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1. Introduction

Removing pollutants from industrial process waters and
wastewaters is becoming an important area of research as the
amount and quality of freshwater available in the world continues
to decrease due to growing water demands and/or long periods
of drought. Increasingly stricter wastewater discharge standards
continue to be introduced worldwide in an effort to reduce the envi-
ronmental impacts of industrial processes. Chemical and petroleum
industries generate a wide variety of highly toxic organic wastes.
Among organic pollutants phenol and phenol derivates, used as raw
materials in petrochemical, chemical and pharmaceutical indus-
tries, have received increased attention in the last years due to their
toxicity. Some of the most toxic members of phenol compounds
are the chlorinated and nitro-substituted phenols that are used as
pesticides and anti-bacterials.

The un-substituted phenol is usually taken as a model
compound for advanced wastewater treatment studies. Several
technologies are available to remove industrial organic wastes, such
as biological, thermal and chemical treatments. Conventional bio-
logical processes represent an environmentally friendly way of
treatment with reasonable costs, however, they are not adequate
to treat non-biodegradable wastewaters and, usually, require a
long residence time for micro-organisms to degrade the pollutants.
Among biological treatments, biodegradation of phenol in fluidized
bed bioreactors has received considerable attention because of the
superior performance and some inherent advantages compared
to suspended biomass reactors [1]. Thermal treatments present
many drawbacks, such as considerable emission of other hazardous
compounds. Chemical treatments, which include flocculation, pre-
cipitation, adsorption on activated carbon, air stripping or reverse
0smosis, are not resolving requiring a post-treatment [2].

Alternative pollutants destructive technologies are advanced
oxidation processes (AOPs).

AOPs are characterized by acommon chemical feature: the capa-
bility of exploiting the high reactivity of HO® radicals in driving
oxidation processes which are suitable for achieving the complete
abatement and through mineralization of even less reactive pollu-
tants. Contaminants are oxidized through four different reagents:
ozone, hydrogen peroxide, oxygen and air or their combination.
These procedures may also be combined with UV radiation.

To choose the most appropriate technology some aspects, such
as the concentration and nature of the pollutants and the volume
of wastewater, must be considered.

Moreover, an integrated process combining AOP, as a prelimi-
nary treatment, with an inexpensive biological process, represents
an interesting opportunity from an economical point of view [3].

AOPs constitute a promising technology for the treatment of
wastewaters containing refractory organic compounds. Catalytic
wet air oxidation (CWAO) is one of the most important advanced
oxidation processes. AOPs include also many others techniques,
such as methods based on ultrasound [4], plasma [5] and electro-
hydraulic discharge [6] along with processes based on hydrogen
peroxide (H,0, +UV, Fenton, photo-Fenton and Fenton-like pro-
cesses), photolysis, photocatalysis and processes based on ozone
(03, 03 +UV and O3 + catalyst) [7].

Among the various AOPs processes proposed in the literature
for the treatment of wastewaters containing refractory organic
compounds, the present review will focus on the heterogeneous

catalytic abatement of phenol and of some phenol derivates.
Although several reviews on degradation of organic pollutants have
been published in the last decades, the present work would sum-
marize some AOPs technologies focusing only on heterogeneous
catalytic degradation of phenol and of some phenol derivates high-
lighting the catalysts activity and reaction conditions.

Oxidation of phenol furnishes more hydroxylated aromatic com-
pounds that can be oxidized to quinones while further oxidation
give a complex mixture of organic compounds as reported schemat-
ically in Fig. 1.

2. Catalytic wet peroxide oxidation

Wet peroxide oxidation processes using hydrogen peroxide as
the oxidant have emerged as a viable alternative for the wastewater
treatments of medium-high total organic carbon concentrations.
Hydrogen peroxide does not form any harmful by-products, and it
is a non-toxic and ecological reactant. Moreover, although hydro-
gen peroxide is a relatively costly reactant, the peroxide oxidation
compares very favourably to processes that use gaseous oxygen. The
lack of a gas/liquid boundary removes mass-transfer limitations
and the hydrogen peroxide acts as a free-radical initiator, providing
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Fig. 1. Simplified scheme for phenol oxidation.
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OH* radicals that promote the degradation of organics. This leads
to reduce residence times and enables conversion under milder
conditions. However, to enhance the decomposition of hydrogen
peroxide to hydroxyl radicals the use of a catalytic system is highly
desirable. Although the use of AOPs has been recently reviewed [7]
with particular attention to the degradation of chlorophenols, in the
present review the Fenton reaction based on the use of hydrogen
peroxide combined with metal salts will be briefly introduced.

The system containing hydrogen peroxide and Fe(lI) salts that
in water solution form hydroxyl radicals following the reaction:

H,0, + Fe?* - Fe3* 1+ HO~ + HO*®

is known as the Fenton’s reagent, which finds wide application for
wastewater treatment [8,9]. The oxidizing efficiency of the Fen-
ton reagent is the highest for pH ranging from 2 to 5 and for
molar ratio about 1:1. The mechanism of this reagent has not
been fully explained because of the variety of Fe(Il) and Fe(III)
complexes, numerous radical intermediate products and their con-
secutive reactions. A significant role is played by the formation of
Fe(Ill) ions, which decompose H,0, and produce HO,* radicals:

H,0, +Fe3* — Fe2t 4+ Ht + HO,*

In the solution of H,0, and Fe(Il) salts, organics (RH) are oxi-
dized during radical chain reactions. The main agents oxidizing and
propagating the reactions are HO® radicals:

HO* + RH — H0 + R*

R* + HzOz—) ROH + HO*
HO* radicals also decompose H,0, producing HO,* radicals:
HO* + H;0, — H,0 + HO»*

In the reaction of R* radicals with Fe(Ill) ions, carbocations R*
may be formed, while in conditions involving Fe(Il) ions, carbanions
may occur. The kinetic chain is terminated by reactions between
radicals.

The major problem of these Fenton-type homogeneous catalytic
systems is the tight pH control as well as the production of addi-
tional toxic wastes, which need to be treated.

For these reasons, there has been a considerable interest in
the development of heterogeneous catalysts for the oxidation of
wastewater streams.

Here, we have focused the attention on different kind of
supported transitions metals ions: metal-exchanged zeolites,
hydrotalcite-like compounds, metal-exchanged/clays and resins.

2.1. Metal-exchanged zeolites

Zeolites are inorganic microporous and microcrystalline mate-
rials capable of complexing small and medium-sized organic
molecules. Relatively few works describe the use of zeolitic mate-
rials containing metal active species tetrahedrally coordinated into
the zeolitic framework for catalytic abatement of water pollutants
(Table 1).

The catalyst Fe/ZSM-5 has been reported as a promising sys-
tem for the treatment of phenolic aqueous wastes in presence
of H,0,, allowing total elimination of phenol and significant
total organic carbon (TOC) removal under mild working condi-
tions [10]. Moreover, this system remains active after successive
runs. The Fenton-type decomposition of hydrogen peroxide
over Fe/ZSM-5 was later reported [11]. Studies about hydro-
gen peroxide decomposition and phenol oxidation were carried
out using Cr(III), Fe(IlI), Bi(Ill), Ni(Ill) and Zn(Ill) complexes of
N,N’-bis(salicylidene)propane-1,3-diamine (Fig. 2) encapsulated in
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Fig. 2. Structure of N,N'-bis(salicylidene)propane-1,3-diamine.

Y-zeolite [12]. Cr(III), Fe(Ill) complexes gave the best results, how-
ever, degradation of phenol was not good. Authors concluded that
the oxidation of phenol solely depended on the nature of the cen-
tral metal ion present in the encapsulated complex and not on the
H,0, decomposition ability of the catalyst.

Degradation of phenol was also studied with immobilized
Fe(IlI)-HY as stable and efficient photo-Fenton catalyst (Fig. 3) [13].
Different loadings of Fe(IlI) ions were immobilized on HY zeolite by
impregnation and calcination. The effect of Fe loadings, hydrogen
peroxide concentration and pH were studied. The results show that
0.25 wt.% Fe(IlI)-HY was efficient in the degradation of phenol at pH
6.

In a different work a series of Fe-containing zeolitic materials,
prepared by different methods, have been tested as hetero-
geneous catalysts for the oxidation of phenolic solutions with
hydrogen peroxide, under mild conditions [14]. Fe-TS-1 cata-
lysts were synthesized through hydrothermal crystallization of
wetness-impregnated Fe,03-TiO,-SiO, xerogels. Moreover, other
Fe-modified zeolitic materials were prepared and tested. Fe-TS-1
zeolite with a moderate Fe content (76 Si/Fe molar ratio) showed
the best results in terms of catalytic activity and loss of active
species into the aqueous solutions. The stability of Fe species was
shown to be strongly dependent on the Fe environment into the
zeolitic framework, the synthetic route, and the temperature of the
treatment.

Oxidation of phenol was also carried out with copper-modified
zeolite (CuY-5) in wet hydrogen peroxide. The catalyst was pre-
pared by ionic exchange from the protonic form of the commercial
HY-5 zeolite. The process was performed within the temper-
ature range from 50 to 80°C and at atmospheric pressure.
Other operating variables were: hydrogen peroxide concentration
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Fig. 3. Arepresentation of photo-Fenton degradation of phenol over Fe(IlI)-HY [13].
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Table 1
Catalytic wet peroxide oxidation of phenol substrates over metal-exchanged zeolites
Catalyst Phenol conversion and/or Conditions References
TOC removal (%)
Fe-aerosil 200 60 (17) TOC Phenol 0.069 M, H, O, stoichiometric ratio 1.5, catalyst [10]
0.35g/L, 180 min, 70°C, pH 2.5
Fe-ZSM-5 77 (21) TOC As above [10]
Fe-aerosil 200 65 (19) TOC As above, pH 3.5 [10]
Fe-ZSM-5 81 (17) TOC As above, pH 3.5 [10]
Fe-ZSM-5 100 (46) TOC As above, catalyst 1.5g/L pH 3.5 [10]
[Cr(salpn)]-Y 15 Phenol 4.7 g, H,0; 1.2 g (30%), catalyst 0.025 g, 80°C,5h [12]
[Fe(salpn)]-Y 24 As above [12]
[Bi(salpn)]-Y 5 As above [12]
[Ni(salpn)]-Y <5 As above [12]
[Zn(salpn)]-Y <5 As above [12]
Fe(IlI)-HY >99 Phenol 10~4 M, pH 6, H,0, 10-3 M, UV, 60 min [13]
Fe-TS-1 (1) Fe 0.64 wt.% 64 TOC Initial TOC phenol 765 ppm, H, 0O, stoichiometric, [14]
catalyst 0.6 g/L, air pressure 1 MPa, 120 min, 100°C
Fe-TS-1 (2) Fe 1.18 wt.% 66 TOC As above [14]
Fe-TS-1(3) Fe 443 wt.% 70 TOC As above [14]
Fe-silicalite 79 TOC As above [14]
Fe-ZSM-5 68 TOC As above [14]
Fe-NaY 78 TOC As above [14]
Fe-USY 67 TOC As above [14]
Fe-ZSM-5 (by ion exchange) 54 TOC As above [14]
Cuy-5 50 Phenol 0.01 M, H,0, 0.03 M, weae 0.1 gdm=3, 180 min, [15]
50°C
CuY-5 70 As above 60°C [15]
CuY-5 80 As above 70°C [15]
CuY-5 80 As above 80°C [15]
Cu/ZSM-5 by hydrothermal synthesis 92 Phenol 0.01 M, H,0; 0.1 M, Wyt 0.1 gdm—3, 180 min, [16]
80°C
Cu/ZSM-5 by hydrothermal synthesis 85 As above 70°C [16]
Cu/ZSM-5 by hydrothermal synthesis 75 As above 65°C [16]
Cu/ZSM-5 by hydrothermal synthesis 68 As above 60°C [16]
Cu/ZSM-5 by hydrothermal synthesis 46 As above 55°C [16]
Cu/ZSM-5 by hydrothermal synthesis 36 As above 50°C [16]
Cu/ZSM-5 by ion-exchange synthesis 96 Phenol 0.01 M, H,0; 0.1 M, wcar 0.1 gdm—3, 180 min, [16]
80°C
Cu/ZSM-5 by ion-exchange synthesis 81 As above 70°C [16]
Cu/ZSM-5 by ion-exchange synthesis 70 As above 65°C [16]
Cu/ZSM-5 by ion-exchange synthesis 56 As above 60°C [16]
Cu/ZSM-5 by ion-exchange synthesis 33 As above 55°C [16]
Cu/ZSM-5 by ion-exchange synthesis 20 As above 50°C [16]

For each catalyst or catalysts group only some experimental conditions and the corresponding phenol degradation or TOC removal are reported for a qualitative comparison.

(0.008-0.254 mol dm~3) and catalyst loadings (0.05-0.4 g). The ini-
tial phenol concentration was 0.01 moldm~3. Good results were
obtained at 70-80°C, complete phenol conversion was achieved in
150 min when the oxidant supplied for the reaction was close to the
stoichiometric amount for phenol oxidation. The amount of copper
leached during the test (after 3 h) was 4.8%, minimal but not neg-
ligible. The results show that the used catalyst entirely eliminated
phenol and could be reused in successive runs, without significant
loss of activity [15]. The influence of different methods of Cu/ZSM-
5 preparation on the catalytic performances, in terms of phenol
conversion and metal leaching, was addressed in a recent paper
[16]. The activity and stability of Cu/ZSM-5 catalyst prepared by
direct hydrothermal synthesis resulted higher than the activity of
the catalyst by ion exchange.

Since the degradation of phenol furnishes a mixture of car-
boxylic acids, the catalytic wet oxidation with hydrogen peroxide
of diluted formic, acetic and propionic acid solutions were also
mentioned in the present review. A study of catalytic wet per-
oxide oxidation of carboxylic acids was undertaken using a
Fe(Ill)-containing zeolite, Fe/ZSM-5 and the catalytic results were
compared with the behaviour of homogeneous Fe(Ill) catalysts in
the same experimental conditions [17]. A comparison of the reac-

tivity of heterogeneous and homogeneous Fenton-type catalysts
showed that the solid catalyst has a higher rate of conversion
of the propionic acid as well as a lower sensitivity with respect
to pH. Indeed, a maximum activity in propionic acid conversion
was observed around a pH of 4, precipitation of iron hydrox-
ide occurring at higher pH values. However, the solid Fe(III)
catalyst showed two main drawbacks: a higher rate of hydro-
gen peroxide decomposition to water and oxygen was observed
as well as some leaching of iron, especially at high reaction
temperature.

As an advantage aspect of this approach, metal-exchanged zeo-
lites are easily prepared, although no complete phenol removal was
achieved.

2.2. Hydrotalcite-like compounds

Hydrotalcite-like compounds, which are known also as lay-
ered double hydroxides or anionic clays, represent a group of
important inorganic materials usable in many applications. The
structure of the hydrotalcite-like compounds is very similar to that
of brucite Mg(OH);, in which each magnesium cation is octahe-
drally surrounded by hydroxyls. Their chemical composition can
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Fig. 4. Layered crystal structure of hydrotalcite-like compounds.

be expressed by the general formula M;_,"M,(OH),Ay,™ -yH; 0,
where M!! and M!! are divalent and trivalent metal cations and
A" is an n-valent anion, respectively. These compounds have a
layered crystal structure composed of positively charged hydrox-
ide layers [M_"M,"(OH),** and interlayers containing anions
and water molecules (Fig. 4). The value of x represents a por-
tion of trivalent metal cations substituted in hydroxide layers and
usually corresponds to 0.20 <x <0.35. Hydrotalcite-like compounds
exhibit anion-exchange properties, i.e. anions in the interlayers
may be exchanged for the other ones. At temperatures of approxi-
mately 300-500 °C, hydrotalcite-like compounds are decomposed
to form mixed oxides of M" and M"' metals. In aqueous solu-
tions, a rehydration of these mixed oxides takes place, which is
accompanied by recovering of the layered hydrotalcite structure
and incorporating of the anions from solution into interlayers. This
unique property of hydrotalcite-like compounds can be employed
for preparation of compounds intercalated with various anions or
in removal of anions from solutions. The often used group name
“hydrotalcite-like compounds” is related to the mineral hydro-
talcite (MggAl,(OH)15C03-4H,0). There are some other natural
minerals and a great number of synthetic compounds with an
analogous layered crystal structure combining various M!! and M!!!
metal cations in hydroxide layers and various anions intercalated
in the interlayers.

Hydrotalcite-like compounds of general formula CuM"AICO3,
where M!'=Co?*, Ni2*, Cu?*, Zn?* and Fe2*, were synthesized by
coprecipitation and characterized with XRD and IR. These materi-
als were studied in the phenol hydroxylation by hydrogen peroxide
in liquid phase [18] (Table 2). It was found that the un-calcined
compounds have higher activities than those calcined. CuAICO3-

HTLcs with Cu/Al ratio of 2, 3 and 4 were prepared and used in
order to study the effect of the M(II)/M(III) ratio. Results showed
that phenol conversion increased with the Cu/Al ratio. However,
HTLcs with higher ratio cannot be synthesized. The catalyst having
Cu/Al =3 efficiently oxidized phenol, giving high yields of the cor-
responding diphenols. A reaction mechanism was also proposed.
Authors hypothesized that H,O, might first adsorb on the surface
of the layered structure of CuM"AICO3 and then get one electron
from Cu2* ions to produce Cu3*, HO* and HO~. HO® can further react
with phenol to produce diphenols.

Catalytic hydroxylation of phenol over ternary hydrotal-
cites containing Cu, Ni and Al with different (Cu+Ni)/Al
ratios was carried out, leading to the formation of cate-
chol and hydroquinone [19]. The influence of various reaction
parameters, such as reaction temperature, pH, solvent and
hydrotalcites calcination temperatures (150, 400, 600, 800°C,
respectively) was investigated. The best results were obtained
over the samples [Ni0‘14CUO.6]A10'25(0H)2](C03)0'13~0.96H20 and
[Ni0.30CUO.38A10'32(OH)2](CO3)0.16-‘1.23H20 labelled as CuNiAl3-5
and CuNiAl2-1, respectively. Authors attributed this high activ-
ity to the large concentration of copper in the former catalyst,
while to a larger specific surface area in the latter catalyst. More-
over, a decrease of the copper concentration of the catalyst having
a similar (Cu+ Ni)/Al atomic composition decreased the activity.
Both catalysts showed higher activity at 65 °C. Higher temperatures
decreased the conversion of phenol because of the competitive
thermal decomposition of H,0,. The higher activity observed at
pH 5 was ascribed to a better stabilization of the hydroxyl radical.
Among the calcined samples, hydrotalcites treated at 800 °C exhib-
ited the maximum activity, although their activities were lower

Table 2

Catalytic wet peroxide oxidation of phenol substrates over hydrotalcite-like compounds

Catalyst Phenol conversion (%) Conditions References
CuMgAICO3 41 Cu/M"/Al=1.5/1.5/1,60°C, 1 h, pH 7, phenol/H,0, (molar ratio) 1:60, phenol 0.5 g, catalyst 0.05 g [18]
CuZnAICO3 38 As above [18]
CuCoAlICO3 45 As above [18]
CuNiAICO3 47 As above [18]
CuCuAICO3 53 As above [18]
CuAlCO3 (Cu/Al 2/1) 47 As above [18]
CuAlCO3 (Cu/Al 3/1) 53 As above [18]
CuAlCO3 (Cu/Al 4/1) 56 As above [18]
CuAlCO3 (Cu/Al 3/1) 48 50°C [18]
CuAlICO;3 (Cu/Al 3/1) 38 40°C [18]
CuAlCO; (Cu/Al 3/1) 28 30°C [18]
CuNiAl2-1 22 Phenol/H,0; (mol) 2.0, catalyst 10 mg, 65°C,2h pH 5 [19]
CuNiAl3-5 24 As above [19]
CuNiAl2-1 40 As above, phenol/H,0, (mol) 1.0 [19]
CuNiAl2-1 56 As above, phenol/H,0; (mol) 0.5 [19]
CuNiAl3-5 41 As above, phenol/H,0; (mol) 1.0 [19]
CuNiAl3-5 61 As above, phenol/H,0, (mol) 0.5 [19]
Mg, Al-FePcTs 88 (catechol) Borate buffer pH 10.0, 30°C, 0.1% catalyst/catechol ratio, HyO 3% wt., 2 h [20]
Mg3Al-FePcTs 73 (catechol) As above [20]
Mg,4Al-FePcTs 63 (catechol) As above [20]

For each catalyst or catalysts group only some experimental conditions and the corresponding phenol degradation or TOC removal are reported for a qualitative comparison.
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than those of fresh samples, probably due to textural modifications
induced by the high temperature.

An other important investigation deals with the use of Mg-
Al hydrotalcite-like materials (Mg _x)Aly(OH);(CO3 )y2-nH, O with
x=0.33, 0.25 and 0.20) as supports for the immobilization of
Fe(Ill) tetrasulfonated phthalocyanine (FePcTs) [20] (Fig. 5). The
so obtained HT-FePcTs materials were applied in the oxidation
of catechol, using hydrogen peroxide as oxidant. The catechol
conversion was 63%, 73% and 88% for the materials containing
HTs with x=0.20, 0.25 and 0.33, respectively, indicating that the
activity of HT-FePcTs materials was improved when the AI3* con-
tent in the HTs increases. The influence of the AI** content in
the materials reactivity was a remarkable result. Moreover, the
HT-FePcTs materials showed an enhanced catalytic activity and
longevity, compared to the homogeneous counterpart. These cat-
alytic tests associated to the adsorption studies showed that the
p-oxo complex of the FePcTs, mainly adsorbed on the HTs with
x=0.25 and 0.33, seems to be the active species in catechol oxida-
tion. These findings suggest that a cooperative effect take place in
the HT-FePcTs materials, showing that HTs do not act as an inert
support. These findings motivate the use of HT-FePcTs materials as
heterogeneous catalysts in other phenol oxidation reactions, as for
example, in the degradation of aromatic pollutants as chlorinated
phenols. A heterogeneous catalyst with redox sites in which the
host seems to play some influence, improving its catalytic activity,
is particularly suitable due to the increasing interest for the use of
environmentally friendly procedures in catalysis. Hydrotalcite-like
compounds are also easily prepared and present the advantage of
being synthesized with different M(II)/M(III) metals. However, also
for these catalysts no complete phenol removal was obtained.

2.3. Metal-exchanged clays

Fe(Ill)-exchanged and pillared montmorillonite were used as
catalysts for the degradation of 4-nitrophenol in the presence of
hydrogen peroxide. The influence of different types of catalysts,
their amount and the hydrogen peroxide concentration were inves-
tigated. Preliminary investigations, using different catalysts, about
the effect of the dissolved Fe(Ill) on the reaction rate showed that
only in the case of PILC-Fe and PILC-(Al-Fe) was the decomposed
amount of 4-nitrophenol much lower than that observed in the het-
erogeneous process. This indicates that the surface contribution of
the Fe clay is the controlling factor. At optimal conditions, a solution
containing 10~3 M of 4-nitrophenol and 10~2 M of hydrogen perox-
ide was degraded in less than 6 h in the presence of 1 g/L of mixed
Al-Fe pillared montmorillonite. Approximately, 3 mol of H,O, per
mole of 4-nitrophenol were required to remove all aromatic inter-
mediate compounds from the solution [21] (Table 3). Al-Fe and
Al-Cu modified clays were prepared from two natural montmo-
rillonites and employed in the phenol oxidation with hydrogen
peroxide in water [22]. The catalysts were efficient in phenol elimi-
nation under mild experimental conditions (atmospheric pressure,
room temperature and small quantities of hydrogen peroxide)
without considerable leaching of metal ions. The clays modified
with Fe achieved high conversions of phenol and TOC thus show-
ing to be very selective towards the formation of CO,. Catalytic wet
peroxide oxidation of phenol by pillared clays containing Al-Ce-
Fe was also performed [23]. The catalysts were very efficient in
diluted aqueous media under mild experimental conditions reach-
ing high mineralization level. The incorporation of Ce in the solids
showed a favourable effect in the pillaring of the materials and
enhanced the catalytic activity of the solids. The most active cata-
lysts (AlCeFe (10%) and AlFe (10%)) showed a tendency to reach the
maximum TOC degradation (55%) after 120 min due to the accu-
mulation of very refractory by-products such as acetic, propionic

and formic acids. The low iron leaching (<0.3 ppm) indicated that
the active phase of these catalysts are strongly fixed to the support.
The use of mixed Al-Cu pillared clays for catalytic wet peroxide
oxidation of phenol was also reported [24]. New mixed (Al-Cu)-
pillared clays were prepared from a crude bentonite sample by two
discrete procedures: (a) a classical ‘D’ method by which Al or (Al,
Cu) nitrate solutions, hydrolyzed with NaOH, are added to a 2% clay
suspension and (b) a ‘P’ method where the clay powder is directly
dispersed in the pillaring solution. Copper content resulting from
the ‘P’ method was higher. The copper content and preparation pro-
cedure strongly influence the catalytic activity. The good interaction
between copper and alumina at the surface of the catalyst seems
responsible of an increased phenol oxidation activity through a het-
erogeneous oxidation mechanism. Copper ‘solubilization’ was low,
showing that copper species were not simply dispersed over the
clay surface. Five successive batch reactions were carried out with
the same catalyst sample without any change of the reaction rate.
The solution obtained after the catalyst filtration was inactive for
the phenol oxidation.

Extrudates of Al-Fe pillared clay catalyst suitable for packed-bed
operations were evaluated for wastewater treatment via a wet oxi-
dation process employing hydrogen peroxide as the oxidant. The
reaction was carried out in a semi-batch reactor under rather mild
conditions. Operational parameters were studied such as rotation
speed, temperature (25-90°C), catalyst loading (0-10g/L), phenol
concentration (100-2000 ppm), input hydrogen peroxide concen-
tration (0.15-0.6 mol/L). Under these conditions, the Al-Fe pillared
clay catalysts achieved a total elimination of phenol and signifi-
cant TOC removal. In addition, a quantitative intermediate products
identification (catechol, benzoquinone, hydroquinone, oxalic acid,
acetic acid) was performed. To neglect the external mass-transfer
resistance the rotation speed was kept at 800 rpm. The phenol
oxidation rate increased with temperature, but destruction rate
of H,0, also increased at high temperature. A good compromise
was found at 70°C. Studies on catalyst loading showed that the
reaction took place to a significant extent both in the liquid phase
and on the catalyst surface. Reactions were faster when the ini-
tial phenol concentration was lower. This catalyst can be used
several times without any change in its catalytic properties. Hence,
it would be a promising catalyst for industrial wastewaters treat-
ments. Kinetic models were developed by formulating the reaction
rate in two kinetic expressions that separately consider the homo-
geneous and heterogeneous contributions [25]. Excellent results
were also obtained using mixed Al-Fe pillared clays as catalysts for
oxidation of organic compounds in water by hydrogen peroxide.
Using rather mild conditions (atmospheric pressure, T < 70°C) and
with a low excess (20%) of hydrogen peroxide, phenol was rapidly
converted, mainly to CO,, without significant catalyst leaching. The
Al-Fe pillared clay catalyst (called FAZA) can be used several times
without any change of its catalytic properties. Low amount of Fe
leached from the catalyst [26].

The properties of copper-based pillared clays (Cu-PILC) were
studied and compared with those of the analogous iron-based
clays (Fe-PILC) in the wet hydrogen peroxide catalytic oxidation
of model phenolic compounds (p-coumaric and p-hydroxybenzoic
acids, Fig. 6). These two catalysts show comparable performances
in all these reactions, although they showed some differences in
the rates of the various steps of reaction. In particular, Cu-PILC
showed a lower formation of oxalic acid (main reaction intermedi-
ate) with respect to Fe-PILC. Both catalysts showed no leaching of
the transition metal differently from other copper-based catalysts
prepared by wetness impregnation on oxides (alumina, zirconia) or
ion-exchange of clays (bentonite) or zeolite ZSM-5 [27].

Recently, a photocatalytic oxidation of organic pollutants
on titania-clay composites has been reported. TiO,/Ca-
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Table 3
Catalytic wet peroxide oxidation of phenol substrates over metal-exchanged clays
Catalyst Phenol conversion and/or Conditions References
TOC removal (%)
(Al-Fe)-PILC 90 (4-nitrophenol) Catalyst 1 g/L, 4-nitrophenol 10-3 M, 5 h, H,0, 10-2 M [21]
(Al-Fe)-PILC 80 (4-nitrophenol) As above, H,0, 103 M [21]
(Al-Fe)-PILC 20 (4-nitrophenol) As above, H,0, 5 x 10~4 M [21]
(Al-Fe)-PILC 10 (4-nitrophenol) As above, H,0, 10-4M [21]
B-Cu[0] 15 Phenol 100 mL, 5 x 10~4 M H, 0, stoichiometric (14 equiv), [22]
catalyst 0.5g,20°C,3h
B-Cu[10] 37 (0) TOC As above [22]
B-Fe[50] 100 (50) TOC As above [22]
B-Fe[100] 96 (45) TOC As above [22]
R-Cu[0] 15 As above [22]
R-Cu[10] 70 (5) TOC As above [22]
R-Fe[50] 100 (66) TOC As above [22]
R-Fe[100] 100 (70) TOC As above [22]
Al-Fe(10%)-PILC 100 (50) TOC Phenol 47 ppm, 25°C, pH 3.7, 4h, H,0, 0.1 M [23]
Al-Ce-Fe(10%)-PILC 100 (54) TOC As above, 2 h [23]
Al-Ce-Fe(5%)-PILC 100 (52) TOC As above, 2h [23]
Al-Ce-Fe(1%)-PILC 100 (55) TOC As above, 4h [23]
Al-Ce-PILC 100 (51) TOC As above, 4h [23]
AI-PILC 100 (39) TOC As above, 4h (23]
Natural clay (calcined) 48 (5) TOC As above, 4h [23]
(Al-Cu)-PILC, method P Cu 0.39% 60 Phenol 100 mL, 5 x 10~4 M, H, 0, excess, catalyst 0.5g, 18 h [24]
(Al-Cu)-PILC, method D Cu 0.16% 20 As above [24]
(Al-Fe)-PILC 70 Phenol 500 ppm, catalyst 6.6 g/L, H,O0, 0.3 M, 150 min, 25°C [25]
(Al-Fe)-PILC 87 As above, 50°C [25]
(Al-Fe)-PILC 96 As above, 70°C [25]
(Al-Fe)-PILC 99 As above, 90°C [25]
(Al-Fe)-PILC 100 Phenol 100 ppm, catalyst 6.6 g/L, H,0, 0.3 M, 60 min, 70°C [25]
(Al-Fe)-PILC 40 As above, phenol 1000 ppm [25]
(Al-Fe)-PILC 10 As above, phenol 2000 ppm [25]
(Al-Fe)-PILC 61 Phenol 500 ppm, catalyst 0 g/L, H,0, 0.3 M, 150 min, 70°C [25]
(Al-Fe)-PILC 85 As above, catalyst 3.3 g/L [25]
(Al-Fe)-PILC 100 As above, catalyst 10 g/L [25]
(Al-Fe)-PILC 50 Phenol 500 ppm, catalyst 6.6 g/L, H,0, 0.15M, 60 min, 70°C [25]
(Al-Fe)-PILC 95 As above, H0, 0.6 M [25]
(Al-Fe)-PILC 99 As above, H,0, 3.75M [25]
(Al-Fe)-PILC 100 (78) TOC Phenol 100 mL, 5 x 10~4 M H, 0, stoichiometric (14 equiv), [26]
catalyst 1.0g, 70°C, 2 h
(Al-Fe)-PILC 100 (72) TOC As above, catalyst 0.5g,40°C,4h [26]
(Al-Fe)-PILC 100 (67) TOC As above, catalyst 1.0g, 25°C,4h [26]
(Al-Fe) -PILC 100 (63) TOC As above, catalyst 0.5g,25°C,4h [26]
Cu-PILC 100 p-coumaric acid Catalyst 0.5 g, 30 min, 70°C, H,0; (35%) 0.3 mL [27]
Fe-PILC 100 p-coumaric acid As above [27]
Cu-PILC 83 (TOC) p-coumaric acid As above, 240 min, H,O, 2 mL [27]
Fe-PILC 77 (TOC) p-coumaric acid As above, 240 min, H, O, 2 mL [27]
Cu-PILC 100 p-hydroxybenzoic acid Catalyst 0.5 g, 30 min, 70°C, H,0; (35%) 0.3 mL [27]
Fe-PILC 100 p-hydroxybenzoic acid As above [27]
Cu-PILC 81 (TOC) p-hydroxybenzoic As above, 240 min, H,O, 2 mL [27]
acid
Fe-PILC 73 (TOC) p-hydroxybenzoic As above, 240 min, H, O, 2 mL [27]
acid
(Al-Fe)-PILC 70 (TOC) hydroxytyrosol Total phenol concentration 0.5 g/L, catalyst 0.5 g/L, 25°C, pH [29]
5H,0, 0.02M, 254nm, 24 h
(Al-Fe)-PILC 31 (TOC) tyrosol As above [29]
(Al-Fe)-PILC 32 (TOC) As above [29]
p-hydroxyphenylacetic acid
(Al-Fe)-PILC 52 (TOC) p-hydroxybenzoic As above [29]
acid
(Al-Fe) -PILC 50 (TOC) vanillic acid As above [29]
(Al-Fe)-PILC 86 (TOC) caffeic acid As above [29]
(Al-Fe)-PILC 28 (TOC) p-coumaric acid As above [29]
(Al-Fe)-PILC 58 (TOC) ferulic acid As above [29]

For each catalyst or catalysts group only some experimental conditions and the corresponding phenol degradation or TOC removal are reported for a qualitative comparison.
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Fig. 5. Representation of the idealized adsorption of FePcTs on the surface of HTs [20].

montmorillonite composites were prepared by wet grinding
in an agate mill. Positively charged TiO, nanoparticles are bound
to the surface of the negatively charged montmorillonite layers
via heterocoagulation. The clay mineral was used as adsorbent
and support for the photooxidation process. Aqueous solution
of 0.5mM phenol was degraded by irradiation with UV-vis
light (A =250-440 and 540-590 nm) in suspensions of TiO,-clay
composites having 0%, 25%, 50%, 65%, 80% and 100% TiO,/Ca-
montmorillonite composition. It was established that aqueous
phenol solution was degradated at significantly higher effi-
ciency on TiO,/Ca-montmorillonite composite than on pure
TiO, (ATOC normalized to unit weight of TiO, was 392 ppm for
25%Ti0,/Ca-mont. and 143 ppm for pure TiO;) [28].
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Fig. 6. Phenolic compounds used in refs. [27,29].

Aluminium-iron pillared montmorillonite (Al-Fe)PILC was used
as catalyst for the wet hydrogen peroxide photodegradation of
a mixture of eight phenolic compounds as model of olive mill
wastewater. Important percentages of phenol abatement (86% and
70%) were achieved after 24h of the o-diphenolic compounds
caffeic acid and hydroxytyrosol, respectively. Monophenolic com-
pounds tyrosol, p-hydroxyphenylacetic acid and p-coumaric acid
were the most resistant [29]. Clays show the advantage of being
naturally available and metal-exchanged clays are easily prepared
to give catalyst that showed very good performances in terms of
phenol conversion and TOC removal.

2.4. Metal-exchanged resins

The use of inorganic metal salts supported over resins recently
has been applied for oxidation of phenolic substrates in aque-
ous solution (Table 4). A Fe(Ill)-resin supported catalysts has been
reported as an effective catalysts for phenol oxidation giving almost
100% phenol conversion [30]. Resin used was a macro-porous weak
acidic cation-exchange resin (Purolite C-160). The reaction tem-
perature affected the activity, being excellent at 80°C while low
conversion was observed at 40°C. Also initial pH values signifi-
cantly affect the activity, which decreased at high pH (9) similarly
to the Fenton-like mechanism. The oxidation rate of Fe(Ill)-resin
catalyst system was dominated by the formation of OH* radical
and showed a significant influence on phenol decomposition. The
activity of catalyst did not change with increasing the pollutant
concentration in the range of 500-2000 mg/L.

The catalytic properties of Fe(lIll)-resin for oxidation of pen-
tachlorophenol (PCP) with hydrogen peroxide in aqueous solution
and soil suspension were also investigated [31]. The resin used was
an acrylic-based macroporous weak-acid cation exchanger contain-
ing carboxylic groups (Purolite C-106). The results showed that the
oxidation of PCP in aqueous medium depends on the amount of
hydrogen peroxide and on the temperature, the best performance
being obtained with 0.5% Fe (IlI)-resin catalyst at 80°C in presence
of 0.1 M H,0,. Moreover, it was demonstrated that the Fe(III) cat-
alyst could be reused for at least six cycles in PCP oxidation in soil
solutions at pH >5 without any loss in efficiency, leaching of Fe
occurring at lower pH.

The oxidation of hydroquinone [H,Q] to p-benzoquinone was
investigated over Cu(Il) ions immobilized on resins in presence
of Hy0, [32,33]. The resin used was a terpolymer of acryloni-
trile, vinyl acetate and divinylbenzene obtained by suspension
polymerization. The ion exchangers with aminoguanidyl ligands
were prepared by aminolysis using aminoguanidine carbonate or
hydrazine followed by thioureaethyl iodide (Figs. 7 and 8). Cu(II)
loading was in the range 0.11-0.32 mmol/g.
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Table 4
Catalytic wet peroxide oxidation of phenol substrates over metal-exchanged resins
Catalyst Phenol conversion (%) Conditions References
Fe3*-resin (Fe3* 275 mg/g) 100 Phenol 1000 mg/L, H,0, 0.1 M, catalyst 3 g, pH 3 or 5 or 7, 80°C, 30 min [30]
Fe3*-resin 10 As above, pH 9 [30]
Fe3*-resin 100 As above, phenol 500 mg/L [30]
Fe3*-resin <10 As above, phenol 2000 mg/L [30]
Fe3*-resin <10 As above, 60°C [30]
Fe3*-resin (Fe* 10 mmol/g) 95 pentachlorophenol (PCP) PCP 100 mg/L, catalyst 0.5% (w/v), H,0, 1M, 80°C, 60 min [31]
Fe3*-resin 100 (PCP) As above, catalyst 1% (w/v) [31]
Fe3*-resin 60 (PCP) PCP 100 mg/L, catalyst 0.5% (w/v), H,0, 0.05M, 80°C, 60 min [31]
Fe3*-resin 100 (PCP) As above, H,0, 0.1 M [31]
Fe3*-resin 100 (PCP) As above, H0, 0.2M [31]
Fe3*-resin 35 (PCP) PCP 100 mg/L, catalyst 0.5% (w/v), Hy0, 0.1 M, 50°C, 120 min [31]
Fe3*-resin 70 (PCP) As above, 60°C [31]
Fe3*-resin 80 (PCP) As above, 70°C [31]
Fe3*-resin 95 (PCP) As above, 80°C [31]
KA-62a (Cu%* 0.90 mmol/g) 55 hydroquinone (H;Q) H,0,:hydroquinone ratio 1.4:1, hydroquinone:Cu(lI) ratio 10:1, H, 0, [32]
0.00556 M, hydroquinone 0.004 M, 80 min, 35°C
KA-B1 (Cu?* 0.31 mmol/g) 44 (H,Q) Hydroquinone:H, 0, ratio 1:1, hydroquinone:Cu(II) ratio 10:1, H, 0, 0.046 M, [33]
hydroquinone 0.004 M, pH 5, 80 min, 35°C
KA-A2 (CuZ* 0.32 mmol/g) 65 (H2Q) As above [33]
KA-A3 (Cu?* 0.22 mmol/g) 90 (H,Q) As above [33]
KA-A4 (Cu2* 0.19 mmol/g) 80 (H,Q) As above [33]
KA-C1 (Cu?* 0.1 mmol/g) 55 (H,Q) As above [33]

For each catalyst or catalysts group only some experimental conditions and the corresponding phenol degradation or TOC removal are reported for a qualitative comparison.

NH It was found that the activity of Cu(Il) ions immobilized was
)L H + H0 H influenced by many parameters, such as hydroquinone/Cu(lI) ratio,
P N N /NH —_— P N,N /NH hyc}rogen perox1d_e concentration, pl-_[. The qptlmal [HZQ]:[Cu(II_)]
Y -NH; H \‘/ ratio was 10:1. Using the H,Q excess in relation to Cu(Il) results in

N H2 N H2 higher loss of H,Q (yield = 53.45%). Similar reaction yield was also

A achieved using the following [H;Q]:[Cu(Il)] ratios: 5:1, 7.5:1 and

(NH=C(NH2)NHNH)2H2C O3 20:1. It seems that the reoxidation of active centres proceeds with

low rate in comparison with reduction rate. On the other hand, H,Q
molecules could not reach active centres because of their too large
P—CN accumulation at the surface of catalyst. In case of low [H,Q]:[Cu(II)]
NH=C(NH2)SCoH5 ratio, authors supposed that the majority of active centres were
not used in reaction. Cu(Il) loading influenced the H,Q oxidation
l NHzNH2 degree. The H,Q loss is higher for smaller Cu(Il) loading. It was
shown that reaction degree of H,Q (loss of H,Q) increases with
increase of pH. For pH 4.3, the highest loss of H,Q was observed
NH 0 after 10 min of reaction. After 60 and 80 min, the loss of H,Q was
+H50 lower. This could be the effect of formation of by-product—Q(OH),
)J\ -NH, [32].
- NH, H The catalysts were also tested in the presence of ionic liquid 1-
butyl-3-methylimidazolium tetrafluoroborate. Application of ionic
liquid was pointless due to its insignificant effect on yield of reac-
tion, environmental pollution and high price [33].
p Resins can be synthesized in many different ways, giving differ-
/g ent kind of support, however, depending on the type of support or
0 ligand such resins may be expensive. Moreover, being the support
H,N __NH constituted by an organic backbone, it could be also degradated
P T under strongly oxidizing condition.

o) [off O . .
- 04 3. Catalytic ozonation

)l\ 3 Ozone, a powerful oxidizing agent (under acidic conditions
h E(03/03)=2.07V), is effective for the mineralization of refrac-
OYNH tory organic compounds. However, it reacts slowly with aromatic

P organic compounds and, in many cases, it does not cause the com-

plete oxidation. In presence of a catalyst and or in combination

Fig. 8. Structure of Cu(Il) complexes with aminoguanidyl ligands on resin reported with UV or H,0,, the ozonation process is more efficient in the
inrefs. [32,33]. degradation of organic compounds and many studies concern-
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ing purification treatment and recovery of polluted water have
been reported [7,34-40]. Ozonated water is not harmful for most
of the organism, therefore, ozonation finds application for drink-
ing water disinfection, bacterial sterilization and, generally, for
organic compounds degradation [41,42], however, its application
to wastewater treatment is limited due to the high energy demand
[7]. On the other hand, the ozonation as a pre-treatment pro-
cess to transform refractory compounds into substances to be
removed by conventional methods appears more economically
attractive [43].

The ozonation process constitutes an AOP and is generally char-
acterized by the production of HO® radicals. A typical homogeneous
catalytic ozonation involves the use of O3 and iron salts [9] or
coupled with UV radiation, or H,0, [7,40,44]. The ozonation pro-
cess may proceed in two different ways depending on the pH
conditions: direct reaction of molecular ozone with pollutants or
indirect reaction through HO* radicals formation [45]. At low pH,
the direct and selective reaction of molecular ozone with specific
functional groups occurs (namely, electrophilic, nucleophilic or
dipolar addition reactions), while at basic conditions ozone decom-
poses yielding HO*® radicals [7].

Heterogeneous catalytic ozonation dating back from the 1970s
[46] is now, again, attracting interest. The major advantage of a
heterogeneous over a homogeneous catalytic system is the ease of
catalytic retrieval from the reaction media. However, the stability
and durability of the catalyst under operating condition is impor-
tant. Leaching of the catalytic active species or poisoning of the
active sites or fouling of the catalyst surface by intermediate reac-
tion products are important factors, which determine the stability
and durability of the catalyst.

During the last decade, many studies have been focused on the
removal of refractory organic compounds from water such as phe-
nol, hydrocarbons, carboxylic acids, etc. [35,44,47-50]. Co-based
catalysts, such as Co/SiO, [51] or CoOx/Al,03 [52] have been used
in ozone decomposition studies. The samples containing highly
dispersed Co?* species over the silica surface [51] have been recog-
nized as the most efficient systems for the degradation of organic
pollutants by ozone through a redox process:

Co?t + 03 +Hy0 — Co(OH)** +HO* + 0,
HO* + O3 — HOy* + O,
HO* + organic pollutants — products (CO, +H,0)

HO,* + Co(OH)** — Co®** 4+ 0, +H,0

In the case of CoOx/Al, 03 catalyst [52], the high oxidation activ-
ity in presence of ozone has been ascribed to the high content of
active and mobile oxygen which strongly depends on the prepara-
tion method.

Even if cobalt oxides have shown high catalytic activities, to our
knowledge, very few works deal with aqueous heterogeneous cat-
alytic ozonation with cobalt oxide catalysts. One of these studies
dealt with the removal of carboxylic acids, such as formic acid
with different catalysts supported on activated carbon or SiO,
[53].

In a more recent work, ozone and a cobalt catalyst supported
over alumina have been used to oxidize oxalic acid from water at
acidic pH [54]. Despite the high catalytic efficiency, the catalyst
leached some cobalt into the water. As a result, the removal of oxalic
acid was due to both heterogeneous and homogeneous catalytic
ozonation.

Therefore, the attainment of active and stable catalysts for cat-
alytic ozonation of organic pollutants in water is still a challenge.

3.1. Some recent investigations on catalytic ozonation

Among recent researches on phenol catalytic ozonation, the
results obtained by our group [55] are presented (Table 5).
Four series of cobalt-based catalysts, bare oxides Co304 and
Co0, Co0x-Ce0, mixed oxides, CoOx supported over alumina and
alumina-baria and CoMgAl and CoNiAl hydrotalcites have been syn-
thesized and investigated for the oxidative degradation of phenol
in the presence of ozone [55,56].

The two hydrotalcite-like compounds, labelled as
CoMgAl and CoNiAl, have, respectively, the following
composition:  Co(39.9 wt.%)/Mg(19.7 wt.%)/Al(40.4 wt.%)  cor-

responding to atomic ratio Co/Mg=0.8 and CoMg/Al=1, and
Co(34.4 wt.%)/Ni(34.2 wt.%)/Al(31.4 wt.%) corresponding to atomic
Co/Ni and CoNi/Al=1.

Usually, after 1h, phenol almost disappeared, while hydro-
quinone, pyrocathecol and 1,4-benzoquinone were present in small
amount. Oxalic acid was formed as the main product of phenol oxi-
dation. Accordingly, during the reaction the pH value decreased
from a starting value of 5.0 to ~2.5 (depending on the catalyst).
After 4 h oxalic acid was the only detectable product by HPLC.

Over bare oxides, characterized by low surface area and big crys-
tallites, poor results of TOC removal % were obtained after 1 and
4h, respectively. A degradation of 11% was found over CoO that
remained as low as 21% after 4 h of reaction. A higher phenol miner-
alization was obtained employing Co304 (22% after 1 h). The mixed
oxides CoOx-CeO, gave also scarce results.

Then, we moved the attention on the behaviour of alumina and
alumina-baria cobalt catalysts. These samples contain very low
amount of cobalt active specie (1 or 3wt.% of Co) with respect
to pure oxides. The reaction with Co(3 wt.%)Al,03 gave after 1h a
TOC removal of 16% that increased to 42% after 4 h. Oxidation reac-
tion with Co(1 wt.%)Al;03 and Co(1%)/Al;03-Ba0 gave higher TOC
removal (after 4 h 55% and 57%, respectively). Co(3 wt.%)/Al,03Ba0
gave still better results. After 1h, the degradation was as high
as 39%, reaching 74% in 4h. Finally, we tested the two hydrotal-

Table 5

Catalytic ozonation of phenol substrates

Catalyst TOC removal (%) Conditions References

Co(1wt.%)Al,03 55 Phenol 100 mL, 0.0055 M, catalyst 100 mg, 25°C, 4h, O3 [55]
production 0.6 g/h

Co(3 wt.%)Al,03/BaO 74 As above [55]

Co(1 wt.%)Al,03/BaO 57 As above [55]

COMgAI-HTLcs 58 As above, catalyst 30 mg [55]

COMgAI-HTLcs (calcined) 57 As above, catalyst 30 mg [55]

CONiAI-HTLcs 90 As above, catalyst 30 mg [55]

CONiAI-HTLcs (calcined) 70 As above, catalyst 30 mg [55]

LaTig 15Cugg503 95 Mixture of phenols, COD 1200 ppm, pH 3, 20°C, O3 50 mg/L [57]

For each catalyst or catalysts group only some experimental conditions and the corresponding TOC removal is reported for a qualitative comparison.
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Fig. 9. Structure of naphtol blue black.

cites. According to their peculiar layered structure, which renders
the active sites easily accessible, a good oxidative conversion is
expected. The CoNiAl material showed the highest activity, after4 h
of reaction the TOC removal was of 90%, however, after 4 h of reac-
tion high amount of Ni2* ions were detected in solution (17 ppm).
Significantly lower was the activity of the CoMgAl on which a dra-
matic leaching of Co was also detected (22 ppm).

Catalytic properties and stability towards leaching were investi-
gated also on the hydrotalcites calcined at 250 °C. For both catalysts,
higher cobalt leaching into the solution was observed. According
to the literature [32], massive metal leaching could be due to the
chelation of active metals, Co and Ni, by oxalic acid formed.

The most promising catalysts, Co(3 wt.%)/Al;03-Ba0,
Co(1wt.%)/Al,03-Ba0 and Co(1wt.%)/Al,03 were also studied
in three consecutive phenol oxidation reactions. The reactions
were stopped after 4h. High and stable TOC removals were
obtained for Co(3 wt.%)/Al,03-BaO after three cycles, quite good
phenol oxidation also over Co(1wt.%)/Al,03-BaO was observed.
On the contrary, less stable appears the Co(1 wt.%)/Al,03 sample,
showing a partial deactivation after one cycle, then the activity
does not change in the successive third run. The Co-based catalysts
were also tested in the oxidative degradation of aqueous solutions
of naphtol blue black (Fig. 9). Results showed the superiority of
Co(3 wt.%) Al,03/Ba0 (TOC removal 76% after 4 h).

Recently, ozonation of a mixture of tyrosol, syringic acid and
gallic acids (Fig. 10) in the presence of a perovskite type catalyst
has been also reported [57].

The perovskite LaTig15Cuggs03 is an active and stable catalyst
in ozonation processes for the treatment of refractory compounds
towards the non-catalytic ozonation, while if the wastewater to
be cleaned contains compounds readily attacked by ozone, there
is no need of catalyst. Indeed, these phenols are quite reactive
with molecular ozone so no catalyst is needed to oxidize these
compounds in a few minutes. The oxidation of a mixture of these
phenols was carried out in the absence and in the presence (1 g/L) of
the catalyst. After 90 min no difference was observed being the TOC
removal the same. This stage was followed by a second slower ad
constant elimination rate. The presence of these two distinct steps
was ascribed to the initial reaction of easily oxidized compounds
generated from ozone attack to the parent compound molecules
and first intermediates (i.e. quinones, hydroquinones, unsaturated
open ring, compounds, etc.). The accumulation of ozone refrac-
tory compounds (pyruvic acid, ketomalonic acid, oxalic acid, etc.)
involves a decrease on the efficacy and rate of the ozonation pro-
cess. Mineralization was found favoured by temperature while pH
did exert a positive effect when raising values as high as 11. The sta-
bility of the catalyst was checked by consecutive reuses of the solid

COOH COOH
H;CO OCH; HO OH
OH OH
syringic acid gallic acid

Fig. 10. Phenolic compounds used in ref. [57].

under the same operating conditions. No decrease in the activity
was observed.

Among the latest investigations, catalytic ozonation of oxalic
acid over activated carbon has been studied [58]. The roles of the
surface chemistry of activated carbon along with the influence of
the pH values (pH 3 and 7) have been investigated. Better results
have been obtained at acidic pH. Although a higher pH accelerates
the decomposition of ozone into more reactive species, in acidic
conditions the oxalic acid has a higher affinity towards activated
carbon surface and the adsorption over carbon represents an impor-
tant path in the catalytic ozonation. It is worth to mention that the
oxidation of oxalic acid over activated carbon leads to the complete
mineralization.

As can be seen heterogeneous catalytic ozonation has allowed
phenol degradation in good to high extent and also the mineraliza-
tion of more recalcitrant compounds.

4. Catalytic wet oxidation (CWO)

The wet oxidation (WO), firstly patented over 50 years ago [59],
uses oxygen or air to completely oxidize organic compounds to car-
bon dioxide and water [60]. It is a clean process not involving any
harmful chemical reagent, however, being a non-catalytic process,
requires high temperature and high pressure to achieve a com-
plete oxidation in a reasonable amount of time. Therefore, the high
operating costs are the limiting points of using WO.

The use of a catalyst (CWO) strongly improves the degradation of
organic pollutants by using milder conditions of temperature and
pressure. The recourse to a solid catalyst offers a further advantage
compared with homogeneous catalysis, in principle the catalyst
being easily recovered, regenerated and reused [61]. However, also,
in the CWO process the stability and durability of the catalyst under
operating condition must be strictly checked. Another important
parameter in the oxidation processes is the mass transfer of oxygen
from the gas phase to the liquid phase, which depends on the oper-
ative temperature. Studies on the effect of reactor size and reactor
design have been recently reviewed, focusing on the catalytic wet
oxidation both on phenol and substituted phenols [60].

In comparison with numerous studies for oxidation of pure
organic liquids, relatively few investigations have been carried out
for organic compounds in aqueous media. Among them, some
papers deal with the oxidation of phenol solutions over transition
metal oxides while some other focus on the use of noble metals
supported catalysts.

4.1. Catalytic wet oxidation of phenol

4.1.1. Transition metal oxides

In Table 6, some catalytic results the on oxidation of phenol using
transition metal oxides as catalytic systems are listed.

Several double layered hydroxides with hydrotalcite-like struc-
ture containing different amount of Cu(II)/Ni(II)/Al(IIl) cations with
M(IT)/M(IIT) ratios between 0.5 and 3.0 were prepared and used as
catalysts for the wet air oxidation of aqueous solutions of phenol
using air with an oxygen partial pressure of 0.9 MPa at a reaction
temperature of 140 °C. Non-calcined samples were practically inac-
tive. At calcination temperatures of 350 and 400 °C, copper catalysts
showed higher initial activities than nickel ones (>90 and >70%
of phenol conversion, respectively). However, the activity of them
decreased continuously over time reaction, because of the elution
of the active phase (CuO and/or NiO), and/or the formation of new
phases due to the reaction conditions. Furthermore, nickel cata-
lysts showed lower amounts of intermediate oxidation products
such as quinones and carboxylic acids than copper ones. Experi-
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Table 6
Catalytic wet oxidation of phenol substrates over transition metal oxides
Catalyst Phenol conversion and/or Conditions References
TOC removal (%)
Cu/Ni/Al-HTLcs 100 (99.1) TOC T=140°C, Py, = 0.9MPa, 2.5h [62]
Cu0-Zn0-Al, 05 100 T=130°C, Py, = 0.3; 0.56 MPa, 1-2h [63,64]
Zn0-CuO-C-Al, 05 100 T=130°C, P, = 0.5MPa, 40 min [65]
Bimetallic catalysts: CuO-CoO; CuO-Fe,03; >80%; 50%; 20-30% T=140°C, Po, = 900KPa, 0-6 h; 24 h; >96 h [69]
CuO-MnO; Cu0-ZnO
CuO-CeO, prepared by sol-gel method 100 T=150°C, Pp, = 0.73 MPa, 30 min [70]
Cu/MCM-41 90 (TOC) T=200°C, Py, = 3.4MPa, 20 min [71]
Mn-Ce-O composites Ce/(Ce+Mn)=0.2-0.7 80-90 (TOC) T=110°C, Po, = 0.5MPa, 10 min [72]
CeO, catalyst loading: 1 g/L, phenol conc.: 400 ppm 90% (TOC) T=160°C, Po, = 1MPa, 3 h [73]
Ce0,/y-Al, 05 ~100 T=180°C, Py, = 1.5MPa, 2h [74,75]
Cu promoted CeO,/y-Al,03 ~100 T=180°C, Pp, = 1.5MPa, 1h [76]
Ce0,-TiO, 80 (TOC) T=140°C, P,;; = 3.5 MPa, during 100 h [77]
Al-Fe pillared clay, catalyst loading: 6.6 g/L, phenol 100 T=130°C, P4j; =1.5MPa, 100 min [78]
conc.: 500 ppm
Fe/AC 100, 80 (TOC) T=127°C, Po, = 8atm [79]
Fe/AC >80% T=114°C, P=8 atm [80]
Commercial active carbons ~100 T=160°C, Po, = 16 bar [85]
Multi-walled carbon nanotubes (MWCNTSs) 100 T=160, Pp, =2MPa,2h [86]

For each catalyst or catalysts group only some experimental conditions and the corresponding phenol degradation or TOC removal are reported for a qualitative comparison.

ments performed in an autoclave reactor showed no loss of activity
for the Cu-Ni-spinel phase for three consecutive runs (sample
HT[0.5/0.5/2] Cug26Nip23AI(OH)2.98(C0O3)0.45(NO3)0.10-2.1H20 cal-
cined at 750°C). Some catalysts (spinel phases, obtained for the
samples calcined at 1023 K) showed any loss of activity after a con-
tinuous working run of 15 days using a trickle-bed reactor [62].
Liquid-phase oxidation of phenol by oxygen was studied over
a commercial catalyst containing CuO(42 wt.%)-ZnO(47 wt.%)-
Al;03(10%) [63,64]. The catalyst was found to be effective
for the full conversion of phenol to non-toxic compounds,
at the temperature of 130°C. The rates of phenol disappear-
ance showed that the reaction progressed auto-catalytically
through a heterogeneous-homogeneous free radical mecha-
nism. The oxidation of phenol in water in a batch autoclave
was also studied over catalysts with the following composition:
(35%)Cu0 +(65%)Zn0; (5-15%)Cu0 +(85-95%)Al,03; (26%)Cu0
+(74%)Cu chromite. Moreover, in a Parr reactor the catalysts

with  composition: (35%)CuO+(65%)Zn0O; (5-10%)BayCO5 +
(<5%)C+(30-40%)CuO +(60-70%) ZnO; and (8-15%)Al,05 +
(1-5%)C+(35-45%)Cu0 +(40-50%)ZnO  were tested [65].

Under certain conditions of temperature (130°C) and oxy-
gen pressure (300psig) the catalyst (8-15%)Al;03+(1-5%)C+
(35-45%)Cu0 +(40-50%)ZnO was found to be the most active.
Although the present review is not devoted to the kinetic investi-
gation of catalytic liquid-phase phenol oxidation, it is worth noting
the interesting paper dealing with the oxidation of phenol to ben-
zenedioles, benzoquinones and carbon dioxide over a proprietary
catalyst containing supported copper, zinc and cobalt oxides [66].
It is believed that the liquid-phase oxidation of phenol undergoes
a combined redox and heterogeneous free-radical mechanism.
The apparent activation energy for catalytic phenol oxidation was
found to be 139 kJ/mol. In this paper, a kinetic approach based on
the Langmuir-Hinshelwood model is proposed and a bimolecular
surface reaction between adsorbed reactants is considered to be
the rate-controlling step. The kinetic of phenol oxidation using
oxygen or air as oxidant was addressed also by using commercial
supported copper oxides in a continuous trickle-bed reactor at

three temperatures (120, 140 and 160 °C) and at three partial pres-
sures of oxygen [67]. Understanding the phenomena occurring at
the catalyst surface during wet oxidation processes is complicated,
requiring the characterization of intermediate products, however,
it is essential to develop a resistant catalyst. Actually, the interme-
diates of phenol oxidation were in part identified by HPLC and so
the mechanism reported in literature is often a simplified reaction
scheme. A detailed investigation of the phenol degradation profile
and catalyst behaviour was carried out over a Mn/Ce(7/3) com-
posite oxide catalyst and compared with a Pt(1 wt.%) over alumina
[68]. By using TPO-MS analyses a net difference was observed in
the combustion behaviour of the organic deposit over the two
types of catalysts. From the XPS analyses, it was found that the
organic species adsorbed over Pt/alumina are mainly graphitic,
while aliphatic compounds prevail over Mn/Ce.

Going on in the review, we want to mention the effectiveness of
bimetallic supported catalysts, 2% of CoO, Fe; 03, MnO or ZnO com-
bined with 10% CuO supported on <y-alumina, to oxidize aqueous
phenol solutions using air as oxidant [69]. The oxidation was car-
ried out in a packed-bed reactor operating in trickle flow regime at
140°C and 900 kPa of oxygen partial pressure. Lifetime tests were
conducted for 8 days. The pH of the feed solution was also var-
ied. The results show that all the catalysts tested undergo severe
deactivation during the first 2 days of operation. Later, the cata-
lysts present steady activity until the end of the test. The highest
residual phenol conversion was obtained for the ZnO-CuO/Al, O3,
which was significantly higher than that obtained with the 10% CuO
catalyst used as reference. The catalyst deactivation was found to
be related to the dissolution of the metal oxides from the catalyst
surface due to the acidic reaction conditions. Generally, the perfor-
mance of the catalysts was better when the pH of the feed solution
was increased.

The activity and selectivity of the Ce;_,CuxO,_s catalysts pre-
pared by co-precipitation and by sol-gel methods were studied
in the catalytic wet oxidation (CWO) of phenol at 150°C and at
7.3 bar oxygen partial pressure in a semi-batch CST reactor. It was
found that activity and selectivity increase with the dispersion
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of copper oxide phase on the cerium oxide. Moreover, the sam-
ples prepared by sol-gel technique were up to four times more
active and about 25% more selective toward CO, formation than
the samples prepared by co-precipitation at given reaction con-
ditions [70]. Catalysts with different copper loading supported on
mesoporous MCM-41 with surface area over 1400 m?/g were also
evaluated in the catalytic wet oxidation of phenol solutions at 150
and 200°C [71]. Mesoporous MCM-41 results a promising cata-
lyst support for wastewater treatment: due to its characteristics,
uniform pore structure and large surface area and pore volume,
it can assist copper in removing phenol with high efficiency and
speed. High loading of copper on MCM-41 is not necessary, as it
will reduce the surface area. CuyMCM-41 with a thin layer of cop-
per loading should be enough to provide a high catalytic activity.
The catalytic oxidation of phenol was studied also over Mn-Ce-O
composite catalysts with Ce/(Mn+ Ce) atomic bulk ratios ranging
from 0% to 100% [72]. The results showed that the catalytic activ-
ity was greatly influenced by the catalyst composition. The catalyst
with Mn/Ce ratio =6/4 was found to be the most active in reducing
both phenol concentration and total organic carbon. The catalysts
with Ce/(Ce + Mn) ratios between 0.2 and 0.7 show high but rather
constant activity, achieving ca. 80-90% removal efficiency, while
pure manganese oxide was slightly active and pure cerium oxide
showed virtually no catalytic activity in the chosen experimental
conditions. However, in successive papers the activity of ceria was
reported. The effect of catalyst loading, oxygen pressure, reaction
temperature and phenol concentration on phenol conversion and
TOC removal, using CeO, as the catalyst, was investigated. With
phenol concentrations in the range of 400-2500 mg/L and oxygen
pressure of 0.5 or 1.0 MPa, the optimal catalyst loading was 1.0 g/L
[73]. The activity of several alumina supported ceria catalysts for the
catalytic wet air oxidation of phenol was also investigated using an
autoclave reactor [74]. Results indicated that the support and the
Ce content are both important factors affecting phenol conversion.
Using the optimal CeO;/v-Al;03 catalyst (loading 3.0g/L), about
100% phenol conversion was achieved after 2 h reaction at 180°C
and 1.5 MPa O, partial pressure. In a successive study, the oxidation
of phenol over the CeO,/v-Al, 03 catalyst as a function of O, partial
pressure, 0.5-2.0 MPa, was reported [75].

Recently, the effect of promoter addition on activity of CeO;/vy-
Al,03 was assessed via the CWAO of phenol [76]. Cu promoted
Ce0,/y-Al,03 catalyst was the most effective, followed by Mn,
although the performance of Mn-promoted catalyst was inferior to
Ce0,/y-Al,03. At 180 °C, under 1.5 MPa oxygen partial pressure the
Cu-promoted catalyst (Ce;5Cus) produced about 100% conversion
of phenol in 1 h.

The wet air oxidation of an aqueous solution of phenol was
studied also over extrudates of an Al-Fe pillared clay catalyst
in the temperature range of 90150°C and air pressure range
of 0.8-2.5MPa. The variables studied included reaction tem-
perature, air pressure, solution pH, initial phenol concentration,
and catalyst loading. The obtained findings are compared with
those obtained using hydrogen peroxide oxidation [77]. It was
seen that temperature strongly affects the evolution of phe-
nol and intermediate carbon. Higher phenol removal rates were
observed at higher temperatures. It was found that air could com-
pletely remove phenol within 100 min at 130°C. A home-made
Fe/activated carbon (Fe/AC) catalyst has been tested for the wet
oxidation of phenol in a down-flow fixed bed reactor at rela-
tively mild conditions (100-127°C and Po, = 8 atm, initial pH of
3.5). Complete phenol conversion and 80% TOC removal were
reached at 127°C and 320gcar h/gpy, [78]. The same authors in
a successive article identified intermediate oxidation products of
phenol oxidation over Fe/activated carbon catalyst, working at mild
operating conditions (100-127°C; 8atm) in a trickle-bed reac-

tor [79]. Ring compounds (hydroquinone, p-benzoquinone and
p-hydroxybenzoic acid) and short-chain organic acids (maleic,
malonic, oxalic, acetic and formic) have been identified as inter-
mediates.

Among the latest investigations, it is worth noting the study
of phenol oxidation over CeO,-TiO, mixed oxides [80]. These sys-
tems show higher activity than pure CeO, and TiO,, and Ce0O,-TiO,
1/1 catalyst displays the highest activity in the CWAO of phenol.
Over this catalyst, 80% TOC removal was obtained for 100 h con-
tinue reaction, at the reaction temperature of 140°C and air total
pressure of 3.5 MPa. Moreover, leaching of metal ions of CeO,-TiO;
1/1 particle catalyst was very low during the continuous reaction.

It is worth noting that, recently, studies concerning the catalytic
wet oxidation (CWO) of a phenolic mixture in presence of hydro-
gen peroxide over a commercial activated carbon have been carried
out [81]. This work represents an example of an integrated process
which combines the Fenton reaction with a CWO with the aim to
increase the efficiency of this last step. Indeed, in the case of pheno-
lic pollutants, it has been reported that mineralization of phenols
obtained by CWO [82] is higher than that obtained by using the
Fenton reagents [83]. However, the abatement of the initial pheno-
lic pollutants is quicker if Fenton reagent is used. Therefore, using
a Fenton pre-treatment, with relatively low H,0, dosage, the CWO
can be accomplished efficiently and in milder conditions [81].

Taking advantage of both, the high phenol conversions in CWPO
and the high phenol mineralization in CWAO, a CWPO-CWAO
sequential treatment was successfully performed over a Fe/AC by
using a fixed-bed and trickle-bed reactor in series [84]. The CWPO
treatment in ambient conditions followed by a CWAO treatment in
mild conditions (100 °C and 8 atm) was reported as high efficiency
process for the decontamination of phenolic wastewaters.

A study dealing with the use of active carbons as catalysts for
catalytic wet oxidation of phenol was reported [85]. Good results in
both phenol conversion and mineralization were obtained, more-
over, the main intermediate compounds were detected. Short chain
acids, maleic, acetic and formic were detected, while only small
amounts of oxalic acid were found. Besides the high mineralization
of pollutants achieved over these active carbons, leaching of active
phase is avoided, as no metal impregnation is required.

We want to highlight also the use of multi-walled carbon nan-
otubes (MWCNTSs) as catalysts for wet air oxidation of phenol
(Fig. 11) [86]. The MWCNTs modified using HCl or HNO3-H,S04
exhibit high activity and good stability. At 160 °C and oxygen pres-
sure of 2 MPa 100% phenol conversion was achieved after 120 min
of reaction.

4.1.2. Noble metal catalysts

In Table 7, some papers on oxidation of phenol using supported
noble metal catalysts are listed. Among the precious metals used
for phenol oxidation, ruthenium is one of the most studied since 20
years. Preliminary investigations performed 20 years ago, indicated
ruthenium as the most active catalyst among the precious metals
examined and ceria oxide as the most active support [87]. Ru, Pt
and Rh catalysts supported on titania, ceria or active carbon were
studied in the wet air oxidation of phenol and acetic acid under
twenty bar of oxygen. Phenol was easily oxidized at 170°C over
Pt/CeO,, while acetic acid was difficult to oxidize and Ru/C resulted
the most efficient catalyst [88].

In a successive study, Ru/C catalysts promoted, or not, by cerium
were prepared and investigated in catalytic wet air oxidation
(CWADO) of phenol at 160 °C and 20 bar of O, and their performance
(activity, selectivity to intermediate compounds) was compared
with that of a reference Ru/CeO, catalyst [89]. Ru-CeO,/C was
the most active catalyst. However, it must be noticed that a total
mineralization of phenol is never observed and significant differ-
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Fig. 11. Proposed mechanism producing HO,* in the CWAO of phenol over B-MWCNTs [86].

ences, in terms of C3-Cg organic intermediates, were observed
between Ru/CeO, and the Ru carbon supported catalysts. Indeed, on
carbon supported catalysts, the transformation of C3 compounds
into acetic acid was much slower than over Ru/CeO,, leading to a
definite accumulation in solution of C3 compounds. Experiments of
phenol oxidation were performed also over several 1%Ru/5%Ce0O;-
Al, 03 samples, prepared by different methods, at 140°C and 7 atm
of oxygen pressure [90]. Results indicate that performance of
the catalysts is influenced by the preparation method, moreover,
phenol conversions diminished with reaction time, due to the
deposition of carbonaceous solids on the surface and to the trans-
formation of the support into boehmite phase. Ruthenium catalysts
were prepared by impregnation of two different pelletized sup-
ports, CeO, and ZrO,-Ce0O, and studied for phenol oxidation in a
continuous packed-bubble column reactor [91]. At 140°C, under
air pressure of 4 MPa a stable phenol conversion around 100% was
obtained within 100 h of reaction.

Besides Ru, also Pt supported catalysts have received consider-
able attention for phenol oxidation. Wet oxidation of phenol by
air or oxygen was carried out over a Pt/TiO, in a batch reactor
between 150 and 200°C, in the pressure range 34-82atm [92].
Complete oxidation of phenol and almost complete TOC removal
were achieved. Catalytic wet oxidation reactions of aqueous phe-
nol over MnO,/Ce0, catalysts promoted by Pt and Ag were carried
out under mild conditions (80-130°C, 0.5 MPa O,) in a batch slurry

reactor [93]. The effects of Ce addition on the wet oxidation of phe-
nol over two Pt/Al,03 catalysts, prepared by using as precursors
H,PtClg and Pt(NH3)4Cl,, respectively, were investigated [94]. The
Pt catalyst prepared from the former precursor was much more
active than that prepared from the latter, due to a better metal dis-
persion. Ceria addition lowered the activity of this sample, while
improved the activity of the catalyst from Pt(NH3)4Cl,. The cat-
alytic wet oxidation of phenol was also studied using platinum on
graphite support as a catalyst in a slurry phase continuous stirred
tank reactor (CSTR) [95]. The investigation was carried out in the
temperature range 120-180°C and at total pressure of 1.8 MPa, the
oxygen partial pressures varying between 0.01 and 0.8 MPa. It was
found that both the oxygen load and the stoichiometric oxygen
excess determine the extent of oxygen coverage on the platinum
surface, which influences the reaction pathways and selectivity to
CO, and H,O. In a recent paper [96], the synthesis and catalytic
properties of mixed platinum-containing nanoparticles stabilized
in polymeric matrix of hypercrosslinked polystyrene were dis-
cussed. The catalytic system showed high activity, selectivity and
stability in the phenol CWAO. The phenol oxidation was studied
at various catalyst loadings, substrate concentrations and temper-
atures.

Several Pd, Pt, Ru-based catalysts have been used also for the
oxidation of p-chlorophenol. Each reaction has been carried out
at T=180°C and Pp, = 2.6 MPa for 1h (see Table 8) [97]. More-

Table 7
Catalytic wet oxidation of phenol over supported noble metal catalysts
Catalyst Phenol conversion or TOC Conditions References
removal (%)
Ru/CeO, 94.8 (TOC) T=200°C, Pp, =1 MPa, 1h [87]
Pt(1%)/CeO, 100 T=170°C, Po, = 20bar, 4h [88]
Ru/C 85 T=160°C, Po, = 2MPa, 3h [89]
Ru-CeO,/C 99.5 T=160°C, P, =2MPa, 3h [89]
Ru-CeO, 93.8 T=160°C, Po, =2MPa, 3h [89]
Ru/Ce0,-Al, 03, fresh catalysts 24-30, 4-5 T=40°C, Py, = 7atm, 7h,50h [90]
Ru/Zr0,-Ce0, ~100 T=140°C, P,;; =4 MPa, during 100 h [91]
Pt/TiO, 100 T=175°C, P,j; =34 atm, 30 min [92]
PtxAgq_xMnO,/CeO, 80 (TOC) T=80°C, Pp, =0.5MPa, 1h [93]
Pt/Al; 03 prepared by using H,PtClg 100 T=170°C, P,;; =5.05MPa, 2 h; T=200°C, P,;; =5.05MPa, 1h [94]
Pt-graphite 929 T=150°C, Pp, = 1.8 MPa, 1h [95]
MM-HPS-Pt 100 T=95°C, O, flow rate=10"2L/s, 5 h, g(substrate/catalyst [96]

concentration)=27.2 mol/mol
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Table 8
Catalytic wet oxidation of p-chlorophenol [97]

Catalyst TOC removal (%)
Pd/activated carbon 97.5
Pd/AlL, 04 81.8
Pd/CeO, 454
Pt/activated carbon 97.9
Pt/Al; 03 91.2
Pt/Ce0, 50.4
Pt/Pd/Al,05 84.7
Pt/Pd/Ce/Al, 05 68.6
Ru/activated carbon 91.8
Ru/Al,05 72.4
Ru/Ce0, 65.7
MH/A]Z 03 82.5

over, recently, the catalytic wet air oxidation of 2-chlorophenol was
studied over Ru/zirconia and Ru/CexZry_xO, catalysts [94,95]. Ru
loaded zirconia catalysts were found to be active in the catalytic
wet air oxidation (CWAOQ) of 2-chlorophenol (2-CP) at relatively
mild temperature [98]. To optimize the reaction conditions, the
effects of different operating parameters, such as the rotation speed,
the reaction temperature, the total pressure, the initial concen-
tration and the pH of the initial 2-CP solution on the catalytic
activity of 3wt.% Ru/ZrO, were evaluated. The conversion of 2-
CP increases with the pH of the initial 2-CP solution. The effect
of ruthenium precursor, Ru(NO)(NO3)3 and RuCl3 was also inves-
tigated. The same authors also evaluated the activity of 2-CP wet
oxidation over Ru/CexZr;_,0, catalysts [99]. This study represents a
new application of such ruthenium supported catalysts for the cat-
alytic wet air oxidation of 2-CP. The results are promising, exhibiting
Ru/CeyxZri_xO, much better performances compared to Ru/ZrO,
and Ru/CeO,.

4.2. Catalytic wet oxidation of acetic acid

Oxidation of phenol furnishes catechol and hydroquinone,
which could be oxidized to o-benzoquinone and p-benzoquinone,
according to Devlin and Harris (Fig. 2) [88,100]. Further oxidation
of both products gives a complex mixture of carboxylic acids or
salts (depending on pH) which are converted to carbon dioxide and
water. However, these acids/salts are highly refractory to oxida-
tion. For this reason, several studies were carried out on several
carboxylic acids/salts in aqueous solution. Some results about the
catalytic wet oxidation of acetic acid are here briefly reviewed.
Among the first investigations performed over 20 years ago, the
study concerning the complete oxidation of acetic acid over Co-Bi
composite oxides catalysts is worth to be mentioned [101]. Co-Bi
composite oxides with Bi contents of 10-20 mol% exhibited high
activity for the oxidation of acetic acid. Temperature-programmed
desorption experiments showed that the high activity of Co/Bi
oxides for the oxidation of acetic acid was due partly to the strong
affinity of Bi for this molecule. Ceria-containing mixed oxides,
namely CeO5-Zr0O,-CuO and Ce0,-Zr0,-MnOy, were utilized as cat-
alysts in the oxidation of acetic acid. The incorporation of zirconia,
MnOy or CuO into the fluorite structure of ceria strongly enhances
the redox properties and promotes the oxidation activity [102].
The use of ruthenium supported over cerium oxide for wet oxi-
dation of organic compounds, such as acetic acid, was reported
by several authors [87,88,103-106]. Carbon supported ruthenium
catalysts gave a total conversion of acetic acid into carbon diox-
ide between 175 and 200 °C using air as oxidizing agent [103]. The
total oxidation of aqueous solutions of succinic acid (via acetic acid
formation as intermediate) by air was studied in the range of tem-
perature 180-200°C and oxygen partial pressure of 0.3-1.8 MPa
over a rutheniumy/titania catalyst [104]. The beneficial effect of ceria

over ruthenium supported catalysts was investigated in the wet
oxidation of acetic acid over Ru/Ce0O, prepared by different meth-
ods [105]. The activity was ascribed to the high mobile oxygen of
the bond Ru-O-Ce. Ru and Pt catalysts prepared by using sono-
chemical irradiation over mesoporous titania and zirconia oxides
found application for the removal of organic pollutants from model
wastewaters using the wet air oxidation process [106]. Acetic acid
along with succinic and p-coumaric acids was used as target com-
pounds. Ru and Pt catalysts supported over Ce, Zr, Pr-O mixed
oxides have been, recently, investigated for acetic acid wet air oxi-
dation[107,108]. It has been demonstrated that the catalytic activity
depends on the ability of the support to resist to the formation of
carbonates. Ce(CO3)OH species were formed during the CWAO pro-
cess, especially on the catalysts with high oxygen storage capacity
(0SC). It was found that a moderate OSC is required to maintain a
good activity. The effects of metal and oxide crystallite size were
also studied by the same authors over Pt catalysts supported over
cerium-based materials [109]. In particular, the sintering effect of
hydrogen treatment on the catalytic performances was evaluated.
It emerged that the highest conversion of acetic acid in terms of
turnover frequency (TOF) values was achieved over an optimal plat-
inum crystallite size, while there is no correlation between OSC and
catalytic activity of ceria-based catalysts.

Study of CWAO of acetic acid were carried out also utilizing
a monolith froth reactor, working with a two-phase bubble-train
flow within the channels of the monolith and developed at the
University of Tulsa, in USA [110]. The active species was platinum
deposited over the alumina-washcoated channels of the monolith.
The catalyzed monolith froth reactor compares well with other cat-
alytic systems for the acetic acid oxidation, with the advantages of
a monolithic catalyst (lower pressure drop, excellent mechanical
stability, high surface area to volume ratio).

When no noble metal is present, such as for CeO,-TiO, catalysts
prepared by sol-gel method, good activity and stability in the WAO
of acetic acid was observed [111]. The interaction of Ce and Ti affects
the surface structural properties of the mixed oxides, increasing the
activity with respect to pure ceria and titania. The optimal atom
ratio Ce/Ti was found equal to 1.

5. Recent reports on real effluent treatments

Release of natural phenolic compounds from agro-industrial
manufacturing processes may cause environmental pollution.
Wine-distillery, olive oil extraction, table olive debittering, cork
preparation, tomato processing, etc. generate liquid effluents with a
high content of phenolic structures like gallic, protocatechuic, vanil-
lic, syringic, caffeic, and ferulic acids, tyrosol, catechin, etc. In this
section, will be reported several recent examples of real wastewater
treatment using the reported procedure.

Ozonation in the presence and in the absence of perovskite
LaTip15Cupgs03 of three different wastewaters was reported.
Wastewaters were collected from a wine distillery, from the deb-
ittering stage of olives and from an olive mill meant to olive oil
production. Only in the latter case, use of the catalyst gave higher
COD conversion [57].

The wet air oxidation of wastewater from olive oil mills has
been demonstrated to be a feasible process to effectively reduce
the levels of contamination of these effluents. Removal of toxic
phenolic-type compounds is accomplished under relatively mild
conditions of temperature and pressure (180°C and 7.0 MPa total
pressure). As a consequence, the oxidized wastewater shows a
higher degree of biodegradability if compared to the non-treated
wastewater. Experiments completed in the presence of two com-
mercially available catalysts (platinum supported on alumina and
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copper oxide supported on active carbon) showed not only an
improvement in the chemical oxygen demand removal rate but also
a high degree of the mineralization of the wastewater contaminant
load [112].

Catalytic wet air oxidation of olive mill wastewater was also car-
ried out using carbon supported platinum (Pt 1 wt.%) and iridium
(Ir 5wt.%) catalysts prepared by incipient wetness impregnation.
Experiments were performed in a high pressure reactor at 100
and 200°C under an oxygen partial pressure of 6.9 bar. At 100°C,
refractory organic compounds persisted even after prolonged reac-
tion time (8 h). At 200 °C, complete total organic carbon and colour
removal was obtained with the Pt/C catalyst after 8 h of reaction
[113].

Copper and iron-based pillared clays (Cu-PILC, Fe-PILC) were
studied in the wet hydrogen peroxide catalytic oxidation (WHPCO)
of real olive oil milling wastewater. These two catalysts showed
comparable performances, although the activity of the Fe-PILC was
slightly better. After 4 h of reaction, the TOC abatement was about
20%, but it should be taken into account that the initial value was
quite high (28,000 ppm). The poly-phenolic compounds conversion
was about 45% and similar for the two catalysts [27].

Two Cu-silicalite-1 zeolite catalysts were prepared by direct
hydrothermal synthesis (Na)S1 (Cu 2.25 wt.%, Si/Cu 47.1 mol/mol)
and (Na)S2 (Cu 2.34wt.%, Si/Cu 45.3 mol/mol). A Cu-pillared clay
(Cu-AZA) was prepared by pillaring procedure of a clay. These
catalysts were used for wet hydrogen peroxide catalytic oxida-
tion of three samples of olive oil mill wastewaters (OOMW]1, 2,
3). The Cu-silicalite-1 catalysts showed a high catalytic activ-
ity respect to the non-biodegradable compounds (poly-phenol)
and also to the organic substrate. An elevated CODtor abate-
ment was, in fact, observed for both OOMW-1 and OOMW-2.
After a re-calcination treatment, the zeolites were re-used for a
second reaction cycle, and they show good results. A partial cop-
per leaching was observed, but the value of metal concentration
in the treated wastewater can be settled at the accepted limit
(0.4 mgCu/L). The Cu-AZA catalyst showed minor performances in
TOC abatement and in the poly-phenol degradation compared to
zeolitic samples, but it can be re-used for several reaction cycles,
because it showed no copper leaching during the oxidation reac-
tions [114].

(Al-Fe)PILC was used as catalyst for the wet hydrogen perox-
ide photodegradation of real OMW obtained by ultrafiltration of
crude OMW. Almost similar results were obtained compared with
the model OMW. Using 0.5 g/L of catalyst and 0.02 M H,0, under
UV light irradiation for 24 h, TOC removal was 40% and total phenol
removal was 60% [29].

Very recently, an industrial stream-containing phenol, collected
in a naphtha cracking unit of a petrochemical plant, was used to
test the performance of a heterogeneous catalyst obtained from
copper adsorption by an ionic-exchange resin (sulfonated styrene-
divinylbenzene), followed by carbonization [115]. The catalyst was
characterized before and after the catalytic tests by SEM-EDS. The
industrial wastewater, with 60 mg/L phenol, was compared with a
model stream (1000 mg/L phenol). Successive reactions were also
carried out in order to study the catalyst deactivation. The reaction
was performed at 38°C, 1atm, pH 6.5, using a phenol to hydro-
gen peroxide molar ratio of 14. The catalyst was able to remove all
phenol compounds present in both streams. The catalyst did not
show any deactivation in the industrial stream, but deactivated in
the model stream, a fact that can be assigned to the copper leach-
ing, as inferred by SEM-EDS. In the model stream, the high phenol
concentration caused a high production of organic acids, generated
by parallel reactions, which led to copper leaching. The industrial
stream did not show deactivation since the amount of these acids
was too low to leach copper.

6. Summary and conclusions

From the present review the following main results can be sum-
marized:

H,0, is a non-toxic and ecological reactant and in combina-
tion with an opportune catalyst easily decomposes, in a short
period of time, to hydroxyl radicals producing degradation of pol-
lutants. Although H,0, is a relatively costly reactant, catalytic
peroxide oxidation compares very favourably to other catalyzed
processes, which use gaseous oxygen or ozonation. Taking into
account data concerning wet peroxide oxidation of phenol here
reviewed, it can be concluded that the extent of phenol conver-
sion and mineralization achieved are satisfactory. Moreover, very
often the used catalyst could be reused in successive runs, with-
out significant loss of activity, although, depending on the reaction
conditions, pH and temperature, some leaching of metal ions can
occur. Among the numerous researches, some of the most effec-
tive data include the use of a copper-modified zeolite (CuY-5)
prepared by ion-exchange: the results show that the used cata-
lyst entirely eliminated phenol in the range of temperature within
50-80°C and could be reused in successive runs, without signifi-
cant loss of activity [15]. Moreover, the influence of the preparation
methods and the use of Cu/ZSM-5 catalysts were addressed in
a recent paper [16]. It is worth to be mentioned the important
investigation deals with the use of Mg-Al hydrotalcite-like materi-
als (Mg _x)Alx(OH)3(CO3 )xjo-nH2 0 with x=0.33, 0.25 and 0.20) as
supports for the immobilization of Fe(III) tetrasulfonated phthalo-
cyanine (FePcTs) [20]. Among metal-exchanged clays for catalytic
peroxide oxidation the results obtained over extrudates of a Al-Fe
pillared clay catalyst are promising for industrial wastewaters treat-
ments [25-27]. Interesting results have been also obtained using
Fe3*-resins [30,31].

Ozone, a powerful oxidizing agent (under acidic conditions
E(03/05)=2.07V), is effective for the mineralization of refrac-
tory organic compounds. However, it reacts slowly with aromatic
organic compounds and, in many cases, it does not cause the com-
plete oxidation. In presence of a catalyst and or in combination
with UV or H,0,, the ozonation process is more efficient in the
degradation of organic compounds and many studies concern-
ing purification treatment and recovery of polluted water have
been reported. The pH strongly influences ozone decomposition
in aqueous solutions: the higher the pH, the higher the decom-
position of ozone into more reactive species that participate in
the ozonation process. Among some recent investigations on cat-
alytic ozonation, the following should be mentioned: (i) the use of
Co(3 wt.%)/Al;03-Ba0, Co(1 wt.%)/Al;03-Ba0 and Co(1 wt.%)/Al; 03
catalysts for consecutive phenol oxidation reactions [55]. (ii) The
ozonation of phenolic (a mixture of syringic, pyruvic and gallic
acids) wastewaters in the presence of a perovskite type catalyst
LaTig15Cug 8503 [57]. (iii) The catalytic ozonation of oxalic acid over
activated carbon [58].

The wet oxidation (WO), using oxygen or air to completely oxi-
dize organic compounds to carbon dioxide and water, is a clean
process not involving any harmful chemical reagent, however,
being a non-catalytic process, requires high temperature and high
pressure to achieve a complete oxidation in a reasonable amount
of time. The use of a catalyst (CWO) strongly improves the degra-
dation of organic pollutants by using a lesser amount of oxidizing
agent and milder conditions of temperature and pressure. More-
over, the CWO allows the selective removal of a single pollutants or
a group of similar pollutants among a complex mixture. Many effi-
cient transition metal oxides and noble metals catalysts have been
prepared in the last years and several excellent studies on the iden-
tification of the reaction mechanism during CWO of phenol have
been carried out.
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Some of the catalysts recently reported include: (i) multi-walled
carbon nanotubes (MWCNTSs) as catalysts for wet air oxidation
of phenol [86]. At 160°C and oxygen pressure of 2MPa 100%
phenol conversion was achieved after 120 min of reaction. More-
over, it is worth to note that over such systems leaching of active
phase is avoided, as no metal impregnation is required. (ii) Mixed
platinum-containing nanoparticles stabilized in polymeric matrix
of hypercrosslinked polystyrene [96]. The catalytic system showed
high activity, selectivity and stability in the phenol CWAO. (iii)
Ruthenium catalysts prepared by impregnation of two different
pelletized supports, CeO, and ZrO,-Ce0O,, and studied for phe-
nol oxidation in a continuous packed-bubble column reactor [91].
At 140°C, under air pressure of 4 MPa a stable phenol conversion
around 100% was obtained within 100 h of reaction. Moreover, it
was remarked that the Ru/Zr0O,-CeO, catalyst possesses the possi-
bility of practical use. (iv) Ru/zirconia and Ru/CexZr;_4O, catalysts
studied in the catalytic wet air oxidation of 2-chlorophenol [98,99].
Ru loaded zirconia catalysts were found to be active in the catalytic
wet air oxidation (CWAO) of 2-chlorophenol (2-CP) at relatively
mild temperature [98]. Ru/CexZrq_,0O, catalysts were also evaluated
in the activity of 2-CP wet oxidation by the same authors [99]. This
study represents a new application of such ruthenium supported
catalysts for the catalytic wet air oxidation of 2-CP. The results are
promising, exhibiting Ru/CexZr;_xO, much better performances
compared to Ru/ZrO, and Ru/CeO,. (v) Ru and Pt catalysts pre-
pared by using sonochemical irradiation, over mesoporous titania
and zirconia oxides, for the removal of organic pollutants from
model wastewaters using the wet air oxidation process [ 106]. Acetic
acid, succinic and p-coumaric acids were used as target compounds.
(vi) Ru and Pt catalysts supported over Ce, Zr, Pr-O mixed oxides,
recently, investigated for acetic acid wet air oxidation [107,108].
Several of the catalysts reported have been successfully used for
the treatment of real effluents.

The major advantage of the use of heterogeneous catalytic mate-
rials is their easy recovery. Unlike the homogeneous systems, these
solid catalysts can be recuperated by means of a simple separation
operation and reused in the next runs. In this sense, one of the prin-
cipal goals of these types of processes is the development of stable
heterogeneous catalysts with minimal leaching of active species
under the reaction conditions. In many cases, catalysts have been
reused giving reproducible results. Moreover, leaching was low in
the reported catalysts being high only in selected cases [55].

In conclusion, it must be noticed also that integrated processes
which combine catalytic peroxide oxidation with a CWO are suit-
able techniques for the degradation of phenolic pollutants in a
short time and they are economically convenient. Indeed, it was
reported that, using a Fenton pre-treatment with relatively low
H,0, dosage, the CWO can be accomplished efficiently and in mild
conditions [81]. Moreover, taking advantage of both, the high phe-
nol conversions in CWPO and the high phenol mineralization in
CWAO, a CWPO-CWAO sequential treatment was successfully per-
formed over a Fe/AC by using a fixed-bed and trickle-bed reactor
in series [84]. Finally, the use of integrated processes which com-
bine AOPs, as preliminary treatments, with biological treatments
of wastewaters containing refractory compounds are effective to
achieve complete degradation of pollutants and attractive from an
economical point of view. As further development in this field, more
active and robust catalysts, in which metal leaching is absent, will
be highly desirable.

Acknowledgement

The Project “Formazione per la Ricerca” (1999/IT.16.1.PO.
011/3.13/7.2.4/339) POR SICILIA 2000-2006Asse 3 Misura 3.13 is
kindly acknowledged for financial support.

References

[1] A. Venu Vinod, G. Venkat Reddy, Mass transfer correlation for phenol
biodegradation in a fluidized bed bioreactor, J. Hazard. Mater. B 136 (2006)
727-734.

[2] T.G. Danis, T.A. Albanis, D.E. Petrakis, P.J. Promonis, Removal of chlorinated
phenols from aqueous solutions by adsorption on alumina pillared clays and
mesoporous alumina aluminum phosphates, Water Res. 32 (1998) 295-302.

[3] A.Marco, S. Esplugas, G. Saum, How and why combine chemical and biological
processes for wastewater treatment, Water Sci. Technol. 35 (1997) 321-327.

[4] J.G. Lin, Y.S. Ma, Oxidation of 2-chlorophenol in water by ultrasound/Fenton
method, J. Environ. Eng. 126 (2000) 130-137.

[5] M. Tezuka, M. Iwasaki, Plasma induced degradation of chlorophenols in an
aqueous solution, Thin Solid Films 316 (1998) 123-127.

[6] D.M.Willberg, P.S. Lang, R.H. Hochemer, A. Kratel, M.R. Hoffmann, Degradation
of 4-chlorophenol, 3,4-dichloroaniline, and 2,4,6-trinitrotoluene in an electro-
hydraulic discharge reactor, Environ. Sci. Technol. 30 (1996) 2526-2534.

[7] M. Pera-Titus, V. Garcia-Molina, M.A. Bafios, ]. Giménez, S. Esplugas, Degra-
dation of chlorophenol by means of advanced oxidation processes: a general
review, Appl. Catal. B: Environ. 47 (2004) 219-256.

[8] P.Wardman, L.P. Candeias, Fenton chemistry: an introduction, Radiat. Res. 145
(1996) 523-531.

[9] C.Walling, Intermediates in the reactions of Fenton type reagents, Acc. Chem.
Res. 31 (1998) 155-157.

[10] K.Fajerwerg, H. Debellefontaine, Wet oxidation of phenol by hydrogen perox-
ide using heterogeneous catalyst Fe-ZSM-5: a promising catalyst, Appl. Catal.
B: Environ. 10 (1996) L229-1235.

[11] E.V. Kuznetsova, E.N. Savinov, L.A. Vostrikova, V.N. Parmon, Heterogeneous
catalysis in the Fenton-type system FeZSM-5/H, 05, Appl. Catal. B: Environ. 51
(2004) 165-170.

[12] M.R. Maurya, S.J.J. Titinchi, S. Chand, I.M. Mishra, Zeolite-encapsulated Cr(III),
Fe(II), Ni(II), Zn(Il) and Bi(Ill) salpn complexes as catalysts for the decom-
position of Hy0, and oxidation of phenol, J. Mol. Catal. A: Chem. 180 (2002)
201-209.

[13] M. Noorjahan, V. Durga Kumari, M. Subrahmanyam, L. Panda, Immobilized
Fe(Il)-HY: an efficient and stable photo-Fenton catalyst, Appl. Catal. B: Envi-
ron. 57 (2005) 291-298.

[14] G.Ovejero, ].L. Sotelo, F. Martinez,].A. Melero, L. Gordo, Wet peroxide oxidation
of phenolic solutions over different iron-containing zeolitic materials, Ind.
Eng. Chem. Res. 40 (2001) 3921-3928.

[15] S.ZrnCevi¢, Z. Gomzi, CWPO: an environmental solution for pollutant removal
from wastewater, Ind. Eng. Chem. Res. 44 (2005) 6110-6114.

[16] K.Maduna Valkaj, A. Katovic, S. Zrncevi¢, Investigation of the catalytic wet per-
oxide oxidation of phenol over different types of Cu/ZSM-5 catalyst, J. Hazard.
Mater. 144 (2007) 663-667.

[17] G. Centi, S. Perathoner, T. Torre, M.G. Verduna, Catalytic wet oxidation with
H, 0, of carboxylic acids on homogeneous and heterogeneous Fenton-type
catalysts, Catal. Today 55 (2000) 61-69.

[18] K. Zhu, C. Liu, X. Ye, Y. Wu, Catalysis of hydrotalcite-like compounds in lig-
uid phase oxidation: (I) phenol hydroxylation, Appl. Catal. A: Gen. 168 (1998)
365-372.

[19] A. Dubey, V. Rives, S. Kannan, Catalytic hydroxylation of phenol over ternary
hydrotalcites containing Cu, Ni and Al, J. Mol. Catal. A: Chem. 181 (2002)
151-160.

[20] C.A.S. Barbosa, PM. Dias, AM. da, C. Ferreira, V.R.L. Constantino, Mg-Al
hydrotalcite-like compounds containing iron-phthalocyanine complex: effect
of aluminum substitution on the complex adsorption features and catalytic
activity, Appl. Clay Sci. 28 (2005) 147-158.

[21] L. Chirchi, A. Ghorbel, Use of various Fe-modified montmorillonite sample for
4-nitrophenol degradation by H,0,, Appl. Clay Sci. 21 (2002) 271-276.

[22] J.G. Carriazo, E. Guelou, J. Barrault, J.M. Tatibouét, S. Moreno, Catalytic wet per-
oxide oxidation over Al-Cu or Al-Fe modified clays, Appl. Clay Sci. 22 (2003)
303-308.

[23] J.G. Carriazo, E. Guelou, J. Barrault, J.M. Tatibouét, R. Molina, S. Moreno, Cat-
alytic wet peroxide oxidation of phenol by pillared clays containing Al-Ce-Fe,
Water Res. 39 (2005) 3891-3899.

[24] J. Barrault, C. Bouchoule, K. Echachoui, N. Frini-Srasra, M. Trabelsi, F. Bergaya,
Catalytic wet peroxide oxidation (CWPO) of phenol over mixed (Al-Cu)-
pillared clays, Appl. Catal. B: Environ. 15 (1998) 269-274.

[25] J. Guo, M. Al-Dahhan, Catalytic wet oxidation of phenol by hydrogen peroxide
over pillared clay catalyst, Ind. Eng. Chem. Res. 42 (2003) 2450-2460.

[26] J.Barrault, M. Abdellaoui, C. Bouchoule, A. Majesté, ].M. Tatibouét, A. Louloudi,
N. Papayannakos, N.H. Gangas, Catalytic wet peroxide oxidation over mixed
(Al-Fe) pillared clays, Appl. Catal. B: Environ. 27 (2000) L225-1230.

[27] S. Caudo, G. Centi, C. Genovese, S. Perathoner, Copper- and iron-pillared clay
catalysts for the WHPCO of model and real wastewater streams from olive oil
milling production, Appl. Catal. B: Environ. 70 (2007) 437-446.

[28] J. Ménesi, L. Korosi, E. Bazsé, V. Zollmer, A. Richardt, I. Dékany, Photocatalytic
oxidation of organic pollutants on titania-clay composites, Chemosphere 70
(2008) 538-542.

[29] S. Azabou, W. Najjar, A. Gargoubi, A. Ghorbel, S. Sayadi, Catalytic wet peroxide
photo-oxidation of phenolic olive oil mill wastewater contaminants. Part II.
Degradation and detoxification of low-molecular mass phenolic compounds
in model and real effluent, Appl. Catal. B: Environ. 77 (2007) 166-174.



L.F. Liotta et al. / Journal of Hazardous Materials 162 (2009) 588-606 605

[30] R.-M.Liou, S.-H. Chen, M.-Y. Hung, C.-S. Hsu, J.-Y. Lai, Fe(III) supported on resin
as effective catalyst for the heterogeneous oxidation of phenol in aqueous
solution, Chemosphere 59 (2005) 117-125.

[31] R-M. Liou, S.-H. Chen, M.-Y. Hung, C.-S. Hsu, Catalytic oxidation of
pentachlorophenol in contaminated soil suspension by Fe3*-resin/H,0,,
Chemosphere 55 (2004) 1271-1280.

[32] I. Owsik, B. Kolarz, The oxidation of hydroquinone to p-benzoquinone catal-
ysed by Cu(Ill) ions immobilized on acrylic resins with aminoguanidyl groups:
part 1,]J. Mol. Catal. A: Chem. 178 (2002) 63-71.

[33] A.Jakubiak, .A. Owsik, B.N. Kolarz, The oxidation of hydroquinone catalysed
by Cu(lll) ions immobilized on acrylic resins. The influence of ionic liquid,
React. Funct. Polym. 65 (2005) 161-167.

[34] FJ. Beltran, ].M. Encinar, J.F. Gonzélez, Industrial wastewater advanced oxida-
tion. Part 2. Ozone combined with hydrogen peroxide or UV radiation, Water
Res. 31 (1997) 2415-2428.

[35] M. Shiraga, T. Kawabata, D. Li, T. Shishido, K. Komaguchi, T. Sano, K. Takehira,
Memory effect-enhanced catalytic ozonation of aqueous phenol and oxalic
acid over supported Cu catalysts derived from hydrotalcite, Appl. Clay Sci. 33
(2006) 247-259.

[36] A. Adel, 1. Azni, S. Katayon, T.G. Chuah, Treatment of textile wastewater by
advanced oxidation processes. A review, Global Nest: Int. ]. 6 (2004) 222-230.

[37] R. Andreozzi, V. Caprio, A. Insola, R. Marotta, Advanced oxidation processes
(AOP) for water purification and recovery, Catal. Today 53 (1999) 51-59.

[38] L. Li, P. Zhang, W. Zhu, W. Han, Z. Zhang, Comparison of O3-BAC, UV/O3-BAC
and TiO, /UV/03-BAC processes for removing organic pollutants in secondary
effluents, J. Photochem. Photobiol. A: Chem. 171 (2005) 145-151.

[39] T.E. Agustina, H.M. Ang, V.K. Vareek, A review of synergistic effect of photo-
catalysis and ozonation on wastewater treatment, J. Photochem. Photobiol. C:
Photochem. Rev. 6 (2005) 264-273.

[40] O. Gimeno, M. Carbajo, FJ. Beltran, EJ. Rivas, Phenol and substituted phenols
AOPs remediation, J. Hazard. Mater. B 119 (2005) 99-108.

[41] KL Abe, K. Tanaka, Degradation of phenol, asulam and lignin in aqueous solu-
tion by ozonation, Toxicol. Environ. Chem. 54 (1996) 187-193.

[42] C. Gottschalk, J.A. Libra, A. Saupe, Ozonation of Water and Waste Water. A
Practical Guide To Understanding Ozone and Its Application, Wiley, Weinheim,
Germany, 2000.

[43] S.T. Hu, Y.H. Yu, Preozonation of chlorophenolic wastewater for subsequent
biological treatment, Ozone Sci. Eng. 16 (1994) 13-28.

[44] C.Canton, S. Esplugas, ]. Casado, Mineralization of phenol in aqueous solution
by ozonation using iron or copper salts and light, Appl. Catal. B: Environ. 43
(2003) 139-149.

[45] J. Hoigné, in: J. Hrubee (Ed.), The Handbook of Environmental Chemistry,
Quality and Treatment of Drinking Water I, vol. 5, part C, Springer, Berlin,
1998.

[46] C.G.Hewes,R.R.Davison, Renovation of wastewater by ozonation, AIChE Symp.
Ser. 69 (1972) 71-79.

[47] B. Legube, N. Karpel Vel Leitner, Catalytic ozonation: a promising advanced
oxidation technology for water treatment, Catal. Today 53 (1999) 61-72.

[48] R. Andreozzi, V. Caprio, A. Insola, R. Marotta, V. Tufano, Kinetics of oxalic acid
ozonation promoted by heterogeneous MnO, catalysis, Ind. Eng. Chem. Res.
36 (1997) 4774-4778.

[49] C. Cooper, R. Burch, An investigation of catalytic ozonation for the oxida-
tion of halocarbons in drinking water preparation, Water Res. 33 (1999)
3695-3700.

[50] J. Villasefior, P. Reyes, G. Pecchi, Catalytic and photocatalytic ozonation of
phenol on MnO,; supported catalysts, Catal. Today 76 (2002) 121-131.

[51] T.L. Rakitskaya, A.A. Ennan, L.V. Granatyuk, A.Yu. Bandurko, G.G.A. Balavoine,
Yu.V. Geletii, V.Ya. Paina, Kinetics and mechanism of low-temperature ozone
decomposition by Co-ions adsorbed on silica, Catal. Today 53 (1999) 715-723.

[52] P. Konova, M. Stoyanova, A. Naydenov, St. Christoskova, D. Mehandjiev, Cat-
alytic oxidation of VOCs and CO by ozone over alumina supported cobalt oxide,
Appl. Catal. A: Gen. 298 (2006) 109-114.

[53] J. Lin, T. Nakajima, T. Jomoto, K. Hiraiwa, Effective catalysts for wet oxidation
of formic acid by oxygen and ozone, Ozone Sci. Eng. 22 (2000) 241-247.

[54] EJ. Beltran, EJ. Rivas, R. Montenero-de-Espinosa, Ozone-enhanced oxidation
of oxalic acid in water with cobalt catalysts. 2. Heterogeneous catalytic ozona-
tion, Ind. Eng. Chem. Res. 42 (2003) 3218-3224.

[55] M. Gruttadauria, L.F. Liotta, G. Di Carlo, G. Pantaleo, G. Deganello, P. Lo Meo, C.
Aprile, R. Noto, Oxidative degradation properties of Co-based catalysts in the
presence of ozone, Appl. Catal. B: Environ. 75 (2007) 281-289.

[56] LF Liotta, G. Di Carlo, G. Pantaleo, A.M. Venezia, G. Deganello, Co304/CeO,
composite oxides for methane emissions abatement: relationship between
Co304-Ce0, interaction and catalytic activity, Appl. Catal. B: Environ. 66
(2006) 217-227.

[57] M. Carbajo, FJ. Beltran, O. Gimeno, B. Acedo, EJ. Rivas, Ozonation of pheno-
lic wastewater in the presence of a perovskite type catalyst, Appl. Catal. B:
Environ. 74 (2007) 203-210.

[58] P.C.C. Faria, J.J. Orfio, M.ER. Pereira, Activated carbon catalytic ozonation of
oxamic and oxalic acids, Appl. Catal. B: Environ. 79 (2008) 237-243.

[59] EJ. Zimmerman, Wet air oxidation of hazardous organics in wastewater, U.S.
Patent No. 2,665,249 (1950).

[60] S.K.Bhargava, J. Tardio, J. Prasad, K. Foger, D.B. Akolekar, S.C. Grocott, Wet oxi-
dation and catalytic wet oxidation, Ind. Eng. Chem. Res. 45 (2006) 1221-1258.

[61] S.Imamura, Catalytic and noncatalytic wet oxidation, Ind. Eng. Chem. Res. 38
(1999) 1743-1753.

[62] A. Alejandre, F. Medina, X. Rodriguez, P. Salagre, Y. Cesteros, J.E. Sueiras,
Cu/Ni/Al layered double hydroxides as precursors of catalysts for the wet
air oxidation of phenol aqueous solutions, Appl. Catal. B: Environ. 30 (2001)
195-207.

[63] J. Levec, Catalytic oxidation of toxic organics in aqueous solution, Appl. Catal.
63 (1990) L1-L5.

[64] A.Pintar,]. Levec, Catalytic oxidation of organics in aqueous solutions: I. Kinet-
ics of phenol oxidation, J. Catal. 135 (1992) 345-357.

[65] J.F. Akyurtlu, A. Akyurtlu, S. Kovenklioglu, Catalytic oxidation of phenol in
aqueous solutions, Catal. Today 40 (1998) 343-353.

[66] A. Pintar, ]. Levec, Catalytic liquid-phase oxidation of phenol aqueous solu-
tions. A kinetic investigation, Ind. Eng. Chem. Res. 33 (1994) 3070-3077.

[67] A.Fortuny, C. Ferrer, C. Bengoa, J. Font, A. Fabregat, Catalytic removal of phenol
from aqueous phase using oxygen or air as oxidant, Catal. Today 24 (1995)
79-83.

[68] S. Hamoudi, F. Larachi, A. Sayari, Wet oxidation of phenolic solutions over
heterogeneous catalysts: degradation profile and catalyst behavior, J. Catal.
177 (1998) 247-258.

[69] A. Fortuny, C. Bengoa, J. Font, A. Fabregat, Bimetallic catalysts for continuous
catalytic wet air oxidation of phenol, ]. Hazard. Mater. B 64 (1999) 181-193.

[70] S.Hocevar, U.0. KraSovec, B. Orel, A.S. Arico, CWO of phenol on two differently
prepared CuO-CeO, catalysts, Appl. Catal. B: Environ. 28 (2000) 113-125.

[71] Q. Wu, X. Hu, P.L. Yue, X.S. Zhao, G.Q. Lu, Copper/MCM-41 as catalyst for the
wet oxidation of phenol, Appl. Catal. B: Environ. 32 (2001) 151-156.

[72] H. Chen, A. Sayari, A. Adnot, F. Larachi, Composition-activity effects of
Mn-Ce-0 composites on phenol catalytic wet oxidation, Appl. Catal. B: Envi-
ron. 32 (2001) 195-204.

[73] S.S. Lin, D.J. Chang, C.-H. Wang, C.C. Chen, Catalytic wet air oxidation of phe-
nol by CeO, catalyst—effect of reaction conditions, Water Res. 37 (2003)
793-800.

[74] L-P.Chen, S.-S. Lin, C.-H. Wang, L. Chang, ].-S. Chang, Preparing and character-
izing an optimal supported ceria catalyst for the catalytic wet air oxidation of
phenol, Appl. Catal. B: Environ. 50 (2004) 49-58.

[75] L. Chang, L-P. Chen, S.-S. Lin, An assessment of the suitable operating
conditions for the CeO,/y-Al,03 catalyzed wet air oxidation of phenol,
Chemosphere 58 (2005) 485-492.

[76] L.-P. Chen, S.-S. Lin, C.-H. Wang, S.-H. Chang, CWAO of phenol using
CeO,/vy-Al, 03 with promoter—effectiveness of promoter addition and catalyst
regeneration, Chemosphere 66 (2007) 172-178.

[77] J. Guo, M. Al-Dahhan, Kinetics of wet air oxidation of phenol over a novel
catalyst, Ind. Eng. Chem. Res. 42 (2003) 5473-5481.

[78] A. Quintanilla, J.A. Casas, J.A. Zazo, A.F. Mohedano, ].J. Rodriguez, Wet air oxi-
dation of phenol at mild conditions with a Fe/activated carbon catalyst, Appl.
Catal. B: Environ. 62 (2006) 115-120.

[79] A. Quintanilla, ].A. Casas, A.F. Mohedano, ].J. Rodriguez, Reaction pathway of
the catalytic wet air oxidation of phenol with a Fe/activated carbon catalyst,
Appl. Catal. B: Environ. 67 (2006) 206-216.

[80] S. Yang, W. Zhu, ]. Wang, Z. Chen, Catalytic wet air oxidation of phenol over
Ce0,-TiO, catalyst in the batch reactor and the packed-bed reactor, J. Hazard.
Mater. 153 (2008) 1248-1253.

[81] A.Santos, P. Yustos, S. Rodriguez, E. Simon, F. Garcia-Ochoa, Abatement of phe-
nolic mixtures by catalytic wet oxidation enhanced by Fenton’s pretreatment:
effect of H,0, dosage and temperature, ]. Hazard. Mater. 146 (2007) 595-601.

[82] A. Santos, P. Yustos, S. Rodriguez, F. Garcia-Ochoa, Wet oxidation of phe-
nol, cresols and nitrophenols catalyzed by activated carbon in acid and basic
media, Appl. Catal. B: Environ. 65 (2006) 269-281.

[83] J.A. Zazo, ].A. Casas, A.F. Mohedano, M.A. Gilarranz, ].J. Rodriguez, Chemical
pathway and kinetic of phenol oxidation by Fenton’s reagent, Environ. Sci.
Technol. 39 (2005) 9295-9302.

[84] A. Quintanilla, A.F. Fraile, ].A. Casas, ].J. Rodriguez, Catalytic wet oxidation of
phenol on active carbon: stability, phenol conversion and mineralization, J.
Hazard. Mater. 146 (2007) 582-588.

[85] A. Santos, P. Yustos, T. Cordero, S. Gomis, S. Rodriguez, F. Garcia-Ochoa, Cat-
alytic wet oxidation of phenol on active carbon: stability, phenol conversion
and mineralization, Catal. Today 102-103 (2005) 213-218.

[86] S. Yang, X. Li, W. Zhu, J. Wang, C. Descorme, Catalytic activity, stability and
structure of multi-walled carbon nanotubes in the wet air oxidation of phenol,
Carbon 46 (2008) 445-452.

[87] S. Imamura, I. Fukuda, S. Ishida, Wet oxidation catalyzed by ruthenium sup-
ported on cerium(IV) oxides, Ind. Eng. Chem. Res. 27 (1988) 718-721.

[88] D. Duprez, F. Delanoég, J. Barbier Jr., P. Isnard, G. Blanchard, Catalytic oxidation
of organic compounds in aqueous media, Catal. Today 29 (1996) 317-322.

[89] L. Oliviero, J. Barbier Jr., D. Duprez, A. Guerrero-Ruiz, B. Bachiller-Baeza, 1.
Rodriguez-Ramos, Catalytic wet air oxidation of phenol and acrylic acid over
Ru/C and Ru-Ce0,/C catalysts, Appl. Catal. B: Environ. 25 (2000) 267-275.

[90] P.Massa, F.Ivorra, P. Haure, F. Medina Cabello, R. Fenoglio, Catalytic wet air oxi-
dation of phenol aqueous solutions by 1% Ru/Ce0,-Al, 03 catalysts prepared
by different methods, Catal. Commun. 8 (2007) 424-428.

[91] J.Wang, W.Zhu, S. Yang, W. Wang, Y. Zhou, Catalytic wet air oxidation of phenol
with pelletized ruthenium catalysts, Appl. Catal. B: Environ. 78 (2008) 30-37.

[92] B.M.Clayton, A. Aydin, Catalytic wet oxidation of phenol over a Pt/TiO catalyst,
Water Res. 31 (1997) 3116-3124.

[93] S.Hamoudi, A. Sayari, K. Belkacemi, L. Bonneviot, F. Larachi, Catalytic wet oxi-
dation of phenol over PtyAg;_,MnO,/CeO, catalysts, Catal. Today 62 (2000)
379-388.



606 L.F. Liotta et al. / Journal of Hazardous Materials 162 (2009) 588-606

[94] S.-K. Kim, S.-K. Ihm, Effects of Ce addition and Pt precursor on the activity of
Pt/Al, O3 catalysts for wet oxidation of phenol, Ind. Eng. Chem. Res. 41 (2002)
1967-1972.

[95] Z.P.G. Masende, B.F.M. Kuster, KJ. Ptasinski, FJ.J.G. Janssen, J.H.Y. Katima, J.C.
Schouten, Platinum catalysed wet oxidation of phenol in a stirred slurry reac-
tor. The role of oxygen and phenol loads on reaction pathways, Catal. Today
79-80 (2003) 357-370.

[96] V.Yu. Doluda, E.M. Sulman, V.G. Matveeva, M.G. Sulman, N.V. Lakina, A.L
Sidorov, P.M. Valetsky, L.M. Bronstein, Kinetics of phenol oxidation over hyper-
crosslinked polystyrene impregnated with Pt nanoparticles, Chem. Eng. J. 134
(2007) 256-261.

[97] J. Qin, Q. Zhang, K.T. Chuang, Catalytic wet oxidation of p-chlorophenol over
supported noble metal catalysts, Appl. Catal. B: Environ. 29 (2001) 115-123.

[98] N.Li, C. Descorme, M. Besson, Catalytic wet air oxidation of aqueous solution
of 2-chlorophenol over Ru/zirconia catalysts, Appl. Catal. B: Environ. 71 (2007)
262-270.

[99] N. Li, C. Descorme, M. Besson, Catalytic wet air oxidation of 2-chlorophenol
over Ru loaded CeyxZr_50, solid solutions, Appl. Catal. B: Environ. 76 (2007)
92-100.

[100] H. Devlin, I. Harris, Mechanism of the oxidation of aqueous phenol with dis-
solved oxygen, Ind. Eng. Chem. Fund. 23 (1984) 387-392.

[101] S. Imamura, H. Matsushige, N. Kawabata, T. Inui, Y. Takegami, Oxidation of
acetic acid on Co-Bi composite oxide catalysts, J. Catal. 78 (1982) 217-224.

[102] C.deLeitenburg, D.Goi, A. Primavera, A. Trovarelli, G. Dolcetti, Wet oxidation of
aceticacid catalyzed by doped ceria, Appl. Catal. B: Environ. 11 (1996) L29-L35.

[103] P.Gallezot,S.Chaumet, A. Perrard, P.Isnard, Catalytic wet air oxidation of acetic
acid on carbon-supported ruthenium catalysts, J. Catal. 168 (1997) 104-109.

[104] J.-C. Béziat, M. Besson, P. Gallezot, S. Durécu, Catalytic wet air oxidation of
carboxylic acids on TiO,-supported ruthenium catalysts, J. Catal. 182 (1999)
129-135.

[105] S. Hosokawa, H. Kanai, K. Utani, Y. Taniguchi, Y. Saito, S. Imamura, State of
Ru on CeO, and its catalytic activity in the wet oxidation of acetic acid, Appl.
Catal. B: Environ. 45 (2003) 181-187.

[106] N. Perkas, D.P. Minh, P. Gallezot, A. Gedanken, M. Besson, Platinum and ruthe-
nium catalysts on mesoporous titanium and zirconium oxides for the catalytic
wet air oxidation of model compounds, Appl. Catal. B: Environ. 59 (2005)
121-130.

[107] J. Mikulova, S. Rossignol, ]. Barbier Jr., D. Duprez, C. Kappenstein, Characteri-
zations of platinum catalysts supported on Ce, Zr, Pr-oxides and formation of
carbonate species in catalytic wet air oxidation of acetic acid, Catal. Today 124
(2007) 185-190.

[108] J. Mikulov4, S. Rossignol, J. Barbier Jr., D. Mesnard, C. Kappenstein, D. Duprez,
Ruthenium and platinum catalysts supported on Ce, Zr, Pr-O mixed oxides
prepared by soft chemistry for acetic acid wet air oxidation, Appl. Catal. B:
Environ. 72 (2007) 1-10.

[109] J. Mikulova, ]. Barbier Jr., S. Rossignol, D. Mesnard, D. Duprez, C. Kappenstein,
Wet air oxidation of acetic acid over platinum catalysts supported on cerium-
based materials: influence of metal and oxide crystallite size, ]J. Catal. 251
(2007) 172-181.

[110] A.A. Klinghoffer, R.L. Cerro, M.A. Abraham, Catalytic wet oxidation of acetic
acid using platinum on alumina monolith catalyst, Catal. Today 40 (1998)
59-71.

[111] S. Yang, W. Zhu, Z. Jiang, Z. Chen, J. Wang, The surface properties and the
activities in catalytic wet air oxidation over CeO,-TiO, catalysts, Appl. Surf.
Sci. 252 (2006) 8499-8505.

[112] FJ. Rivas, EJ. Beltran, O. Gimeno, B. Acedo, Wet air oxidation of wastewater
from olive oil mills, Chem. Eng. Technol. 24 (2001) 415-421.

[113] H.T. Gomes, J.L. Figueiredo, J.L. Faria, Catalytic wet air oxidation of olive mill
wastewater, Catal. Today 124 (2007) 254-259.

[114] G. Giordano, S. Perathoner, G. Centi, S. De Rosa, T. Granato, A. Katovic, A. Sicil-
iano, A. Tagarelli, F. Tripicchio, Wet hydrogen peroxide catalytic oxidation of
olive oil mill wastewaters using Cu-zeolite and Cu-pillared clay catalysts, Catal.
Today 124 (2007) 240-246.

[115] J.M. Britto, S. Botelho de Oliveira, D. Rabelo, M. do Carmo Ranger, Catalytic wet
peroxide oxidation of phenol from industrial wastewater on activated carbon,
Catal. Today 133-135 (2008) 582-587.



	Heterogeneous catalytic degradation of phenolic substrates: Catalysts activity
	Introduction
	Catalytic wet peroxide oxidation
	Metal-exchanged zeolites
	Hydrotalcite-like compounds
	Metal-exchanged clays
	Metal-exchanged resins

	Catalytic ozonation
	Some recent investigations on catalytic ozonation

	Catalytic wet oxidation (CWO)
	Catalytic wet oxidation of phenol
	Transition metal oxides
	Noble metal catalysts

	Catalytic wet oxidation of acetic acid

	Recent reports on real effluent treatments
	Summary and conclusions
	Acknowledgement
	References


