting as Lewis acid sites), (2)
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exposed oxide species (acting as basic sites), and (3) exposed hydroxy groups aris-
ing from water dissociative adsorption (acting as Brønsted acid sites, or, alterna-
tively, as basic sites).[43] Surface stabilization reactions with several compounds
from the environment (e.g., water and CO2) might occur. This would limit the
number of coordinatively unsaturated centers, causing the formation of new sur-
face species such as hydroxy groups and surface carbonates. However, unsaturated
centers at the surface can be regenerated by desorption of adsorbed water (and
CO2) under heating.

[44] In a typical catalyst, the role of active sites is the direct acti-
vation of the adsorbed intermediate, as well as catalytic activity and selectivity.[40]

Activity is one of the most important characteristics and is defined as the ability to
accelerate a certain reaction to a greater or lesser extent. The activity is expressed
in transformed moles per second per gram of catalyst. Selectivity is another impor-
tant feature that defines the direction in which the reaction will take place due to
the intervention of the catalyst. This intervention will result in the increase of
some products, the decrease of others, the appearance of unexpected species, etc.,
while minimizing the activation energy. The selectivity is expressed as the amount
of reactant converted to a particular product divided by the total transformed
reactant.

The loss of the catalyst activity (or selectivity) is a problem of great concern in
the practice of industrial catalytic processes. A solid catalyst may be negatively
affected by any of a dozen compounds present in the reaction medium, and its sur-
face and pores may be affected by reactants, intermediates, and/or products.[45]

Deactivation is the overall result of the removal of active sites from the catalytic
surface.[46] The most common causes of deactivation are (1) poisoning, (2) fouling,
(3) thermal degradation, (4) mechanical damage, and (5) corrosion/leaching by
the reaction mixture.[47]

1) Catalyst poisoning involves a strong chemisorption of certain species on the
catalyst (interaction between a component of the reactant or products and
the active sites of the catalyst). It may be reversible or irreversible; however,
most poisons are irreversibly chemisorbed.[45] Examples of poisoning can be
found in reference.[48]

2) Fouling is the physical deposition of species from the fluid phase onto the
catalyst surface, which results in activity loss due to blockage of sites and/or
pores.[45] Examples of fouling can be found in references.[1,3,49]

3) Thermal degradation of catalysts produces the loss of catalytic surface area
and can occur in all stages of the life cycle of the catalyst.[47] It can occur as
result of: a) particle growth and/or filling up of the pores (due to the phe-
nomenon known as sintering),[50] and b) chemical transformations of cata-
lytic phases to noncatalytic phases.[45] Examples of thermal degradation can
be found in references.[51,52]

4) Mechanical damage represents the loss of catalytic material and the loss of its
internal surface area due to mechanical processes such as abrasion, mechani-
cal-induced crushing, and erosion of catalyst particles.[45]
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5) Corrosion and leaching behavior of the support can affect the performance
during reaction and its stability. Even if supports show good resistance to
corrosion and leaching, the reaction medium can be quite corrosive.[53]

Examples of corrosion/leaching can be found in references.[47,54,55]

The performance of metal oxides as catalysts or catalyst supports depends on
their crystalline structure and textural properties. Besides the role of the surface
area, the pore structure plays an important role in the catalytic activity. Mesopo-
rous materials are preferred because they offer the advantage of avoiding the pore
plugging (that often occurs in materials with micropores).[56] The different pore
sizes of specific catalysts have implications on properties concerning diffusion of
reactant, site accessibility, and catalyst deactivation. In heterogeneous catalysis,
conversions proceed on active sites on the surface of solid catalysts. The conversion
is thus closely related to the accessible surface area of a given catalyst.[40] The pores,
which are the paths for reactants and products, influence the incorporation of
active metals during preparation of the catalyst. It is proved that supports with
higher pore volume render high dispersion of active phase,[57] and that the
presence of these mesopores increases the amount of accessible active sites, which
improves the catalytic reactions.[58] With features such as highly uniform channels,
large surface area, and narrow pore-size distribution, the mesostructured alumina
is envisaged to minimize the mass transfer resistance of reactants and products in
and out of the catalyst particles.[59] It is therefore of great importance in the prepa-
ration of porous alumina with defined structure and controllable pore size.[60]

2.2. Influence of support’s preparation method

It has long been recognized that the properties of catalysts and catalyst supports
often depend on their preparation method. Several strategies were developed to
obtain mesoporous alumina with high surface area, but the usual method is sol-gel
synthesis, which is characterized by a high reproducibility on the results.[61–64] The
surface area of the final solids depends on the original micelle size and on the
ripening (coarsening of the gel framework by dissolution and reprecipitation) and
drying conditions. Due to the possibility of obtaining high-surface-area solids with
homogeneous compositions and controlled porosity, sol-gel methods have been
widely employed for the synthesis of mesoporous materials. The process of
removing the solvent from the gel is critical and determines the textural properties
of the final product. Many materials prepared by the sol-gel method, especially the
aerogels, are mesoporous with large surface area and large pore volume.[62,65] The
sol-gel techniques have been widely applied for the synthesis of highly porous
alumina, according to procedures directly related to that originally developed by
Yoldas.[66] For many years, the sol-gel method itself or combined with other
methods has been used for catalyst supports preparation [67,68] in order to optimize
the desired properties. Since Yoldas developed the sol-gel technique, the prepara-
tion conditions of sol and gel have been extensively studied. Reaction temperature,
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concentration of reactants, pH of sol (because of its great influence on the surface
area of the final product), and many factors in the process from hydrolysis of
aluminum alkoxide (e.g. the nature of complexation of the alkoxide determined
the gel structure) to final pore structure were evaluated.[69,70] The sol-gel process
provides a new approach for preparation of these materials and offers many advan-
tages for manufacture of catalysts, and a homogeneous mixture can be achieved
even at molecular scale. Compared to other methods, throughout sol-gel tech-
nique, the chemical reactivity of the surface oxide produced can be higher. Sol-gel
working temperatures are lower than others methods, and it is a very versatile
technique to obtain powders of various surface area, optimal distribution of pore
size, and high purity supports.[71]

Moreover, the design of solid catalysts requires the selection of the supported
metal oxide, in addition to the development of an adequate support. The classifica-
tion of several metal supports according to their catalytic activity allows therefore
a better selection of possible metals systems having good activity and selectiv-
ity.[41,72–74] Examples of metal supports are gamma-alumina, zeolites, silica, ceria,
and zirconia. The physicochemical nature of the catalyst is responsible for its
stability; this includes its reduction behavior, vacant positions, polymorphic struc-
ture, crystallite size, lattice parameter and lattice strain (as a result of calcination
temperatures), the elementary oxidation states and surface compositions, and the
bonding of the support to metal cations.[75] The most important feature in the field
of catalysis is to produce high-performance catalysts increasing surface area and
maintain its optimal pore volume and adjusted pore-size distribution.[76] Along
with the requirements of the catalyst and control parameters, the following five
steps are needed to enable a heterogeneous reaction: (1) diffusion of reactants to
the surface, (2) adsorption of reactants onto the surface, (3) reaction on the surface,
(4) desorption of products off the surface, and (5) diffusion of products from the
surface.[23] The physicochemical nature of the catalyst is responsible for its activ-
ity.[77–79] Temperature, reactants nature, formed products, the flow of reactant and
products are factors that can affect the catalyst stability and make it change over
time (also its selectivity).

2.3. General considerations about g-Al2O3 as support

Many commercial catalysts consist of metal particles supported on high-surface-area
oxide. Supports are the structural base of catalysts. Porosity and permeability of sup-
ports define their performance for mass transfer (which makes it possible for the
reactions to occur).[80] The most commonly used supports are silica and alumina.[40]

Alumina can exist in a variety of metastable structures, the so-called transition alu-
minas (such as X, k, g, d, h, and u) as well as its stable a-Al2O3 phase.

[81,82] Alumina
polymorphism can be classified according to the oxygen sublattice structure and the
distribution of aluminum ions in tetrahedral and octahedral interstitial sites. Thus,
in a-Al2O3, the oxygen sublattice is hexagonal-close-packed (hcp) structure with 2/3
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of octahedral sites occupied with cations, while g, d, h, and u have a face-centered
cubic (fcc) arrangement of oxygen atoms and cations present in various propor-
tions in both octahedral and tetrahedral sites.[83] Sequential transformation
throughout various transition alumina are formed before reaching the most stable
a phase (this polymorphism is mainly a result of changes in the working condi-
tions of pressure and temperature).[44] Forms of hydrated alumina include trihy-
drate and monohydrate variants. The trihydrate is divided into gibbsite [g-Al
(OH)3], bayerite (a-Al(OH)3), doyleite, and nordstrandite, whereas the monohy-
drate form is divided into boehmite (g-AlOOH), diaspore (a-AlOOH), and pseu-
doboehmite. Gibbsite is not only the main raw material source used to produce
aluminum oxide by the widely known Bayer method in industry, but it is also the
raw material to produce an important binder used in refractory castables.[84,85]

The sequence of transformations depends on the atmosphere (conditions of tem-
perature, pressure, and medium, i.e. air or water vapor) and the grain size of the
starting gibbsite, which yields products that possess certain surface conditions,
shape, size of crystallites, pore size, and particle size for different applica-
tions.[86,87] In air, fine-grained gibbsite is transformed to X, k, or a-alumina,
whereas coarse-grained gibbsite is transformed to boehmite and then to g, d, u
and-or a-alumina, depending on the temperature and especially in the presence
of water vapor.[88]

Two classes of aluminas are generally described, the low-surface-area a-alu-
mina or corundum, and the highly porous aluminas, which are of catalytic
interest (gamma-aluminas are perhaps the most common ones).[89] Well-crys-
tallized boehmite usually gives g-Al2O3 with low surface area, whereas poorly
crystallized boehmite, often called pseudoboehmite, gives the highest surface
areas and is most frequently employed in catalysis.[64] Transformation from
g-alumina to a-alumina is characterized by a decrease in surface area.[51,90,91]

Transition aluminas start to lose their surface area even below 800�C due to
micropores elimination. Critical loss of surface area occurs above 1000�C with
the eventual onset of crystallization to the thermodynamically stable alpha
phase, confirming that catalytic properties of alumina largely depends on their
crystalline structure and surface characteristics.[5292–94] Gamma-aluminas are
preferred because of their high surface area and relative stability below 900�C,
and because they crystallize in a structure with a defective spinel structure
g-Al2O3 (gamma-alumina) as product of the dehydration of boehmite.[95,96] In
a spinel-like AB2O4 structure, cations A and B are replaced by aluminum (Al)
leaving some vacant cation positions. Stoichiometric requirements imply that
the spinel structure of g-Al2O3 is described by the formula: (&)Al8O12, where
(&) stands for a vacancy. Vacant positions have not yet been established, and
the building of a theoretical direct reaction pathway connecting both reactant
(AlOOH) and product (g-Al2O3), is not possible.[76] Despite the relevance of
transition aluminas, their crystal structure is still being debated intensively, and
their actual atomic-scale surface structure remains distinctly undetermined.[97]
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Gamma-alumina is widely used as a catalyst support material, usually used as
pellets, with 190–200 m2 g¡1 of surface area, pore volume: 0.55–0.70 cm3 g¡1, and
mean pore diameter of about 8 nm.[96,98–102]

2.4. g-Al2O3–active-phase interactions

Aluminas have to be pretreated at elevated temperatures for the development of
their catalytic activity. The weight loss corresponds to a steep decrease in the sur-
face hydroxyl concentration; in parallel, the specific rate constant of conversion
reaction greatly increases. This means that the removal of water and/or hydroxyl
groups from alumina surface is essential for the development of catalytic character-
istics. Gamma-alumina (g-Al2O3) is a weak Brønsted acid and has a high number
of Lewis acid sites. The density of surface hydroxyls ranges from 3 to 12 OH per
nm2 or from 10 to 15, depending on the author.[97, 103] Coordinatively unsaturated
(cus) anions (oxygen ions) and cations (exposed Al3C, anion vacancies) are created
as a consequence of the removal of water and/or hydroxyl groups (surface
ligands),[103] and an anion vacancy (Lewis acid sites) is created which exposes a
cus Al cation. This is the result of the regular dehydroxylation that can be
described by the condensation of neighboring hydroxyls.[76]

Acid and basic sites at the surface of g-Al2O3 behave exactly as acid and
basic substances in solution. Therefore, they respond reversibly to a change in
the pH of the solution with the concomitant variation of the total surface
charge, with the HC and OH¡ ions usually being regarded as potential deter-
mining ions (absence of specific adsorption). The surface charge of solid oxide
is generally positive at low pH and negative at high pH.[96] The hydroxyl groups
which populate oxide surfaces become protonated (positively charged) or
deprotonated (negatively charged) according to the pH value. The pH at which
the surface is neutral is named the point of zero charge (PZC).[104] At pH val-
ues lower or higher than the PZC, the surface is increasingly protonated or
deprotonated, respectively. At the midrange PZC (7–9), alumina will adsorb
anions at low pH and cations at high pH.[40] The charge properties of gamma-
alumina (as well as for any other oxide that acts like a support material) are
reported in terms of PZC (as a function of surface ionization reactions). Along
with surface ionization reactions, other parameters that fully characterize the
charge properties of a particular oxide are hydroxyl group density (OH groups/
area) and dielectric constant.[105] Depending on the concentration of the type
of sites, the oxides may show a tendency to adsorb cations (SiO2, SiO2-Al2O3,
zeolites), anions (MgO, La2O3, ZnO), or both cations in basic solution and
anions in acidic solution (Al2O3, TiO2, Cr2O3).

[96]

Transition aluminas are frequently used as preshaped supports. These sup-
ported catalysts consist of an active metal oxide phase dispersed on an oxide sup-
port with high surface area.[43] The chosen precursor is deposited onto the
surface of the support via strong electrostatic adsorption. Once strongly adsorbed,
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a pretreatment step is carried out (calcination or reduction), in such a way that
the precursor is transformed into the active phase.[40]

The final properties of the active phase depend mainly on the form in which the
precursor is placed onto the support, and also on the nature and strength of pre-
cursor support interactions. In case of heterogeneous catalysts, the first step is the
impregnation of the support. In this process, metal complexes are dissolved in
aqueous solution and put in contact with a porous oxide (solid catalyst support).
The most common methods for supported catalyst preparation make use of aque-
ous media by simple impregnation, or homogeneous deposition–precipitation, ion
exchange, and specific adsorption. The choice of one or the other route is usually
made by considering the nature and strength of the support–precursor interac-
tions. During a certain contact time, the precursor adsorbs from an aqueous solu-
tion onto the support, and the catalyst is dried and further thermally pretreated.
At this point, the precursor is transformed into the desired metal form (active
form). Common subsequent steps are washing and drying, accompanied by cata-
lyst activation (or irreversible transformation). So, final catalysts have well-dis-
persed active phase at nanometer scale, and are hydrothermally stable.[96,105]

Depending on the application, different metal profiles are required. For example, if
selectivity loss due to consecutive side reactions is a concern, egg–shell catalysts,
where most of the active components are deposited close to the particle surface,
are advantageous since side reactions are suppressed. On the other hand, cases in
which attrition causes a steady reduction in particle size, most of the active compo-
nents should be deposited at the particle center (called egg–yolk profile). However,
other applications might require uniform metal profiles. Different profiles can
be obtained by controlled impregnation steps or by altering the starting
compound.[106]

The impregnation method is most commonly used and has been found to be
more convenient not only to disperse the additives into the gamma-alumina for its
stabilization by surface modification, but also for metal catalyst deposition.
Impregnation is the procedure whereby a certain volume of solution containing
the precursor of the active phase is in contact with the solid support. Two methods
of contact may be distinguished, depending on the volume of solution: wet impreg-
nation and incipient wetness impregnation. In wet impregnation, an excess of solu-
tion is used, and after a certain time the solid is separated and the excess solvent is
removed by drying.[107] In incipient wetness impregnation, the volume of the solu-
tion of appropriate concentration is equal or slightly less than the pore volume of
the support. Control of the operation must be rather precise and repeated applica-
tions of the solution may be necessary. The incipient wetness method using water
as suspending medium is usual for impregnation of the gamma-alumina with suit-
able additive precursors (for example, a copper salt) of appropriate concentra-
tion.[94] It basically consists on imbibing a given amount of support in a volume of
aqueous media corresponding to total volume of pores of the support. This
amount is calculated on the basis of the support properties (as Brunauer, Emmet,
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and Teller (BET) area, pore volume, and pore diameter), the amount of catalyst to
prepare, and the final load of active phase that needs to be obtained. The impreg-
nation solution is added dropwise to the support during intensive mixing. After
addition of the solution, the support became slightly wet. This total volume of liq-
uid is then just sufficient to fill the pores of the support until the so-called “incipi-
ent wetness point.” To generate the catalyst, the impregnated support is generally
left to dry in air at an ambient temperature first, then dried at high temperature,
and finally it is calcined. Examples of this procedure applied to the preparation of
Au/TiO2, Au/Ce0.62Zr0.38O2 or Au/CZ, and Au/Al2O3 can be found in referen-
ces,[108–110] respectively. This technique is the simplest preparation procedure.
Though this method might not result in the best dispersion of the active phase on
the support, this process is preferred because it does not generate liquid waste due
to its easy loading control.[111] In addition, there were successful attempts to
improve the metal dispersion using impregnation techniques to avoid its agglom-
eration on the support surface.[109,112,113] The maximum loading is limited by the
solubility of the precursor in the solution. In case of both methods the key operat-
ing variable is the temperature, which influences both the precursor solubility and
the solution viscosity and, as a consequence, the wetting time. The concentration
profile of the impregnated active phase depends on the mass transfer conditions
within the pores during impregnation and drying.[39]

Since metal loading is an important factor for the catalyst activity, studies have
focused on the control of the metal profile in the support particle during impregna-
tion.[114,115] The choice of the optimal catalyst profile on the support is determined
by the required activity, selectivity, and other characteristics of the chemical reac-
tion (such as kinetics and mass transfer). The incorporation of metal phase only
on the external surface of the pellet is recommended to avoid mass and heat trans-
fer resistances into the center of the solid (“egg-shell” metal profile).[116] When
preparing an egg–shell type catalyst, the active phase is usually incorporated by the
incipient wetness impregnation method, because it prevents long-range migration
of the metal particles. Drying temperature and pH of the precursor solution might
act as the key variables to control the migration of the metal particles (due to the
metal–carrier interactions).[117,118] The complete deposition of the intended
amount of active phase on the g-Al2O3 is the most important requisite for a proper
preparation. The pH of the impregnation solution is a great matter of importance,
in order to lead the generation of electrostatic forces and for the correct dispersion
of the active phase.[119] In general, the catalyst affects the chemical reaction
throughout their active sites and their surface properties. Although the number of
active sites increases by increasing metal loading, the dispersion of active phase
will decrease with increasing loading.[111] The degree of coverage of the catalyti-
cally active component also depends on the nature of the metal ions/complexes
and the chemical species used in the impregnating solution. Those aspects greatly
influence the resulting metal particle size and/or other characteristics of the fin-
ished catalyst.[120] It is important to take this into account because it can lead to
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reproducible synthesis routes, characterized by uniform distributions over support
bodies of a highly dispersed active phase.[121]

The effects of pH and ionic strength on catalyst distribution cannot be
neglected.[122] This pH dependence provides another degree of freedom in the
engineering of the impregnation profiles, because adsorption of metal cations from
aqueous solutions to various solid surfaces is strongly pH dependent. The adsorp-
tion of metal cations increases dramatically above a certain pH, but at a very low
pH the metal cation to be adsorbed is usually in competition with the large excess
of hydrogen ions. This effect has been attributed to the hydrolysis of the solid sur-
face or the metal ion.[120] In case of metals supported on gamma-alumina, the pro-
file of the metal distribution within the pellet has been found to be very dependent
on the conditions of impregnation, e.g. the adsorption of Co2C, Ni2C, or Zn2C

ammine complexes from aqueous solutions on g-Al2O3. The adsorption isotherms
exhibit a maximum for near-neutral impregnation pH (6.5 < pH < 8.5). Around
this pH range, the formation of surface coprecipitates with Al3C ions is verified. In
case of impregnation of tungsten salts, alone or in combination with nickel or
cobalt, the lack of adsorption of cobalt and nickel below pH 6 results from the
inability of the positively charged metal ions to bind to the positive alumina sur-
face, and above pH 8 metal hydroxides may precipitate. The reverse situation was
observed for tungsten, since the metal ion adsorption increases as pH decreases.
This reflects the negative charge of tungstate and polytungstate anions thus requir-
ing alumina with a positively charge for adsorption onto their surface. In brief,
adsorption is minimal at the PZC of alumina (between pH 8 and 9), and therefore
this support should not be considered as inert during impregnation with metal
ions in aqueous solutions, even under mild conditions (ambient temperature,
working pH close to the PZC of the support and according contact times).[99,123,124]

3. Characterization of solid catalyst

The surface characteristics and properties of solid support is a key issue in hetero-
geneous catalysis. Characterization of catalyst performance can be accomplished
according to an integral study, throughout information about composition, struc-
tural features, surface morphology, adsorbate, electronic states, chemical reactivity,
and local composition, among others.[40,125] Some of the most used techniques in
catalysis field for solids characterization are summarized in Table 2.

4. Measurement of contaminant degradation

Industrial wastewaters are very complex, principally due to the broad variety of
compounds they may contain. The quantitative determination of all or even most
organic compounds is not feasible, so the interest in using global indicators
increases for both pollution and quality checking. In case of chemical characteriza-
tion of wastewaters, there is a widespread use of two global referential parameters:
Total Organic Carbon (TOC) and Chemical Oxygen Demand (COD).[153–155]
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TOC represents the total organic carbon present in the sample,[156–159] whereas
COD represents the oxygen required to chemically oxidize the organic matter in
the sample. Moreover, recalcitrant COD represents the oxygen required to chemi-
cally oxidize the “non-biologically degradable” organic matter in the sample.[28,160–
162] Both parameters provide quantitative and qualitative information from the
absolute value and the variation trend of organic matter in the effluent.[163] Both
are U.S. standard methods according to the American Public Health Association.
A detailed discussion about the differences between the U.S. Environmental Pro-
tection Agency and the German Deutsche Industrie Norm COD protocols can be
found in the study of Janicke (1983).[153]

5. Classical Fenton system

The reaction of iron with hydrogen peroxide (developed by Henry John Horstman
Fenton in the 1890s) has been extensively used to study the oxidation of a variety
of organic compounds, as one of the main advanced treatment for recalcitrant
compounds.[17, 30, 164–168]

Classical Fenton consists of ferrous salts combined with hydrogen peroxide
under acidic conditions to oxidize organic matter. This reaction allows the regener-
ation of hydroxyl radicals as shown in Fig. 1.[169] The reaction mechanism has not
been completely explained due to the variety of complex intermediate compounds
which are formed, and their subsequent reactions.[170]

Ferrous iron (Fe2C) initiates the decomposition of H2O2, and generates hydroxyl
radicals (Fig. 1), involving a complex reaction sequence in an aqueous solution. How-
ever, the nonspecific and enhanced reactivity of HO� toward both organic and inor-
ganic substrates result in various competitive processes that negatively affect the
organic oxidation process. Fenton systems success is based on several reasons[172]:

Table 2. Most used techniques for solids characterization in catalyst field.

Symbol Technique Property measured Refs.

XRD X-ray diffraction Structure [126–130]
SEM/TEM Scanning electron microscopy/

transmission electron microscopy
Morphology/microstructure and

species within the catalyst
[98, 131–134]

BET area Brunauer, Emmett, and Teller Area/pore structure/pore volume [73, 123, 135, 136]
TPR; TPD Temperature-programmed desorption

and reaction:
Oxidation states [78, 98, 128,137]

TGA Thermogravimetry and thermal
analysis

Microscopic weight changes/
composition

[138, 139]

IR Infrared spectroscopy Adsorbate [79, 140, 141]
RAMAN Raman spectroscopy Structure [142–144]
XPS X-ray photoelectron spectroscopy Surface composition and oxidation

states
[144–146]

FT-IR Fourier transform infrared
spectroscopy

Surface concentrations of active
intermediates

[147, 148]

NMR Nuclear magnetic resonance Structure [149, 150]
ESR/EPR Electron spin resonance/electron

paramagnetic resonance
Catalytic active sites or reaction

intermediates with unpaired
electrons

[151, 152]
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(1) Mild working conditions, such as ambient pressure and temperature, which
avoids the requirement of complicated reactor facilities.

(2) Simple and flexible, easy to implement either as unique treatment or inte-
grated to an existing water treatment processes like coagulation, filtration,
and biological oxidation.

(3) Shortest reaction time of H2O2 activation and HO� generation among all
other AOPs.

(4) Cost-effective and practically viable, because of the use of cheap, moderately
reactive, and easy-to-handle reagents (iron and H2O2).

In contrast, the main disadvantage of classical Fenton is that Fe2C remains dis-
solved at neutral pH and Fe3C disappears at pH� 4, forming ferric hydroxide sludge.
As a consequence, acidic conditions (pH < 4) are needed for practical applications
and neutralization is required before discharge, which is a huge economic draw-
back.[41] To avoid this limitation, heterogeneous catalysts containing supported iron
species (mostly Fe3C) are used to generate HO�. However, all iron-impregnated cata-
lysts essentially contain Fe3C, and the reaction between Fe3C and H2O2 is at least three
orders of magnitude slower than the classical Fenton reaction (Fig. 1), thereby requir-
ing UV irradiation to accelerate the reductive generation of Fe2C.[172] Another disad-
vantage of these systems is the leaching of supported Fe species.[136]

Figure 1. Fenton reactions in acidic pH (adapted from [14,171]).
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To avoid precipitates during reaction, a low concentration of Fe(III) relative to
H2O2 can be used for the catalytic conversion of H2O2 into �OH. This system is
also typically used only under acidic pH conditions (<pH 3), but the use of chelat-
ing agents (such as ethylenediaminetetraacetic acid (EDTA), tetraamino macrocy-
clic ligands (TAML), and porphyrins) can extend the useful range of these Fe(III)/
Fe(II) system to neutral pH conditions.[173–176] Fe(II) and Fe(III) species are always
present simultaneously (see Fig. 1), regardless of which species is used to initiate
the reaction and so distinguishing between them might be useless, especially if a
large molar excess of H2O2 is added. All Fe(II) is quickly oxidized to Fe(III) and
thereafter the system will behave as independent of the initial oxidation state of
iron.[177178] Zero-valent metallic iron in Fenton-type reactions has been also widely
studied as an alternative to Fe(II) systems. Serving as an electron donor, it repre-
sents the most common metallic reducing agent used both supported onto an inert
material or in homogeneous phase.[179–182] Another possibility to overcome the
disadvantages of Fenton process is the use of hybrid processes such as sono-Fen-
ton, photo-Fenton, and electro-Fenton.[177]

Cu(II)hasbeenalsotestedasapossiblealternativetosolvethepHrestriction(pH<4)of
Fenton reaction.[183,184] Many industrial effluents exhibit pH values near neutrality, so
working at near-neutral pH values is important for technical applications. The wide pH
range of catalytic activity exhibited by copper catalystmay be advantageous for effluents
withrelativelyhighorganiccontents,sincepHmayvaryalongthetreatmentduetothefor-
mation of reaction intermediates.[185] Copper-based systems, which have been used for
theoxidationofdiversecompounds,arelistedinTable3.

Catalyst reaction rate of bimetallic Cu/Fe is generally higher than that of mono-
metallic Fe catalysts, which is attributed to the synergistic effect between the two
redox couples, since the redox potential of each active phase (copper and iron)
enhances the overall redox potential.[204,205] Iron/Copper-based systems (and other
bimetallic catalyst), which have been used for the oxidation of diverse compounds,
are listed in Table 4.

6. Fenton-type system: Cu/g-Al2O3 catalysts

In someheterogeneouscatalyticprocesses,CuO/g-Al2O3catalysts are regardedasprom-
isingcandidatestosolvethemaindrawbacksofworkingwithiron-basedsystems,andalso
replacinghigh-costmetal-containingcatalystsbasedonPt.Tofacetherisingenvironmen-
tal challenges, heterogeneous copper catalysts should offer higher activation efficiencies
than the homogeneous Cu2C ions, as well as good operational stability. The porous
g-Al2O3playsanimportantrole inthedispersionofCuOparticles, intheminimizationof
copperionsleachingintotheliquidphase,andalsointhegenerationofCu–OHcomplexes
on the surface (which is thecritical step forheterogeneousactivationofH2O2viaa certain
amountofbasicsurfacesitesong-Al2O3).

[220]

Various noble metals (Ru, Pt, Rh, Ir, and Pd) and some metal oxides (Cu, Mn,
Co, Cr, V, Ti, Bi, and Zn) have traditionally been used as heterogeneous catalysts.
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Metal oxides are usually less active catalysts than noble metals. Nevertheless, metal
oxides are more suitable to most applications since they are more resistant to poi-
soning. In addition, the combination of two or more metal oxide catalysts may
improve catalytic activity and its nonselectivity.[23] The order of reactivity of the
supported metal ions is: Cu2C >Co2C >Mn2C >Fe3C >Ni2C, and depends more
strongly on the redox potential of metal ion, than on the supported amount. In the
case of complexes (e.g. [Cu(H2O)4]

2C, [Co(H2O)6]
2C, [Mn(H2O)6]

2C, [Fe
(H2O)6]

3C, and [Ni(H2O)6]
2C) the more stable the complex, the greater its catalytic

activity.[221] To confirm the order of reactivity of supported metals, catalysts based
on CuO, Fe2O3, NiO, and ZnO, supported on g-Al2O3, have been prepared and
tested in the treatment of chemimechanical pulping wastewaters using Fenton-
type systems. Chemimechanical pulping combines chemical action prior to
mechanical action. Wood chips are impregnated with sodium hydroxide and
sodium sulfite (pH 9–10), and they are subsequently mechanically refined. Initial
TOC of the effluent was 433 mg/L, directly measured from the diluted liquor. Pos-
sible compounds present in the liquor extracted by the alkaline sulfite treatment of
mixed lignocellulosic biomass (willows, poplar, eucalyptus) are hydrolysable

Table 3. Several copper-based systems which have been used in Fenton-type oxidation reactions.

Catalyst description AOP Treated material Refs.

Copper-doped mesoporous
silica microspheres (Cu-
MSMs)

Fenton-type reaction Phenytoin (PHT) [186]

Copper sulfate (CuSO4) Photo Fenton-type reaction Diclofenac (DCF) and Carbamazepine
(CBZ)

[187]

Copper oxide nanoparticles Ultrasound Fenton-type
reaction

Polycyclic aromatic hydrocarbons [188]

Highly ordered mesoporous
copper ferrite (meso-
CuFe2O4)

Fenton-type reaction Imidacloprid (agricultural insecticide) [189]

Cu (II) ions Fenton-type reaction Phenol [190]
Copper-modified bentonite

supported ferrioxalate
catalyst (CuMBFOx)

Photo Fenton-type reaction Direct Blue 71 (DB71), Acid Green 25
(AG25), and Reactive Blue 4 (RB4)

[191]

Copper oxide Electro Fenton-type reaction Cyanide [192]
CuO.Fe2O3 Fenton-type reaction Bromophenol Blue, Chicago Sky Blue,

Cu Phthalocyanine, Eosin Yellowish,
Evans Blue, Naphthol Blue Black,
Phenol Red, Poly B-411, Reactive
Orange 16

[193]

Copper pyrovanadate Photo Fenton-type reaction Methylene blue (MB) [194]
Cu (II) complexes Photo Fenton-type reaction Methyl Orange (MO) [195]
Copper ions on bentonite Photo Fenton-type reaction Sunset Yellow FCF [196]
CuSO4.5H2O Fenton-type reaction Thiocyanate [197]
CuFeO2 microparticles Fenton-type reaction Bisphenol A [198]
CuSO4 Fenton-type reaction Phenol, benzoic acid, and methanol [199]
CuFeZSM-5 zeolite Fenton-type reaction Azo dye Rhodamine 6G [200]
Copper supported on

aluminosilicate catalyst
(Cu/MCM-41)

Photo Fenton-type reaction Orange II [201]

Copper supported on
aluminosilicate catalyst
(Cu/MCM-41)

Photo Fenton-type reaction Phenol [202]

Copper-impregnated pumice Fenton-type reaction Cyanide [203]

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1761



Ta
bl
e
4.

Se
ve
ra
lb
im
et
al
lic

sy
st
em

s
w
hi
ch

ha
ve

be
en

us
ed

in
ox
id
at
io
n
re
ac
tio

ns
.

Bi
m
et
al
lic

ca
ta
ly
st

Tr
ea
tm

en
tc
on
di
tio

ns
Tr
ea
te
d
m
at
er
ia
l

O
ut
co
m
e

Re
fs
.

Ch
ito

sa
n-
Cu

-F
e
co
m
pl
ex

po
w
de
rs

0.
05

g
of

ca
ta
ly
st
,2
5�
C,
0.
6
m
L
of
H
2O

2
10
0
m
gL

¡1
of
Re
ac
tiv
e
Bl
ac
k
5
(R
B
5)

90
%
of

dy
e
re
m
ov
al

[2
06
]

Al
–F
e
cl
ay
s
pi
lla
re
d

1
g
of

ca
ta
ly
st
,4
0�
C,
36
.2
7
m
m
ol
of
H
2O

2
2.
76

m
M
of
4-
ch
lo
ro
ph

en
ol
(4
-C
P)

>
90
%
of
4-
CP

re
m
ov
al

[2
07
]

Fe
–C

u
na
no
cl
ay
s

5.
4%

w
to

fF
e,
0.
15

w
to

fC
u,
25

� C
10
0
m
L
of

Ph
en
ol

>
99
%
of
4-
CP

re
m
ov
al
,8
0%

CO
D
re
m
ov
al

[2
08
]

Fe
–C

u
po
w
de
r

0.
15
4
m
m
ol
L¡

1
of
Fe
,0
.0
07
8
m
m
ol
L¡

1
of
Cu

,
13
.0
3
m
m
ol
L
of

H
2O

2

3-
ni
tr
oa
ni
lin
e
(3
-N
A)

>
88
%
of
3-
N
A
re
m
ov
al

[2
09
]

Cu
-d
op
ed

Fe
-p
ill
ar
ed

0.
8
gL

¡1
of

ca
ta
ly
st
,2
5�
C,
10
00

m
gL

¡1
of
H
2O

2,
U
V

ra
di
at
io
n

15
0
m
g
L¡

1
of
Ph
en
ol

>
99
%
Ph
en
ol
re
m
ov
al

[2
10
]

M
ic
ro
n-
sc
al
e
Fe
–C

u
0.
89

of
g
Cu

/g
Fe
,2
5�
C

15
0
m
L¡

1
of

p-
ni
tr
op
he
no
l(
PN

P)
,

25
2
m
g
L¡

1
of

TO
C,
86
6
m
g
L¡

1
of

CO
D

20
%
of

TO
C
re
m
ov
al
,2
7%

of
CO

D
re
m
ov
al

[2
11
]

Au
–P
d/
ce
ria
–z
irc
on
ia

70
0
m
g
of

ca
ta
ly
st
,6
0�
C,
PO

2
of
3
ba
r

0.
3
M
of
gl
yc
er
ol

>
90
%
of
gl
yc
er
ol
re
m
ov
al

[2
12
]

Fe
–C

u/
M
CM

-4
1

0.
2
g
of
ca
ta
ly
st
,1
4.
4
m
M
of
H
2O

2,
0.
3
m
M
of

O
ra
ng

e
II

90
%
of

TO
C
re
m
ov
al

[2
13
]

Fe
–C

u/
M
CM

-4
1

0.
2
g
of
ca
ta
ly
st
,1
4.
4
m
M
of
H
2O

2,
8
W

U
V-
C

0.
3
m
M
of

O
ra
ng

e
II

93
%
of

TO
C
re
m
ov
al

[2
14
]

Fe
–C

o/
SB
A-
15

3.
2
m
M
of

ca
ta
ly
st
,2
0�
C,
ul
tr
as
on
ic
po
w
er
:1
04
.8
W
/L

0.
30

m
M
of
O
ra
ng

e
II

>
95
%
of
di
sc
ol
or
at
io
n

[2
15
]

Fe
–C

u/
m
es
op
or
ou
s
ch
ar

30
m
g
ca
ta
ly
st
of

ca
ta
ly
st
,3
00

m
L
of
H
2O

2
10
0
m
g
L¡

1
of
Bi
sp
he
no
lA

(B
M
A)

83
.7
%
of
TO

C
re
m
ov
al

[2
05
]

Fe
O
x/
N
iO
y/
SB
A-
15

0.
6
g/
L
of
ca
ta
ly
st
,2
5�
C,
10

m
M
30
0
m
L
of
H
2O

2
50

m
g
L¡

1
of
Ac
id
Re
d
73

(A
R
73
)

80
%
of

AR
73

re
m
ov
al

[2
16
]

Fe
–C

u/
M
CM

-4
1

0.
03

g
of

ca
ta
ly
st
,4
0�
C,
0.
04
9
m
g
L¡

1
of

H
2O

2
20
0
m
g
L¡

1
of
Ph
en
ol

85
%
of

TO
C
re
m
ov
al

[2
17
]

Cu
–Z
nO

/g
-A
l 2O

3
14
0�
C,
90
0
kP
a

5
g
L¡

1
of
Ph
en
ol

80
%
Ph
en
ol
re
m
ov
al

[2
18
]

Pd
–P
t/
g
-A
l 2O

3
1
w
t.%

of
ca
ta
ly
st
,2
00

� C
,2
.3
M
Pa

10
00

m
g
L¡

1
of

dy
e
m
ix
tu
re
(B
la
ck

5,
Bl
ue

19
,a
nd

Re
d
19
8)

44
.1
%
of
TO

C
re
m
ov
al
fo
rB

la
ck

5,
39
.8
%
of

TO
C
re
m
ov
al
fo
rB

lu
e
19
,a
nd

46
.8
%
of

TO
C
re
m
ov
al
fo
rR

ed
19
8

[2
19
]

1762 L. G. COVINICH ET AL.



tannins (polyphenols), condensed tannins, flavonoid-based, steroids (some of the
steroids are esterified with fatty acids), and triterpenes. The catalysts based on Cu
showed the best performance in terms of TOC reduction (52.7%) in contrast to
catalyst based on Fe (the degree of mineralization was only about 30%).[222]

Among all heterogeneous catalysts, those based on copper oxides show higher
oxidation activities and are commonly used to study the catalytic oxidation of
wastewater containing refractory pollutants.[223] Reactivity of copper toward H2O2

is similar than that of iron at both oxidation states (CuC and Cu2C).[172]

Cu2C/H2O2 system can work over a broader pH range, compared to classical
Fenton. Copper-based catalysts efficiently generate HO� in neutral or near-neutral
aqueous solutions. Cu2C complexes with organic degradation intermediates (gen-
erally organic acids) are easily decomposed by HO�, and Cu2C complexation does
not deactivate the Fenton reaction, allowing the complete mineralization of organic
pollutants. In brief, copper-based catalysts satisfy all basic redox criteria required
to activate H2O2 in large-scale practical applications.[172,224,225] For example, in
case of aromatic hydroxylation at high pH, a decrease in activity was not observed
for copper catalyst, while the inactivation of Fe at pH > 8.5 was demonstrated.[226]

Several reaction mechanisms associated to copper in solution or on a solid catalyst
have been presented.[221,227] There are two possible pathways: a redox cyclic mecha-
nism involving CuC and Cu2C, and the formation of the intermediate hydroperoxo
complexes, which will subsequently generate hydroxyl radical. In this last case, Cu
(II) complexes activate hydrogen peroxide for the oxidation of organic compounds,
and the mechanism for peroxide activation involves the formation of a hydroperoxo
complex, which then oxidizes the organic matter. The two pathways are characterized
by a different turnover frequency as well as efficiency in H2O2 use. Starting from Cu2C

(as in Fenton-like heterogeneous catalysts), the occurrence of one or other pathway
depends on the energetic stability of the hydroperoxo complex.[31,228]

The possible and widely accepted mechanism of interaction between the H2O2

and the supported copper catalyst (Supp-Cu2C) is shown in Fig. 2. The complex
formed between supported copper and superoxide reacts with another H2O2 mole-
cule to give the dioxygen, hydroxyl radical and water, and then the Supp-Cu2C is
regenerated by H2O2, producing more HO� radicals.[229]

Reaction between Supp-CuC and H2O2 might be inhibited by molecular oxygen in
acidic and near-neutral conditions, reducing the CuC concentration needed to regen-
erate the Supp-Cu2C through O2

�¡ species.[172] The effect of pH on the catalytic activ-
ity in copper-based systems can be explained by considering the pKa value of the
acid–base equilibrium of �O2H/O2

�¡ and the differences in the rate constant values
associated with Cu (II)/�O2H and Cu (II)/O2

�¡ reactions. Therefore, as pH increases
from 4 to 6, the fraction of O2

�¡ substantially increases and the reduction of Cu(II)
becomes faster, since kCu (II)/O2�¡ > kCu (II)/�O2H. Beyond pH 7, the fraction of soluble
Cu(II) significantly decreases, which becomes negligible at pH > 8.[185] In homoge-
neous catalysts, fluxing the solution with N2 reduces the amount of dissolved O2 and
improves the level of TOC reduction. In the heterogeneous case, however, O2

�¡
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species may also be generated from the chemisorption of dissolved oxygen on the cat-
alyst, and from the reaction with electrons generated by the conversion of the organic
species on the catalyst surface. These O2

�¡ may react by introducing another pathway
for the generation of CuC species (Fig. 2). In other words, the dissolved oxygen medi-
ates the reduction of Cu2C to CuC by electrons produced in the conversion of recalci-
trant matter over the catalyst surface.[31]

Studies performed on model compounds and different synthetic wastewaters
have shown that metal loading and calcination of the precursor have great impor-
tance in determining the reduction degree of the catalysts, and, in turn, their activ-
ity during the oxidation reaction.[127,230] To show the influence of calcination
temperature and metal loading, copper/gamma-alumina precursors were prepared
and calcined at different temperatures (from 500 to 900�C). The dispersion of the
CuO phase onto the catalyst was evaluated using techniques such as BET surface
areas, X-Ray Diffraction (XRD), Temperature-Programmed Reaction (TPR), and
Scanning Electron Microscopy (SEM). Small differences could be observed in sur-
face areas, pore diameter average, and pore volumes, between the different catalysts
and also with respect to the supports. Good dispersions of the CuO phase were
achieved even at higher calcination temperature (900�C). The samples showed a
spinel-type phase demonstrating that copper aluminate was formed by the interac-
tion of copper oxide with alumina. Free CuO was mainly obtained from the cata-
lysts calcined at temperatures below 700�C, whereas copper aluminate was mostly
obtained at temperatures over 700�C.[231] Copper oxide is more active but less

Figure 2. Proposed mechanism of interaction between the H2O2 and the supported copper catalyst
(Supp-Cu2C), (adapted from [229]).
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stable in extreme conditions (e.g. hot acidic medium). On the other hand, spinel-
type phase (such as copper aluminate) is more resistant to extreme conditions but
is less catalytically active than “free” copper oxide.[232] The nature of active copper
species varies also with copper loading, i.e. isolated Cu2C to bulk CuO. Copper cat-
alysts with different loadings were characterized with TPR and XRD processes (all
samples calcined at 500�C) to establish the chemical state of copper in the CuOx/
Al2O3 catalysts. Characterization results showed isolated Cu2C ions for 1 wt%;
highly dispersed Cu2C cluster for 5 and 7 wt%; and bulk CuO for 10–25 wt%.[233]

The catalysts exhibited significant differences in color depending on the amount of
copper oxide loading. The catalysts samples with lower loadings showed in general
bluish and greenish color (indicating the presence of isolated or dispersed copper
ions), and black color for higher copper loadings (indicating the presence of bulk
copper). Porosity properties of the catalysts as average pore diameters and pore
volumes resulting from the impregnation are in agreement with high-porosity
materials. Regardless of the nature of the phases inferred by the color of the sam-
ples, the porosity properties of the catalysts suggested good dispersion of the active
component on the alumina support.[135,221,233]

Copper-based catalysts have attracted more attention for their outstanding cata-
lytic properties in a variety of catalytic reactions as shown in Table 5, being effec-
tive in the degradation and oxidation of organic recalcitrant matter.[74,234–236]

Particularly, CuO/g-Al2O3 catalysts have been widely used in environmental
catalytic area. For example, spent liquor from a soda-sulfite chemimechanical
pulping process (COD: 931 mg L¡1, and TOC: 433 mg L¡1) was treated with CuO/
g-Al2O3 catalyst resulting in 40–50% COD and TOC reductions, 80% of aromatic
compounds reduction, and 90% of maximum discoloration.[245] Copper supported
on g-Al2O3 has also been successfully applied for degradation of p-chlorophenol
(200 mg L¡1); if combined with ultrasound, it provided higher p-chlorophenol and
TOC removal with efficient H2O2 consumption.[238] The highest TOC removal by
phenol oxidation (200 mg L¡1) was 90% and it was 97% when combined with
ultrasound. To explore the stability of the catalysts, Cu supported on alumina with
loadings of 1, 5, 9, and 14 wt% were tested for phenol oxidation at 70�C in a cycle
of five consecutive experiences. The samples containing 5, 9, and 14 wt% Cu(II)
were found to remain stable and active after five experiments, and phenol removal
achieved 95%. The results suggested that dispersed copper ions associated with
low loading are more susceptible to deactivation due to the formation of large
quantities of low molecular weight products (mainly acetic acid and p-benzoqui-
none, together with polymeric products).[135] The CuO/g-Al2O3 system was also
used in effluents from the textile industry, which are characterized by very high
COD and TOC as well as strong color because of the presence of azo group
(-NDN-) associated with aromatic systems and auxochromes. Catalysts with vari-
ous CuO loadings and those calcined at different temperatures were characterized
by BET, SEM, XRD, and XPS. It was found that surface areas decreased with
increasing CuO loadings, which can be expected if the pores of alumina are
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partially filled by CuO. The area also decreased with the increase in calcination
temperature, indicating the apparent sintering of catalysts that negatively affects
the activity during oxidation. The catalyst calcinated at 450�C, with Cu loading of
5.78 wt%, resulted to be the most efficient for activation of in situ electrogenerated
H2O2, with 60% of TOC removal after reaction.[220] In another study, catalytic dis-
coloration of acid blue anionic azo 29 dye by H2O2 has been researched, and XRD
tests were used to show intercalation of copper(II) complex into montmorilloni-
teK10 used as support. Discoloration efficiency was evaluated to ensure that cata-
lyst crystallinity remained unchanged during the reaction of the dye with H2O2

(90% of the dye was decolorized in 33 min).[246]

7. Conclusions

The main advantage of heterogeneous catalyst compared with homogeneous cata-
lyst is the easiness of catalyst separation from the reaction medium, which repre-
sents a huge benefit from an economic point of view. Furthermore, it has a strong
environmental benefit, because it avoids the accidental discharge of metal com-
pounds into the receiving body.

The correct performance of the system based on g-Al2O3 for the reduction or
the elimination of refractory and/or toxic pollutants in wastewaters is determined
by precision in the preparation methods of the support. This involves proper dis-
persion of active phase, good stability and activity of the catalyst, and adequate tex-
tural properties of the oxide.

The well-known iron-based systems for wastewater treatment have been widely
studied, and a variety of alternatives are under investigation in order to solve the
pH-limiting effect of iron species and other disadvantages. Copper-based catalysts
emerged as very promising systems for more effective wastewater treatments. Their
major advantage would be a broader pH operation range and a better resistance
against catalyst deactivation processes. These catalysts could exhibit higher activity
than iron-based materials during the oxidation reactions, with the concomitant
higher reduction of hazardous compounds.

As summarized in the present work, the increasing interest in copper-contain-
ing systems has created a growing field of AOP applications. However, further
research efforts should be done to accomplish a more comprehensive characteriza-
tion of the chemical aspects of the processes. This might be critical to develop opti-
mized features for both active species and support, and their potential synergistic
interactions throughout the oxidation mechanism.
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R�aileanu, M., Jitianu, M., Rusu, A., Sadanandam, G., and Krishna Reddy, J. (2011). Sol–
gel based alumina powders with catalytic applications. Appl. Surf. Sci., 258(1), 448–455.

[70] Yao, N., Xiong, G., Zhang, Y., He, M., and Yang, W. (2001). Preparation of novel uni-
form mesoporous alumina catalysts by the sol–gel method. Catal. Today, 68, 97–109.

[71] Tursiloadi, S., Imai, H., and Hirashima, H. (2004). Preparation and characterization of
mesoporous titania–alumina ceramic by modified sol–gel method. J. Non. Cryst. Solids,
350, 271–276.

[72] Carriazo, J.G., Bossa-benavides, L.F., and Castillo, E. (2012). Actividad catal�ıtica de met-
ales de transici�on en la descomposici�on de per�oxido de hidr�ogeno. Quim. Nov., 35(6),
1101–1106.

[73] Massa, P., Ayude, M.A., Ivorra, F., Fenoglio, R., and Haure, P. (2005). Phenol oxidation
in a periodically operated trickle bed reactor. Catal. Today, 107–108, 630–636.

[74] Inchaurrondo, N., Cechini, J., Font, J., and Haure, P. (2012). Strategies for enhanced
CWPO of phenol solutions. Appl. Catal. B Environ., 111–112, 641–648.

[75] Yao, X., Xiong, Y., Zou, W., Zhang, L., Wu, S., Dong, X., Gao, F., Deng, Y., Tang, C.,
Chen, Z., Dong, L., and Chen, Y. (2014). Correlation between the physicochemical prop-
erties and catalytic performances of CexSn1-xO2 mixed oxides for NO reduction by CO.
Appl. Catal. B Environ., 144(1), 152–165.

[76] Schiith, F., Sing, W., and Weitkamp, J. (2002). Handbook of porous solids. Weinheim:
WILEY-VCH (Federal Republic of Germany).

[77] O’Brien, R.J., Xu, L., Spicer, R.L., Bao, S., Milburn, D.R., and Davis, B.H. (1997). Activity
and selectivity of precipitated iron Fischer-Tropsch catalysts. Catal. Today, 36(3), 325–
334.

[78] Ratkovic, S., Vujicic, D., Kiss, E., Boskovic, G., and Geszti, O. (2011). Different degrees of
weak metal–support interaction in Fe–(Ni)/Al2O3 catalyst governing activity and selec-
tivity in carbon nanotubes’ production using ethylene. Mater. Chem. Phys., 129(1–2),
398–405.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1771



[79] Eckle, S., Denkwitz, Y., and Behm, R.J. (2010). Activity, selectivity, and adsorbed reaction
intermediates/reaction side products in the selective methanation of CO in reformate
gases on supported Ru catalysts. J. Catal., 269(2), 255–268.

[80] �Cejka, J. (2003). Organized mesoporous alumina: synthesis, structure and potential in
catalysis. Appl. Catal. A Gen., 254(2), 327–338.

[81] Santos, P.S., Santos, H.S., and Toledo, S.P. (2000). Standard transition aluminas. Electron
microscopy studies. Mater. Res., 3(4), 104–114.

[82] de Souza Santos, H., Wagner Campos, T., de Souza Santos, P., and Kiyohara, P.K. (2005).
Thermal phase sequences in gibbsite/kaolinite clay : electron microscopy studies. Ceram.
Int., 31(8), 1077–1084.

[83] Boumaza, A., Favaro, L., L�edion, J., Sattonnay, G., Brubach, J.B., Berthet, P., Huntz, A.M.,
Roy, P., and T�etot, R. (2009). Transition alumina phases induced by heat treatment of
boehmite: An X-ray diffraction and infrared spectroscopy study. J. Solid State Chem., 182
(5), 1171–1176.

[84] Zhu, B., Fang, B., and Li, X. (2010). Dehydration reactions and kinetic parameters of
gibbsite. Ceram. Int., 36(8), 2493–2498.

[85] Cardoso, F.A., Innocentini, M.D.M., Miranda, M.F.S., Valenzuela, F.A.O., and Pandol-
felli, V.C. (2004). Drying behavior of hydratable alumina-bonded refractory castables. J.
Eur. Ceram. Soc., 24(5), 797–802.

[86] Oh, C.J., Yi, Y.K., Kim, S.J., Tran, T., and Kim, M.J. (2013). Production of micro-crystal-
line boehmite from hydrothermal processing of Bayer plant alumina tri-hydrate. Powder
Technol., 235, 556–562.

[87] Boumaza, A., Djelloul, A., and Guerrab, F. (2010). Specific signatures of a-alumina
powders prepared by calcination of boehmite or gibbsite. Powder Technol., 201(2),
177–180.

[88] Favaro, L., Boumaza, A., Roy, P., L�edion, J., Sattonnay, G., Brubach, J.B., Huntz, A.M.,
and T�etot, R. (2010). Experimental and ab initio infrared study of x-, k and a-aluminas
formed from gibbsite. J. Solid State Chem., 183(4), 901–908.

[89] Maciver, D., Tobin, H., and Barth, R. (1963). Catalytic aluminas I. Surface chemistry of
eta and gamma alumina. J. Catal., 2, 485–497.

[90] Paglia, G., Buckley, C.E., Udovic, T.J., Rohl, A.L., Jones, F., Maitland, C.F., and Connolly,
J. (2004). Boehmite-derived g-alumina system. 2 Consideration of hydrogen and surface
effects. Chem. Mater. (18), 1914–1923.

[91] Kiyohara, P.K., and Santos, H.S. (2000). Structure, surface area and morphology of alu-
minas from thermal decomposition of Al(OH)(CH3COO)2 crystals. An. Acad. Bras. Ci,
72(4), 472–495.

[92] Ma, C., Chang, Y., Ye, W., Duan, L., and Wang, C. (2008). Hexagon g-alumina nano-
sheets produced with the assistance of supercritical ethanol drying. J. Supercrit. Fluids, 45
(1), 112–120.

[93] Sun, Z.-X., Zheng, T.-T., Bo, Q.-B., Du, M., and Forsling, W. (2008). Effects of calcination
temperature on the pore size and wall crystalline structure of mesoporous alumina. J.
Colloid Interface Sci., 319, 247–251.

[94] Das, R.N., Hattori, A., and Okada, K. (2001). Influence of processing medium on reten-
tion of specific surface area of gamma-alumina at elevated temperature. Appl. Catal. A
Gen., 207(1–2), 95–102.

[95] Chuah, G.K., Jaenicke, S., and Xu, T.H. (2000). The effect of digestion on the surface area
and porosity of alumina.Microporous Mesoporous Mater., 37, 345–353.

[96] Trueba, M., and Trasatti, S.P. (2005). g-alumina as a support for catalysts: A review of
fundamental aspects. Eur. J. Inorg. Chem. (17), 3393–3403.

1772 L. G. COVINICH ET AL.



[97] Thomas, N., Adam, S., Jeppe, V., Atomic, J. V., Musso, T., and Lauritsen, J. V. (2014).
Atomic structure of a spinel-like transition Al2O3 (100) surface. Phys. Rev. Lett., 113
(10), 10.6103/1–106103/5.

[98] Hemmati, M.R., Kazemeini, M., Khorasheh, F., Zarkesh, J., and Rashidi, A. (2012).
Cobalt supported on CNTs-covered g- and nano-structured alumina catalysts utilized
for wax selective Fischer-Tropsch synthesis. J. Nat. Gas Chem., 21(6), 713–721.

[99] Maitra, A.M., Cant, N.W., and Trim, D.L. (1986). The preparation of tungsten based cat-
alysts by impregnation of alumina pellets. Appl. Catal., 27, 9–19.

[100] Salagre, P., Fierro, J.L.G., Medina, F., and Sueiras, J.E. (1996). Characterization of nickel
species on several g-alumina supported nickel samples. J. Mol. Catal. A Chem., 106(1–2),
125–134.

[101] Massa, P.A., Ayude, M.A., Fenoglio, R.J., Gonzalez, J.F., and Haure, P.M. (2004). Catalyst
systems for the oxidation of phenol in water. Lat. Am. Appl. Res., 34, 133–140.

[102] Gandhi, M.S., and Mok, Y.S. (2014). Non-thermal plasma-catalytic decomposition of vol-
atile organic compounds using alumina supported metal oxide nanoparticles. Surf. Coat.
Technol., 259, 12–19.

[103] Ratnasamy, P., Germany, W., and Dun, D. (1978). Catalytic aluminas : Surface models
and characterization of surface sites. Catal. Rev. Sci. Eng., 17(1), 31–70.

[104] Jacobs, P.A., Gaigneaux, E., and De Vos, D.E. (2002). Scientific bases for the preparation
of heterogeneous catalysts. Amsterdam, The Netherlands: Elsevier S.

[105] Spieker, W.A., and Regalbuto, J.R. (2001). A fundamental model of platinum impregna-
tion onto alumina. Chemical Engineering Science, 56, 3491–3504.

[106] Lekhal, A., Khinast, J.G., and Glasser, B.J. (2001). Predicting the effect of drying on sup-
ported coimpregnation catalysts. Ind. Eng. Chem. Res, 3989–3999.

[107] Marecot, P., Fakche, A., Pirault, L., Geron, C., Mabilon, G., Prigent, M., and Barbier, J.
(1994). Effect of the preparation procedure on the properties of three-way automotive
platinum-rhodium/alumina-ceria catalysts. Appl. Catal. B Environ., 5, 43–55.

[108] Bowker, M., Nuhu, A., and Soares, J. (2007). High activity supported gold catalysts by
incipient wetness impregnation. Catal. Today, 122(3–4), 245–247.

[109] del R�ıo, E., Gaona, D., Hern�andez-Garrido, J.C., Calvino, J.J., Basallote, M.G., Fern�andez-
Trujillo, M.J., P�erez-Omil, J.A., and Gatica, J.M. (2014). Speciation-controlled incipient
wetness impregnation: A rational synthetic approach to prepare sub-nanosized and
highly active ceria–zirconia supported gold catalysts. J. Catal., 318, 119–127.

[110] Baatz, C., Decker, N., and Pr€uße, U. (2008). New innovative gold catalysts prepared by an
improved incipient wetness method. J. Catal., 258(1), 165–169.

[111] Chang, F.-W., Kuo, M.-S., Tsay, M.-T., and Hsieh, M.-C. (2003). Hydrogenation of CO2
over nickel catalysts on rice husk ash-alumina prepared by incipient wetness impregna-
tion. Appl. Catal. A Gen., 247(2), 309–320.

[112] Xu, Q., Kharas, K.C.C., and Datye, A.K. (2003). The preparation of highly dispersed Au/
Al2O3 by aqueous impregnation. Catal. Letters, 85(3–4), 229–235.

[113] Delannoy, L., El Hassan, N., Musi, A., Nguyen, N., To, L., Krafft, J., and Louis, C. (2006).
Preparation of supported gold nanoparticles by a modified incipient wetness impregna-
tion method. J. Phys. Chem, 110, 22471–22478.

[114] Li, G., Hu, L., and Hill, J.M. (2006). Comparison of reducibility and stability of alumina-
supported Ni catalysts prepared by impregnation and co-precipitation. Appl. Catal. A
Gen., 301(1), 16–24.

[115] Villegas, L., Masset, F., and Guilhaume, N. (2007). Wet impregnation of alumina-wash-
coated monoliths: Effect of the drying procedure on Ni distribution and on autothermal
reforming activity. Appl. Catal. A Gen., 320, 43–55.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1773

http://dx.doi.org/10.6103/1--106103/5


[116] Lekhal, A., Glasser, B.J., and Khinast, J.G. (2001). Impact of drying on the catalyst profile
in supported impregnation catalysts. Chem. Eng. Sci., 56, 4473–4487.

[117] Moreau, F., Bond, G., and Taylor, A. (2005). Gold on titania catalysts for the oxidation of
carbon monoxide: control of pH during preparation with various gold contents. J. Catal.,
231(1), 105–114.

[118] Ott, R.J., and Baiker, A. (1983). Impregnation of Y-alumina with copper chloride. Equi-
librium behaviour, impregnation profiles and immobilization kinetics. In G. Poncelet, P.
Grange and P.A. Jacobs (Eds.), Studies in surface science and catalysis (vol. 16, pp. 685–
696). The Netherlands: Elsevier S.

[119] Baatz, C., and Pruse, U. (2007). Preparation of gold catalysts for glucose oxidation by
incipient wetness. J. Catal., 249(1), 34–40.

[120] Komiyama, M., Merrill, R.P., and Harnsberger, H.F. (1980). Concentration profiles in
impregnation on alumina of porous catalysts : Nickel on alumina. J. Catal., 63, 35–52.

[121] Vandillen, A., Terorde, R., Lensveld, D., Geus, J., and Debjong, K. (2003). Synthesis of
supported catalysts by impregnation and drying using aqueous chelated metal complexes.
J. Catal., 216(1–2), 257–264.

[122] Lekhal, A., Glasser, B.J., and Khinast, J.G. (2004). Influence of pH and ionic strength on
the metal profile of impregnation catalysts. Chem. Eng. Sci., 59(5), 1063–1077.

[123] Regalbuto, J.R., Navada, A., Shadid, S., Bricker, M.L., and Chen, Q. (1999). An experimental
verification of the physical nature of Pt adsorption onto alumina. J. Catal., 348, 335–348.

[124] Paulhiac, L., and Clause, O. (1993). Surface coprecipitation of Co(II), Ni(II), or Zn(II)
with Al(II1) ions during impregnation of y-alumina at neutral pH. J. Am. Chem. Soc.
(115), 11602–11603.

[125] Rodriguez, J., Hanson, J.C., and Chupas, P.J. (eds.). (2013). In-situ characterization of het-
erogeneous catalysts. Hoboken, NJ: John Wiley.

[126] Perego, G. (1998). Characterization of heterogeneous catalysts by X-ray diffraction tech-
niques. Catal. Today, 41, 251–259.

[127] Alejandre, A., Medina, F., Salagre, P., Fabregat, A., and Sueiras, J. (1998). Characteriza-
tion and activity of copper and nickel catalysts for the oxidation of phenol aqueous solu-
tions. Appl. Catal. B Environ., 18(3–4), 307–315.

[128] Hou, Z. (2003). Characterization of Ca-promoted Ni/a-Al2O3 catalyst for CH 4 reform-
ing with CO2. Appl. Catal. A Gen., 253(2), 381–387.

[129] Hargreaves, J.S.J. (2005). Powder X-ray diffraction and heterogeneous catalysis. Crystal-
logr. Rev., 11(1), 21–34.

[130] Rodriguez, J.A., Hanson, J.C., and National, B. (2006). In-situ characterization of hetero-
geneous catalysts using time-resolved X-ray diffraction. Cienc. 14 (Special Number
Adsorpt. Catal., 14, 177–188.

[131] Chiang, I.W., Brinson, B.E., Huang, A.Y., Willis, P.A., Bronikowski, M.J., Margrave, J.L.,
Smalley, R.E., and Hauge, R.H. (2001). Purification and characterization of single-wall
carbon nanotubes (SWNTs) obtained from the gas-phase decomposition of CO ( HiPco
Process ). J. Phys. Chem B, 105, 8297–8301.

[132] Shen, W., Dong, X., Zhu, Y., Chen, H., and Shi, J. (2005). Mesoporous CeO2 and CuO-
loaded mesoporous CeO2 : Synthesis, characterization , and CO catalytic oxidation prop-
erty.Microporous Mesoporous Mater., 85, 157–162.

[133] Kim, H.-W., Kang, K.-M., Kwak, H.-Y., and Kim, J.H. (2011). Preparation of supported
Ni catalysts on various metal oxides with core/shell structures and their tests for the
steam reforming of methane. Chem. Eng. J., 168(2), 775–783.

[134] Di Luca, C., Ivorra, F., Massa, P., and Fenoglio, R. (2012). Alumina supported fenton-like
systems for the catalytic wet peroxide oxidation of phenol solutions. Ind. Eng. Chem.
Res., 51, 8979–8984.

1774 L. G. COVINICH ET AL.



[135] Jibril, B.Y., Atta, A.Y., Al-Waheibi, Y.M., and Al-Waheibi, T.K. (2013). Effect of copper
loadings on product selectivities in microwave-enhanced degradation of phenol on alu-
mina-supported copper oxides. J. Ind. Eng. Chem., 19, 1800–1804.

[136] Ramirez, J.H., Maldonado-H�odar, F.J., P�erez-Cadenas, A.F., Moreno-Castilla, C., Costa,
C.A., and Madeira, L.M. (2007). Azo-dye Orange II degradation by heterogeneous Fen-
ton-like reaction using carbon-Fe catalysts. Appl. Catal. B Environ., 75, 312–323.

[137] Gorte, R.J. (1996). Temperature-programmed desorption for the characterization oxide
catalysts. Catal. Today, 28, 405–414.

[138] Arandiyan, H.R., and Parvari, M. (2009). Studies on mixed metal oxides solid solutions as
heterogeneous catalysts. Braz. J. Chem. Eng., 26(1), 63–74.

[139] Ngamcharussrivichai, C., Totarat, P., and Bunyakiat, K. (2008). Ca and Zn mixed oxide
as a heterogeneous base catalyst for transesterification of palm kernel oil. Appl. Catal. A
Gen., 341(1–2), 77–85.

[140] Dombi, A., Fekete, Z.A., and Kiricsi, I. (2000). In situ photocatalytic reactor with FT-IR
analysis for heterogeneous catalytic studies. Appl. Catal. A Gen., 193, L5–L8.

[141] Li, M., Li, H., Jiang, F., Chu, Y., and Nie, H. (2009). Effect of surface characteristics of dif-
ferent alumina on metal–support interaction and hydrodesulfurization activity. Fuel, 88
(7), 1281–1285.

[142] Chen, Y., and Wachs, I.E. (2003). Tantalum oxide-supported metal oxide (Re2O7, CrO 3,
MoO3, WO3, V2O5, and Nb2O5) catalysts : synthesis, Raman characterization and
chemically probed by methanol oxidation. J. Catal., 217(2), 468–477.

[143] Rochet, A., Moizan, V., Diehl, F., Pichon, C., and Briois, V. (2013). Quick-XAS and
Raman operando characterisation of a cobalt alumina-supported catalyst under realistic
Fischer–Tropsch reaction conditions. Catal. Today, 205, 94–100.

[144] La Parola, V., Deganello, G., Tewell, C.R., and Venezia, A.M. (2002). Structural charac-
terisation of silica supported CoMo catalysts by UV Raman spectroscopy, XPS and X-ray
diffraction techniques. Applied Catalysis A: General, 235, 171–180.

[145] Kruse, N., and Chenakin, S. (2011). XPS characterization of Au/TiO2 catalysts: Binding
energy assessment and irradiation effects. Appl. Catal. A Gen., 391(1–2), 367–376.

[146] Beketov, G., Heinrichs, B., Pirard, J.-P., Chenakin, S., and Kruse, N. (2013). XPS struc-
tural characterization of Pd/SiO2 catalysts prepared by cogelation. Appl. Surf. Sci., 287,
293–298.

[147] Reddy, E. (2004). Preparation, characterization, and activity of Al2O3-supported V2O5
catalysts. J. Catal., 221(1), 93–101.

[148] Kantcheva, M., Suzer, S., and Uner, D.O. (1999). FTIR characterization of Ru/SiO 2 cata-
lyst for ammonia synthesis. J. Mol. Struct., 481, 241–245.

[149] Stanger, K.J., Wiench, J.W., Pruski, M., and Angelici, R.J. (2003). 31P NMR and IR char-
acterization of enantioselective olefin and arene hydrogenation catalysts containing a
rhodium–chiral phosphine complex tethered on silica. J. Mol. Catal. A Chem., 195, 63–
82.

[150] Zheng, A., Liu, S.-B., and Deng, F. (2013). Acidity characterization of heterogeneous cata-
lysts by solid-state NMR spectroscopy using probe molecules. Solid State Nucl. Magn.
Reson., 55–56, 12–27.

[151] Bru, A. (2007). Electron paramagnetic resonance: A powerful tool for monitoring work-
ing catalysts. Adv. Catal., 51, 265–308.

[152] Kadam, R.M., Rajeswari, B., Sengupta, A., Achary, S.N., Kshirsagar, R.J., and Natarajan,
V. (2015). Structural characterization of titania by X-ray diffraction, photoacoustic,
Raman spectroscopy and electron paramagnetic resonance spectroscopy. Spectrochim.
Acta. A. Mol. Biomol. Spectrosc., 137, 363–370.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1775



[153] Vogel, F., Harf, J., Hug, A., and Von Rohr, P.R. (2000). The mean oxidation number of
carbon (moc) a useful concept for describing oxidation processes. Water Res., 34(10),
2689–2702.

[154] Dogruel, S., Olmez-Hanci, T., Kartal, Z., Arslan-Alaton, I., and Orhon, D. (2009). Effect
of Fenton’s oxidation on the particle size distribution of organic carbon in olive mill
wastewater.Water Res., 43(16), 3974–3983.

[155] Papadopoulos, A.E., Fatta, D., and Loizidou, M. (2007). Development and optimization
of dark Fenton oxidation for the treatment of textile wastewaters with high organic load.
J. Hazard. Mater., 146(3), 558–563.

[156] Mrayyan, B., and Battikhi, M.N. (2005). Biodegradation of total organic carbons (TOC)
in Jordanian petroleum sludge. J. Hazard. Mater., 120(1–3), 127–134.

[157] Virkutyte, J., and Jegatheesan, V. (2009). Electro-Fenton, hydrogenotrophic and Fe2C
ions mediated TOC and nitrate removal from aquaculture system: different experimental
strategies. Bioresour. Technol., 100(7), 2189–2197.

[158] Kim, I., Hong, S., Hwang, I., Kwon, D., Kwon, J., and Huang, C.P. (2007). TOC and
THMFP reduction by ultrasonic irradiation in wastewater effluent. Desalination, 202(1–
3), 9–15.

[159] Carr, S.A., and Baird, R.B. (2000). Mineralization as a mechanism for toc removal: study
of ozone/ozone§peroxide oxidation using FT-IR.Water Res., 34(16), 4036–4048.

[160] Merayo, N., Hermosilla, D., Blanco, L., Cortijo, L., and Blanco, A. (2013). Assessing the
application of advanced oxidation processes, and their combination with biological treat-
ment, to effluents from pulp and paper industry. J. Hazard. Mater., 262, 420–427.

[161] Xu, M., Wang, Q., and Hao, Y. (2007). Removal of organic carbon from wastepaper pulp
effluent by lab-scale solar photo-Fenton process. J. Hazard. Mater., 148(1–2), 103–109.

[162] Del Moro, G., Mancini, A., Mascolo, G., and Di Iaconi, C. (2013). Comparison of UV/
H2O2 based AOP as an end treatment or integrated with biological degradation for treat-
ing landfill leachates. Chem. Eng. J., 218, 133–137.

[163] Visco, G., Campanella, L., and Nobili, V. (2005). Organic carbons and TOC in waters: an
overview of the international norm for its measurements. Microchem. J., 79(1–2), 185–
191.

[164] Rice-Evans, C.A., and Burdon, R. (1994). Free radical damage and its control. Amster-
dam, The Netherlands: Elsevier S.

[165] Lucas, M.S., and Peres, J.A. (2006). Decolorization of the azo dye Reactive Black 5 by
Fenton and photo-Fenton oxidation. Dye. Pigment., 71(3), 236–244.

[166] Karthikeyan, S., Gupta, V.K., Boopathy, R., Titus, A., and Sekaran, G. (2012). A new
approach for the degradation of high concentration of aromatic amine by heterocatalytic
Fenton oxidation: Kinetic and spectroscopic studies. J. Mol. Liq., 173, 153–163.

[167] Karimi, S., Abdulkhani, A., Ghazali, A.H. B., Ahmadun, F.-R., and Karimi, A. (2009).
Color remediation of chemimechanical pulping effluent using combination of enzymatic
treatment and Fenton reaction. Desalination, 249, 870–877.

[168] Vallejo, M., San Rom�an, M.F., Ortiz, I., and Irabien, A. (2014). The critical role of the
operating conditions on the Fenton oxidation of 2-chlorophenol: assessment of PCDD/
Fs formation. J. Hazard. Mater., 279, 579–85.

[169] San Sebastian Martinez, N., F�ıgulus Fernadez, J., Font Segura, X., and Sanchez Ferrer, A.
(2003). Pre-oxidation of an extremely polluted industrial wastewater by the Fenton’s
reagent. J. Hazard. Mater., 101(3), 315–322.

[170] Liotta, L.F., Gruttadauria, M., Di Carlo, G., Perrini, G., and Librando, V. (2009). Hetero-
geneous catalytic degradation of phenolic substrates: catalysts activity. J. Hazard. Mater.,
162(2–3), 588–606.

1776 L. G. COVINICH ET AL.



[171] Neyens, E., and Baeyens, J. (2003). A review of classic Fenton’s peroxidation as an
advanced oxidation technique. J. Hazard. Mater., 98(B), 33–50.

[172] Bokare, A.D., and Choi, W. (2014). Review of iron-free Fenton-like systems for activating
H2O2 in advanced oxidation processes. J. Hazard. Mater., 275, 121–135.

[173] Lee, C., and Sedlak, D.L. (2009). A novel homogeneous Fenton-like system with Fe(III)-
phosphotungstate for oxidation of organic compounds at neutral pH values. J. Mol.
Catal. A Chem., 311(1–2), 1–6.

[174] Qin, Y., Song, F., Ai, Z., Zhang, P., and Zhang, L. (2015). Protocatechuic acid promoted
alachlor degradation in Fe(III)/H2O2 Fenton system. Environ. Sci. Technol., 49(13),
7948–7956.

[175] Gallard, H., and De Laat, J. (2001). Kinetics of oxidation of chlorobenzenes and phenyl-
ureas by Fe(II)/H2O2 and Fe(III)/H2O2. Evidence of reduction and oxidation reactions
of intermediates by Fe(II) or Fe(III). Chemosphere, 42(4), 405–413.

[176] Ku�si�c, H., Lon�cari�c Bo�zi�c, A., Koprivanac, N., and Papi�c, S. (2007). Fenton type processes
for minimization of organic content in coloured wastewaters. Part I: Processes optimiza-
tion. Dye. Pigment., 74(2), 380–387.

[177] Wang, J.L., and Xu, L.J. (2012). Advanced oxidation processes for wastewater treatment:
Formation of hydroxyl radical and application. Crit. Rev. Environ. Sci. Technol., 42(3),
251–325.

[178] Pignatello, J.J., Oliveros, E., and MacKay, A. (2006). Advanced oxidation processes for
organic contaminant destruction based on the fenton reaction and related chemistry.
Crit. Rev. Environ. Sci. Technol., 36(1), 1–84.

[179] Ponder, S.M., and Darab, J.G. (2000). Remediation of Cr ( VI ) and Pb ( II ) aqueous solutions
using supported, nanoscale zero-valent iron. Environ. Sci. Technol., 34(12), 2564–2569.

[180] Ruangchainikom, C., Liao, C.-H., Anotai, J., and Lee, M.-T. (2006). Characteristics of
nitrate reduction by zero-valent iron powder in the recirculated and CO(2)-bubbled sys-
tem.Water Res., 40(2), 195–204.

[181] Nam, S., and Tratnyek, P.G. (2000). Reduction of azo dyes with zero-valent iron. Water
Res., 34(6), 1837–1845.

[182] Zhou, T., Li, Y., Ji, J., Wong, F.-S., and Lu, X. (2008). Oxidation of 4-chlorophenol in a
heterogeneous zero valent iron/H2O2 Fenton-like system: Kinetic, pathway and effect
factors. Sep. Purif. Technol., 62(3), 551–558.

[183] Shah, V., Verma, P., Stopka, P., Gabriel, J., Baldrian, P., and Nerud, F. (2003). Decoloriza-
tion of dyes with copper(II)/organic acid/hydrogen peroxide systems. Appl. Catal. B
Environ., 46(2), 287–292.

[184] Gabriel, J., Baldrian, P., Verma, P., Cajthaml, T., Merhautova, V., Eichlerova, I.,
Stoytchev, I., Trnka, T., Stopka, P., and Nerud, F. (2004). Degradation of BTEX and
PAHs by Co(II) and Cu(II)-based radical-generating systems. Appl. Catal. B-Environ., 51
(3), 159–164.

[185] Nichela, D.A., Berkovic, A.M., Costante, M.R., Juliarena, M.P., and Garc�ıa Einschlag, F.S.
(2013). Nitrobenzene degradation in Fenton-like systems using Cu(II) as catalyst. Com-
parison between Cu(II)- and Fe(III)-based systems. Chem. Eng. J., 228, 1148–1157.

[186] Lyu, L., Zhang, L., and Hu, C. (2015). Enhanced Fenton-like degradation of pharmaceuti-
cals over framework copper species in copper-doped mesoporous silica microspheres.
Chem. Eng. J., 274, 298–306.

[187] Lee, H.J., Lee, H., and Lee, C. (2014). Degradation of diclofenac and carbamazepine by
the copper(II)-catalyzed dark and photo-assisted Fenton-like systems. Chem. Eng. J., 245,
258–264.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1777



[188] Angi, A., Sanli, D., Erkey, C., and Birer, €O. (2014). Catalytic activity of copper (II) oxide
prepared via ultrasound assisted Fenton-like reaction. Ultrason. Sonochem., 21(2), 854–
859.

[189] Wang, Y., Zhao, H., Li, M., Fan, J., and Zhao, G. (2014). Magnetic ordered mesoporous
copper ferrite as a heterogeneous Fenton catalyst for the degradation of imidacloprid.
Appl. Catal. B Environ., 147, 534–545.

[190] Maekawa, J., Mae, K., and Nakagawa, H. (2014). Fenton-Cu2C system for phenol miner-
alization. J. Environ. Chem. Eng., 2(3), 1275–1280.

[191] Ayodele, O.B., and Togunwa, O.S. (2014). Catalytic activity of copper modified bentonite
supported ferrioxalate on the aqueous degradation and kinetics of mineralization of
Direct Blue 71, Acid Green 25 and Reactive Blue 4 in photo-Fenton process. Appl. Catal.
A Gen., 470, 285–293.

[192] Tian, S., Li, Y., and Zhao, X. (2015). Cyanide removal with a copper/active carbon fiber
Cathode via a combined oxidation of a Fenton-like reaction and in situ generated copper
oxides at anode. Electrochim. Acta, 180, 746–755.

[193] Baldrian, P., Merhautov�a, V., Gabriel, J., Nerud, F., Stopka, P., Hrub�y, M., and Bene�s, M.
J. (2006). Decolorization of synthetic dyes by hydrogen peroxide with heterogeneous
catalysis by mixed iron oxides. Appl. Catal. B Environ., 66(3–4), 258–264.

[194] Kalal, S., Pal, N., and Chauhan, S. (2015). Copper pyrovanadate as an effective photo-
Fenton-like catalyst for degradation of methylene blue. Indian Journal of Chemistry, 54,
1057–1061.

[195] Fei, B.-L., Yan, Q.-L., Wang, J.-H., Liu, Q.-B., Long, J.-Y., Li, Y.-G., Shao, K.-Z., Su, Z.-M.,
and Sun, W.-Y. (2014). Green oxidative degradation of methyl orange with copper(II)
schiff base complexes as photo-fenton-like catalysts. Z. anorg. allg. chem., 640(10), 2035–
2040.

[196] Chanderia, K., Kumar, S., Sharma, J., Ameta, R., and Punjabi, P.B. (2012). Degradation of
sunset yellow FCF using copper loaded bentonite and H2O2 as photo-Fenton like
reagent. Arab. J. Chem., 44, 2–8.

[197] Budaev, S.L., Batoeva, A.A., and Tsybikova, B.A. (2014). Effect of Fenton-like reactions
on the degradation of thiocyanate in water treatment. J. Environ. Chem. Eng., 2(4), 1907–
1911.

[198] Zhang, X., Ding, Y., Tang, H., Han, X., Zhu, L., and Wang, N. (2014). Degradation of
bisphenol A by hydrogen peroxide activated with CuFeO2 microparticles as a heteroge-
neous Fenton-like catalyst: Efficiency, stability and mechanism. Chem. Eng. J., 236, 251–
262.

[199] Lee, H., Lee, H.-J., Sedlak, D.L., and Lee, C. (2013). pH-Dependent reactivity of oxidants
formed by iron and copper-catalyzed decomposition of hydrogen peroxide. Chemo-
sphere, 92(6), 652–658.

[200] D€ukkancı, M., G€und€uz, G., Yılmaz, S., and Prihod’ko, R.V. (2010). Heterogeneous Fen-
ton-like degradation of Rhodamine 6G in water using CuFeZSM-5 zeolite catalyst pre-
pared by hydrothermal synthesis. J. Hazard. Mater., 181(1–3), 343–350.

[201] Lam, F.L.Y., Yip, A.C.K., and Hu, X. (2007). Copper/MCM-41 as a highly stable and pH-
insensitive heterogeneous photo-fenton-like catalytic material for the abatement of
organic wastewater. Ind. Eng. Chem. Res., 46(10), 3328–3333.

[202] Hu, X., Lam, F., Cheung, L., Chan, K., and Zhao, X. (2001). Copper/MCM-41 as catalyst
for photochemically enhanced oxidation of phenol by hydrogen peroxide. Catal. Today,
68, 129–133.

[203] Kitis, M., Karakaya, E., Yigit, N.O., Civelekoglu, G., and Akcil, A. (2005). Heterogeneous
catalytic degradation of cyanide using copper-impregnated pumice and hydrogen perox-
ide.Water Res., 39(8), 1652–1662.

1778 L. G. COVINICH ET AL.



[204] Xiong, W., Liu, D.R., Yuan, G.Y., Wei, Q., Sen Dang, Q., Feng, J., and Xu, B. (2014). The
bimetallic synergistic effect in heterogeneous UV/Fenton system for the treatment of
refractory 6-nitryl wastewater. Adv. Mater. Res., 881–883, 279–282.

[205] Wang, J., Liu, C., Tong, L., Li, J., Luo, R., Qi, J., Li, Y., and Wang, L. (2015). Iron–copper
bimetallic nanoparticles supported on hollow mesoporous silica spheres: An effective
heterogeneous Fenton catalyst for orange II degradation. RSC Adv., 5(85), 69593–69605.

[206] Rashid, S., Shen, C., Chen, X., Li, S., Chen, Y., Wen, Y., and Liu, J. (2015). Enhanced cata-
lytic ability of chitosan–Cu–Fe bimetal complex for the removal of dyes in aqueous solu-
tion. RSC Adv., 5(110), 90731–90741.

[207] Zhou, S., Zhang, C., Hu, X., Wang, Y., Xu, R., Xia, C., Zhang, H., and Song, Z. (2014).
Catalytic wet peroxide oxidation of 4-chlorophenol over Al-Fe-, Al-Cu-, and Al-Fe-Cu-
pillared clays: Sensitivity, kinetics and mechanism. Appl. Clay Sci., 95, 275–283.

[208] Garrido-Ram�ırez, E.G., Marco, J.F., Escalona, N., and Ureta-Za~nartu, M.S. (2016). Prepa-
ration and characterization of bimetallic Fe–Cu allophane nanoclays and their activity in
the phenol oxidation by heterogeneous electro-Fenton reaction.Microporous Mesoporous
Mater., 225, 303–311.

[209] Wang, N., Zheng, T., Jiang, J., and Wang, P. (2014). Cu(II)-Fe(II)-H2O2 oxidative
removal of 3-nitroaniline in water under microwave irradiation. Chem. Eng. J., 260, 386–
392.

[210] Hadjltaief, H.B., Ben Zina, M., Galvez, M.E., and Da Costa, P. (2015). Photo-Fenton oxi-
dation of phenol over a Cu-doped Fe-pillared clay. Comptes Rendus Chim., 18(10),
1161–1169.

[211] Lai, B., Zhang, Y., Chen, Z., Yang, P., Zhou, Y., and Wang, J. (2014). Removal of p-nitro-
phenol (PNP) in aqueous solution by the micron-scale iron-copper (Fe/Cu) bimetallic
particles. Appl. Catal. B Environ., 144, 816–830.

[212] Olmos, C.M., Chinchilla, L.E., Rodrigues, E.G., Delgado, J.J., Hungr�ıa, A.B., Blanco, G.,
Pereira, M.F.R., �Orf~ao, J.J.M., Calvino, J.J., and Chen, X. (2016). Synergistic effect of
bimetallic Au-Pd supported on ceria-zirconia mixed oxide catalysts for selective oxida-
tion of glycerol. Appl. Catal. B Environ., 197, 1–14.

[213] Lam, F.L.Y., and Hu, X. (2007). A high performance bimetallic catalyst for photo-Fenton
oxidation of Orange II over a wide pH range. Catal. Commun., 8(12), 2125–2129.

[214] Lam, F.L.Y., and Hu, X. (2013). PH-insensitive bimetallic catalyst for the abatement of
dye pollutants by photo-fenton oxidation. Ind. Eng. Chem. Res., 52(20), 6639–6646.

[215] Cai, C., Zhang, H., Zhong, X., and Hou, L. (2014). Ultrasound enhanced heterogeneous
activation of peroxydisulfate by Fe-Co/SBA-15 catalyst for the degradation of Orange II
in water.Water Res., 66, 473–485.

[216] Li, X., Liu, W., Ma, J., Wen, Y., and Wu, Z. (2015). High catalytic activity of magnetic
FeOx/NiOy/SBA-15: The role of Ni in the bimetallic oxides at the nanometer level. Appl.
Catal. B Environ., 179, 239–248.

[217] Xia, M., Long, M., Yang, Y., Chen, C., Cai, W., and Zhou, B. (2011). A highly active bime-
tallic oxides catalyst supported on Al-containing MCM-41 for Fenton oxidation of phe-
nol solution. Appl. Catal. B Environ., 110, 118–125.

[218] Fortuny, A. (1999). Bimetallic catalysts for continuous catalytic wet air oxidation of phe-
nol. J. Hazard. Mater., 64(2), 181–193.

[219] Kim, S.C., Park, H.H., and Lee, D.K. (2003). Pd-Pt/Al2O3 bimetallic catalysts for the
advanced oxidation of reactive dye solutions. Catal. Today, 87(1–4), 51–57.

[220] Zhang, G., Wang, S., Zhao, S., Fu, L., Chen, G., and Yang, F. (2011). Oxidative degrada-
tion of azo dye by hydrogen peroxide electrogenerated in situ on anthraquinonemono-
sulphonate/polypyrrole composite cathode with heterogeneous CuO/g-Al2O3 catalyst.
Appl. Catal. B Environ., 106(3–4), 370–378.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 1779



[221] Salem, I.A., and El-maazawi, M.S. (2000). Kinetics and mechanism of color removal of
methylene blue with hydrogen peroxide catalyzed by some supported alumina surfaces.
Chemosphere, 41, 1173–1180.

[222] Covinich, L.G., Felissia, F.E., Ivorra, F., Area, M.C., and Fenoglio, R. (2013). Selecci�on de
catalizadores para el tratamiento de efluentes de pulpado quimimec�anico mediante
oxidaci�on avanzada. Simposio Internacional sobre Materiales Lignocelul�osicos.

[223] Santos, A., Yustos, P., Quintanilla, A., Ruiz, G., and Garcia-Ochoa, F. (2005). Study of the
copper leaching in the wet oxidation of phenol with CuO-based catalysts: Causes and
effects. Appl. Catal. B Environ., 61(3–4), 323–333.

[224] Millero, F.J., Johnson, R.L., Vega, C.A., Sharma, V.K., and Sotolongo, S. (1993). Effect of
ionic interactions on the rates of reduction of Cu(II) wit H202: in aqueous solutions. J.
Sol. Chem., 21, 1271–1287.

[225] Nieto-juarez, J.I., Pierzch»a, K., Sienkiewicz, A., and Kohn, T. (2010). Inactivation of MS2
coliphage in Fenton and Fenton-like systems : role of transition metals, hydrogen perox-
ide and sunlight. Environ. Sci. Technol, 44(9), 3351–3356.

[226] Technology, C. (2003). A comparative study of several transition metals in fenton-like
reaction systems at circum-neutral pH. Acta Chim. Slov., 50(4), 619–632.

[227] Perez-Benito, J.F. (2004). Reaction pathways in the decomposition of hydrogen peroxide
catalyzed by copper(II) J. Inorg. Biochem., 98(3), 430–8.

[228] Robbins, M.H., and Drago, R.S. (1997). Activation of hydrogen peroxide for oxidation by
copper(II) Complexes. J. Catal., 170(2), 295–303.

[229] L�azaro Mart�ınez, J.M., Leal Denis, M.F., Piehl, L.L., de Celis, E.R., Buldain, G.Y., and
Campo Dall’ Orto, V. (2008). Studies on the activation of hydrogen peroxide for color
removal in the presence of a new Cu(II)-polyampholyte heterogeneous catalyst. Appl.
Catal. B Environ., 82(3–4), 273–283.

[230] Li, H., Li, H., and Deng, J. (2000). Influence on the reduction degree of Ni–B/SiO2 amor-
phous catalyst and its role in selective hydrogenation of acrylonitrile. Appl. Catal. A
Gen., 193, 9–15.

[231] Alejandre, A., Medina, F., Fortuny, A., Salagre, P., and Sueiras, J.E. (1998). Characterisa-
tion of copper catalysts and activity for the oxidation of phenol aqueous solutions. Appl.
Catal. B Environ., 16, 53–67.

[232] Alejandre, A., Fortuny, A., Bengoa, C., and Font, J. (1999). Aqueous phase catalytic oxi-
dation of phenol in a trickle bed reactor: effect of the pH.Water Res., 33(4), 1005–1013.

[233] Kim, S.-K., Kim, K.-H., and Ihm, S.-K. (2007). The characteristics of wet air oxidation of
phenol over CuOx/Al2O3 catalysts: effect of copper loading. Chemosphere, 68(2), 287–
292.

[234] Inchaurrondo, N.S., Massa, P., Fenoglio, R., Font, J., and Haure, P. (2012). Efficient cata-
lytic wet peroxide oxidation of phenol at moderate temperature using a high-load sup-
ported copper catalyst. Chem. Eng. J., 198–199, 426–434.

[235] Hu, X., Lei, L., Chu, H.P., and Yue, P.L. (1999). Copper/activated carbon as catalyst for
organic wastewater treatment. Carbon N.Y., 37, 631–637.

[236] Wan, H., Li, D., Dai, Y., Hu, Y., Zhang, Y., Liu, L., Zhao, B., Liu, B., Sun, K., Dong, L., and
Chen, Y. (2009). Effect of CO pretreatment on the performance of CuO/CeO2/g-Al2O3
catalysts in COCO2 reactions. Appl. Catal. A Gen., 360(1), 26–32.

[237] Bradu, C., Frunza, L., Mihalche, N., Avramescu, S.-M., Neaţ�a, M., and Udrea, I. (2010).
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