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The pressing need to prevent further damages to environment and deterioration of natural resources
urges a global effort to shift from the current money-making industrial policies to a sustainable develop-
ment pattern. This requires an easy availability of handy and economical technologies for depollution
of gas and liquid wastes, “green” industrial manufacturing processes and “zero-emission” energy supply
systems. In this context the purification and reuse of industrial wastewaters represents a very critical
environmental issue because of the global freshwater shortage, the continuing water resources depletion,
and the increasing pollutants release. In this context, the heterogeneous catalytic wet air oxidation
(CWADO) is nowadays considered the most promising technology for large-scale application to detoxifica-
tion of noxious wastewaters, provided that robust, effective and cost-effective catalysts are available.
Then, this work provides an overview of mechanistic and kinetic issues of the homogeneous and heter-
ogeneous CWAQO of several classes of industrial pollutants, at basis of recent advances on design and
development of supported noble metal and oxide catalysts.

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

Since more than two decades the issue of wastewater detoxifi-

continuous resources depletion and pollutants emission, while ca.
1 billion people globally lack access to safe water supplies and
ca. 2.6 billion are without access to basic sanitation, particularly

cation has become a topic of major concern, pressed by a con-
stantly increasing world population and the consequent growth
of agricultural and industrial activities, currently accounting for
more than 90% of global freshwater consumption [1]. This implies
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in the least developed regions of Asia, Central and South America,
and Africa [1]. Considering that the lack of clean-water accessibil-
ity causes almost one-tenth of diseases worldwide, the improve-
ment of the quality of drinking water and the reduction of water
contamination are very challenging issues, worthy of a global busi-
ness exceeding $93 billion in 2016 [2].

Among the existing technologies nowadays available for waste-
water purification, the conventional biological treatment is the
most used, despite it requires large volumes and long residence
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times and is not feasible for wastewaters containing microbial-
growth inhibiting compounds. Alternative processes like Adsorp-
tion, Advanced Oxidation (AOP), and Incineration are suitable only
for small-scale applications because of high costs and complexity
[3-7], whereas the heterogeneous catalytic wet air oxidation
(CWADO) offers high versatility and efficiency in the abatement of
various classes of industrial pollutants and remarkable economy-
scale advantages [7-11]. Then, a big scientific and technological
concern is devoted worldwide at discovering robust, cheap, and
efficient solid catalysts, ensuring the mineralization (i.e., total oxi-
dation) of toxic and recalcitrant polluting compounds to water,
carbon dioxide and nitrogen, at mild reaction conditions [5-7,9].

Despite preliminary treatments, like heavy metals precipitation,
to avoid poisoning phenomena, stability and lifetime of CWAO cat-
alysts are affected by the severe operating conditions, due to the
strong oxidizing aqueous reaction medium, often acidic, containing
complex mixtures of inorganic and organic substances, which
cause poisoning, sintering, fouling, overoxidation, and leaching phe-
nomena [7-9,12,13]. In particular, the active phase leaching
remains the most remarkable drawback of metal oxide catalysts
[12,14-18] that, besides causing deactivation and secondary pollu-
tion problems, enables a homogeneous reaction path, often disguis-
ing the reactivity pattern of solid catalysts [19-23]. Hence, current
CWAQO catalyst formulations mostly include either noble-metals
like Pt, Pd, and Ru [6,7,9,12,13], or MnO, species, as the active
phase [6-9,12,13,24-31], in combination with oxide promoters,
the most common of which is ceria [3,6-8,12]. As catalyst carrier,
ceria ensures a high chemical resistance under CWAO conditions
also promoting the total oxidation functionality because of its
enhanced redox behavior, well-known as the “oxygen storage
capacity” (OSC).

Apart from such basic features, the latest advances in catalyst
development rely on recent mechanistic studies of several model
compounds like phenol, carboxylic acids, and ammonia which
highlighted the pathway of heterogeneous CWAO processes and
some basic relationships among structure, activity, selectivity
and stability for both noble-metal and metal oxide catalysts
[24,27,28,30,31].

Therefore, this work is aimed at providing an overview of the
reactivity pattern of homogeneous and heterogeneous CWAO cat-
alysts and the relative mechanistic clues at basis of recent
advances on catalysts development.

2. Homogeneous “free-radical” or heterogeneous “surface” L-H
path?

An accurate knowledge of the reaction mechanism of catalytic
reactions represents a fundamental step in the way of catalyst
optimization and process development [7-10,13]. However,
multi-phase nature of the CWAO process and various physical
and chemical phenomena, affecting at once activity, selectivity,
and stability of solid catalysts, render this goal particularly difficult
[12]. In fact, a comprehensive understanding of the reaction paths
implies a systematic characterization of the overall reaction sys-
tem, including: (i) the liquid phase, to get information on sub-
strate-TOC conversion, selectivity and metal leaching; (ii) the gas
phase, to probe the formation of gaseous species (i.e., CO,, VOC’s);
and (iii) the solid phase, to monitor state and modifications of the
catalytic system during and after the CWAO process [25,27,31-
37]. Indeed, uncontrolled metal leaching phenomena, often
promoting parallel homogeneous reaction paths, the lack of
systematic studies on mechanism and kinetics, coupled to a
routine detection of C1-C2 acidic intermediates, were taken as
evidences of an unchanging free-radical autocatalytic path, driven
by either homogeneous or heterogeneous CWAO catalysts [4-

8,14,15,20,21,23,25-27,38,39]. This led to speculate that solid cat-
alysts enhance the efficiency of radical formation, according to a
surface-assisted homogeneous path [4,8,20,21,23,27,28,38,39],
whilst recent studies stress the key role of surface adsorption on
the working mechanism of heterogeneous catalysts [13,22,23,25-
28,30,32,33,40,41] that reflects in a reactivity pattern markedly
different from that observed in homogeneous CWAQO processes
[31,42].

2.1. Homogeneous catalysis

The main mechanistic clues of the homogeneous autocatalytic
free-radical path are evident from the wet air oxidation data of phe-
nol in absence of catalyst (Fig. 1). These consist of an initial very
low rate of phenol conversion followed by a faster kinetic regime,
and a considerably lower extent of TOC abatement (Fig. 1A),
accompanied by an extensive formation of numerous intermedi-
ates (Fig. 1B), confirming the occurrence of a poorly efficient and
unselective radical reaction network [4,6-8,14,15,43]. In fact, a
slow rate of conversion matches the initial production of oxygen-
radicals driving the primary oxidation of phenol to catechol and
hydroquinone (initiation step) that are further oxidized to benzo-
quinones; in turn, the high intrinsic reactivity of benzoquinones
[4,8,44-47] speeds up the radical-chain propagation favoring the
unselective rupture of the aromatic ring with the consequent for-
mation of refractory C1-C4 intermediate species (propagation step),
accounting for the final slow kinetic regime of the termination step:

CsH50H + O° — CsHgO, (dihydroxyl-benzenes) @)
Cs¢HgO, + O° — CsH40,(benzoquinones) + H,0 (b)
CsH40, + 2HO® — 2C5H;30; (acrylic acid) (©)

C5H402 +2HO*® +20° — C4H302 + C2H30£ (maleic
+ acetic acids) (d)

CsH40, + 60° — C4H30, + C;0,H™ (maleic + oxalic acids) (e)
CsH40; + 2HO® + 80° — 6HCOO ™ (formic acid) ()

CsH40, + 120" — 6CO;, + 2H,0 (g)

A poor mineralization efficiency of the non-catalytic homoge-
neous radical path is evident from a huge formation of C1-C4 car-
boxylic acids, despite also the formation of heavy polymeric
species is evident from the final brownish color of the reacting
solution [48].

Although homogeneous Fe**, Mn?* and Cu?* catalysts (5 ppm)
markedly improve the rate of the CWAO process, typical “S-
shaped” phenol conversion curves (Fig. 2), and the formation of
many reaction intermediates (Table 1) confirm all the essential fea-
tures of the free-radical autocatalytic pathway. In particular, Cu?* is
the most effective catalyst prompting a full phenol conversion in
ca. 2 h after a very short induction time, while Fe** and Mn?* cat-
alysts drive a complete conversion of the substrate in 4 and 6 h
respectively, after an induction time comparable to that of the
blank test. Despite a final production of acetic acid comparable to
that of the other catalysts [4,6-8,13,44,45,47,49], the superior effi-
ciency of Cu?* is also evident from higher CO, selectivity at
expense of C3-C4 intermediates (Table 1) [4-8]. In fact, the differ-
ent catalytic behavior of Fe, Mn and Cu ions has been explained by
different redox potentials controlling the rate of the catalyst-sub-
strate-oxygen electron transfer-exchange process [43,44,47,50].
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Fig. 1. Wet air oxidation (blank test) data of phenol at 150 °C. (A) concentration and conversion of phenol and TOC; A’) C-mass balance; (B) concentration of reaction
intermediates and B’) formation rate of the various intermediates (Adapted from Ref. [31]. Copyright 2010 with permission from Elsevier).

2.2. Heterogeneous catalysts

Since the nineties Cu-based catalysts have been the topic of
numerous investigations because of a remarkable performance in
the CWAO of various model compounds [9,14-17]; nevertheless,
metal leaching was immediately recognized as a major drawback
for catalyst stability and secondary pollution phenomena [12].
Attempts to improve the chemical resistance of heterogeneous
Cu catalysts were substantially unsuccessful [16,20,21,51,52],
while the influence of leaching on their CWAO pattern was for
longtime undervalued [14,15]. By contrast, systematic studies on
the physico-chemical properties and dissolution rate of various
copper supported systems revealed a close relationship between
activity and extent of leaching [14,15], which is evident from the
activity data of a co-precipitated CuCeO, catalyst in the range of
130-170 °C (Fig. 3). A temperature increase causes a considerable
shortening of the induction time and an acceleration of phenol
conversion with the consequent formation of acidic intermediates
accounting for a marked decrease of pH [4,8,14,17,20,21,53-58]; in
turn the acidic pH favors a progressive dissolution of the active
phase that further accelerates phenol and TOC conversion. These
trends are fixed by some peculiar relationships among pH, leaching
and conversion, shown in Fig. 4. In particular, Fig. 4A documents
the crucial effect of pH on the dissolution of Cu ions that, in turn,
speed up the conversion rate of phenol and TOC via a parallel
homogeneous free-radical path (Fig. 4B) [14,15,53,56].

Efforts to counteract Cu leaching by the enhancement of the
metal-support interaction strength were not particularly encour-
aging [12,18], while the insulation of Cu particles by a thin PTFE
hydrophobic film improves the resistance to leaching, but it
strongly depresses the CWAO performance of a Cu/Al,O5 catalyst
[51,52]. Alternatively neutral or alkaline-buffered solutions pre-
vent an extensive dissolution of the active phase, even if this
reflects in a remarkable activity decrease and the formation of
more refractory and/or toxic reaction intermediates [14-
17,47,53,55].

Likewise, Fe-based catalysts feature a CWAO pattern strongly
influenced by the leaching of the active phase [12,44,59]; in fact,
supported iron systems are mostly used in combination with
hydrogen peroxide at low temperature in the attempt of immobi-
lizing the Fe cations for AOP (i.e., Fenton) processes [44,59-62].

The above drawbacks are ultimately overcome by noble-metal
or MnO,-based systems, representing to date the most promising
classes of heterogeneous CWAO catalysts. In particular, hindering
any contribution of dissolved metal ions, the lack of significant
leaching phenomena reflects in a catalytic pattern, diagnostic of a
quite different reaction mechanism [12].

The reactivity pattern of a typical MnCeO, catalyst (Mn/Ce, 1) in
the CWAO of phenol (Fig. 5) shows, in fact, the following peculiar
features: (i) the lack of any induction time irrespective of tempera-
ture (110-150°C); (ii) analogous substrate and TOC conversion
trends, and (iii) very fast reaction kinetics, leading to a complete
purification of the reacting solution in a very short time (10-
20 min). An immediate CO, release indicates the lack of induction
time also for the mineralization process, although its rate increases
markedly with temperature, resulting in final CO, selectivity val-
ues rising from 20% (110 °C) to 85% (150 °C), respectively. Then,
the heterogeneous CWAO proceeds via a very “clean” reaction
path, although CO, selectivity values systematically lower than
TOC conversion (Fig. 5) signals a gap in C-mass balance [27-29],
which is explained by the TGA-DSC characterization data of the
used catalyst samples (Fig. 6). Significant weight losses are associ-
ated to proportional exothermic signals in the range of 150-300 °C,
denoting the occurrence of a combustion process of adsorbed C-
containing species, to an extent bridging the Xoc-Scox gap at dif-
ferent temperature (Fig. 6A) and time (Fig. 6B). Proving that the
TOC abatement is not a measure of the mineralization efficiency
of heterogeneous CWAO catalysts, the inverse relationship
between weight loss and CO, selectivity indicates that the reactiv-
ity pattern of the MnCeO, catalyst mirrors a fast adsorption of the
substrate leading to a simultaneous abatement of TOC, while a
much slower oxidation rate of the adsorbed species leading to
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Fig. 2. Homogeneous CWAO of phenol at 150 °C with Cu?* (A) Fe** (B) and Mn?* (C)
catalysts (5 ppm). Phenol and TOC conversion and pH vs. reaction time (Adapted
from Ref. [31] Copyright 2010 with permission from Elsevier).

CO, (mineralization) and minor amounts of C1-C2 acids (partial oxi-
dation) is likely the rate limiting step (r.Ls.) of the heterogeneous
CWAQO process [25,27,28,32,37].

A typical noble-metal catalyst (5% Pt/Ce0O,) features a similar
reactivity pattern in the CWAO of phenol, although a worse perfor-
mance is evident from slower conversion and mineralization rates,
mostly at lower catalyst-to-substrate ratios (Table 2) [42].

These evidences are consistent with a typical surface Langmuir-
Hinshelwood reaction mechanism (Scheme 1) that, besides

Table 1
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accounting for a very “clean” activity pattern, explains the strong
tendency of heterogeneous systems to undergo deactivation by
C-species (i.e., fouling) generated by side surface reaction(s) [23-
28,34-36,42].

The remarkable differences of the homogeneous and heteroge-
neous CWAO processes are definitively fixed by the activity-selec-
tivity relationships shown in Fig. 7; in fact, the parallel growth of
substrate and TOC conversion mirrors the selective character of
the surface adsorption, while exponential trends stress the unse-
lective behavior of homogeneous systems and the promoting role
of reaction intermediates on the propagation step of the autocata-
lytic free-radical path [30,46].

3. CWAO of various model compounds

Although toxicity and presence in a large number of wastewater
streams press a major concern on phenol and its derivatives, car-
boxylic acids, and N-compounds are also main targets of the CWAO
process, since the former are residual intermediates of degradation
of heavier organic pollutants [14-17,46,47,53,54,63,64], while the

Product selectivity at different conversion level in the homogeneous CWAO of phenol (T, 150 °C) (Adapted from Ref. [31]. Copyright 2010 with permission from Elsevier).

Catalyst Conv. Selectivity (%)
Cc6 C4 c3 c2 C1
hyq cath. bzq. mln. a. fum. a mal. a. acr. a. OX. & ac. a. for. a. CO,
Fe3* 0.2 7 15 14 0 0 0 16 0 0 47 0
0.5 8 15 4 7 0 0 18 0 10 31 7
1.0 0 0 0 9 0 0 1 1 48 6 37
Mn?* 0.2 10 5 23 0 1 0 62 0 0 0 0
0.5 12 26 8 0 1 0 37 0 0 0 16
1.0 0 1 0 0 0 0 12 2 47 11 27
Cu® 0.5 7 11 7 0 0 0 21 1 46 8 0
1.0 0 0 0 0 0 0 0 1 48 2 49
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mineralization of N-compounds requires very active and selective
catalysts, avoiding the formation of very toxic intermediates [63-
72].

Then, Silva et al. carried out an exploratory investigation of the
reactivity of several ceria-supported oxide catalysts in the CWAO
of acrylic acid, finding out that at 200 °C the Mn/Ce system attains
a 98% TOC conversion (2 h), higher than both MnO, (95%) and Ag/
Ce (85%) catalysts, respectively [73]. Although all Ce-promoted cat-
alysts showed faster reaction rates than bare MnO, system, they
indicated an optimum Mn/Ce ratio (70/30) ensuring a better per-
formance in the CWAO process [73].

Arena et al. recently used a “model” MnCeOj catalyst (Mn/Ce, 1)
obtained by the redox-precipitation route [74], showing that is
effective in the CWAO of formic and acetic acids (T, 110-150 °C;
catalyst-to-substrate weight ratio, 5) [36]. Despite the same L-H
reaction mechanism, lower conversion rates than phenol were
ascribed to the different adsorption mechanism of carboxylic acids.
In particular, electrostatic interactions of carboxylate species with
positively charged hydroxyls of the catalyst surface explain the
promoting effect of the acidic strength of the substrate on the rel-
ative adsorption rate (e.g., conversion) and the poor reactivity of
the corresponding salts [36].

Several studies also addressed the reactivity of noble-metal cat-
alysts in the CWAO of carboxylic acids at lower catalyst-to-sub-
strate weight ratios, but, under harder conditions [40,41,75-81].
Studying the CWAO of stearic acid (T, 160-230 °C; Pg,, 2 MPa) on
ceria supported Pt, Ir, Ru and Pd (5%) catalysts, Renard et al. found
a higher reactivity for the Pt/CeO, system, while Ru/CeO, showed a
performance comparable to the bare ceria support [81]. Although
the adsorption of large amounts of C-species on the catalysts sur-
face, the Pt/CeO, system ensured their progressive mineralization
with a minor release of acetic acid [81].

Comparing the reactivity of (5%) Pt and Ru supported on CeO,,
ZrCe0, and ZrCePrO,, Mikulova et al. found that the Pt/CeO, sys-
tem also exhibits a better performance in the CWAO of acetic acid
(T, 200°C), despite ruthenium features much higher (280-
2530 h~!) turnover frequencies (TOF) than Pt catalyst (49-
94 h™"). Due to the lack of correlation between catalytic activity
and OSC, they also stressed that the latter leads to an extensive for-
mation of surface carbonate species, responsible of a drastic drop
in activity [40,41]. Despite similar catalyst formulation, the same
authors reported a significantly lower mineralization activity of
acetic acid under analogous reaction conditions (ca. 30%) for a



106

100 R
& o5 \R ==
5 90 ™\
:
< 85

80

| L egend

— — T,110°C
202 2 .
= / , 130°C
[=] / — T,150°C
S 0.1
¢ N\

0.0 i i

100 150 200 250 300 350 400

Temperature (°C)

F. Arena et al./Inorganica Chimica Acta 431 (2015) 101-109

(B)

100 -
g 95 % ————
z N
= 90 \
o
2 85
o 03 Legend
Z o2 N\ —..20min
g 90 min
S ol — 150 min
< . —: 250 min
o0 /.4—— A\ —_ 360 min)
. i
100 150 200 250 300 350 400

Temperature (°C)

Fig. 6. TGA-DSC data of the used MnCeO, catalyst samples in the CWAO of phenol at different temperature (110-150 °C) after 6 h of reaction time (A) and at 150 °C after
different reaction time (B) (Reprinted from Ref. [36]. Copyright 2014 with permission from Elsevier).

Table 2

Final (6 h) phenol and total organic carbon (TOC) conversion, CO; selectivity, theoretic carbon content and weight loss (TGA) data of the used catalyst samples (adapted from Ref.

[42]. Copyright 2012 with permission from Elsevier).

Catalyst R Xpn fin (%) Xroc fin (%) Scoz fin (%) Acvs’(%) VOoC (%) C-content” (%) AWrca (%)
Pt/CeO, 5 100 95 50 —45 - -8 -6

1 40 30 10 -20 13 -7 -6
MnCeOy 5 100 85 60 -25 - -5 -5

1 100 80 20 -60 - -38 —40

¢ Difference between Xtocfin and Scoa.
b Theoretic carbon content of the used catalysts.
€ Weight loss of the used catalysts recorded by TGA analysis.
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low surface area (2.5%) Pt/CeO, catalyst, indicating an optimum Pt
crystallite size, ensuring higher TOF (200-250 h~!) and catalyst
stability for a metal dispersion in the range of 5-25% [40]. Further
investigation documented a negligible influence of support compo-
sition on the reactivity of Ru and a higher intrinsic activity as the
metal particle size increases [82]. By contrast, studying the influ-
ence of the support composition (i.e., CeO,, TiO, and ZrO, and their
combination) on the reactivity of Ru catalysts in the CWAO of ace-
tic acid (T, 200 °C; P, 4 MPa), Wang et al. reported a reactivity scale
matching the surface concentration of non-lattice oxygen (defect
oxide) [83].

Ammonia represents another major environmental threat
because of a high toxicity and presence in wastewater of large
industrial manufacture plants (fertilizers, urea, metallurgy, etc.),
also forming during the degradation of organic N-containing com-
pounds [84,85]. A preliminary study on the reactivity of ceria-sup-
ported noble metal catalysts (e.g., Pt, Pd, Ru and bi-metallic
systems) in the CWAO of ammonia and aniline (T, 150-250 °C;
Poa, 2 MPa) showed that at T > 200 °C a Ru/CeO, catalyst achieves
a complete degradation of aniline, with a selectivity to nitrogen of
ca. 50%; at higher temperature the conversion rate is extremely
high, but larger amounts of nitrite and nitrate are produced [84].
Hence, combining the high activity of Ru with the high N, selectiv-
ity of Pd in the CWAO of ammonia, a bimetallic PdARu/CeO, catalyst
and an optimum temperature of 200 °C have been pointed as the
best compromise to attain a complete conversion of aniline with
a 90% N, selectivity [84].

Carbon Sibunit supported Pt, Pd and Ru catalysts are also very
active in the CWAO of phenol and aniline at 160 °C but, despite a
total conversion of both substrates, a complete mineralization
was attained with 0.4-0.6%Ru + 5%Ce0,/Sibunit catalyst formula-
tion [66].

A systematic comparison of the reactivity of noble metal cata-
lysts in the CWAO of nitrogen and oxygen containing pollutants
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Fig. 8. Initial oxidation rate of ammonia and N, selectivity vs. the metal-oxygen
bond energy. (Reprinted from Ref. [63]. Copyright 2014 with permission from
Elsevier).

was carried out by Barbier et al., showing that high surface area Ru/
CeO, catalyst attains a complete aniline conversion in 1 h at 200-
230°C [67]. Beside to a partial conversion of the substrate, the for-
mation of condensed oligomers, like azobenzene, azoxybenzene or
hydrazobenzene, is responsible of a progressive catalyst deactiva-
tion by formation of carbonaceous deposits at low temperature
(160-200 °C). Similar reactivity scales in the CWAO of phenol
and acetic acid, which are the most abundant intermediates of
the oxidative degradation of aniline, were also recorded, while a
higher N, selectivity of the Pd/CeO, catalyst in the CWAO of
ammonia lead to argue that the association of Ru and Pd in bime-
tallic catalysts should be more effective for the mineralization of
mixtures of oxygen and nitrogen containing pollutants [84].

Basic insights into the activity-selectivity pattern of noble
metal catalysts in the CWAO of ammonia are provided by a recent
study of Lousteau et al. [63]. Namely, comparing the rate of ammo-
nia conversion and product formation (Fig. 8), they argued that the
metal-oxygen bond energy plays a key-role on activity and selec-
tivity [63]; the oxidation activity decreases as the metal-oxygen
bond energy increases, while a volcano-shaped curve for nitrogen
selectivity signals that the surface oxygen coverage should not be
too high to promote the N-N recombination. In particular, ammo-
nia is initially converted into nitrites and, then, part of nitrites is
oxidized to nitrates, while another part is reduced to molecular
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Fig. 9. TPR pattern of a co-precipitated MnCeO, catalyst and TPO profiles of phenol
deposited on a “fresh” catalyst sample (left panel) and of a “used” sample (right
panel) (Reprinted from Ref. [37]. Copyright 2007 with permission from American
Chemical Society).

nitrogen via retro-disproportionation reaction between ammo-
nium and nitrites ions [63,85]. Lee et al. explained the preferential
formation of N, by a homogeneous reaction between NO3 and NH;
ions as, even under highly oxidizing conditions, nitrite ions are
more likely to form molecular nitrogen rather than be oxidized
to nitrates [85].

4. Catalyst optimization

Despite a superior purification efficiency enabled by a surface
L-H reaction path, a slow oxidation rate of the adsorbed species,
beside to the continuous formation of CO,, accounts for an incipi-
ent release of partial oxidation products (i.e., C1-C2 acids) and the
surface accumulation of C-containing species, constituting the
main weakness affecting selectivity and stability of noble metal
and manganese oxide catalysts, respectively [3,23,25-27,29,86-
90]. In turn, this indicates that phenol mineralization, partial oxi-
dation products (release), and C-species accumulation occur via a
consecutive-parallel reaction network (Scheme 1); the relative rate
of these processes determines the selectivity-stability pattern,
being controlled by the oxidation strength of the catalyst, as indi-
cated by the direct relationship between reducibility and phenol
oxidation activity in Fig. 9 [37].

The above mechanistic findings uncover that chemical stability,
textural properties and redox activity are basic requirements to build
robust and efficient CWAO catalysts [37,74], as documented by a
short survey of recent advances on catalyst design and develop-
ment [91-94].

Despite systematic studies on the CWAO of phenol by co-pre-
cipitated MnO,-CeO, catalysts showed that a composite Mn/Ce
(70/30) oxide exhibits a better performance than 1% Pt/Al,03 cata-
lyst in the range of 80-130 °C [23], the mineralization activity was
the major drawback, also causing the formation of deactivating
carbonaceous deposits [22,23,25,26,30]. In order to improve the
total oxidation functionality, hindering at once the formation of
C-deposits, Larachi et al. scrutinized the effects of Pt and/or Ag
addition, finding a better mineralization selectivity and mainte-
nance of higher activity (110 °C) because of marked improvement
of catalyst reducibility [22]. Later, the same research group claimed
that K-doping enhances to much higher extent the resistance to
fouling of the MnCeO, catalyst (Mn,/Ce,, 1/1) [25,26], although
its reduction behavior was similar to non-promoted catalyst [26].
Abecassis-Wolfovich et al. reported similar results for a co-precip-
itated MnCeOy catalyst in terms of phenol adsorption capacity and
deactivation pattern (80-130 °C), stressing a minor influence of K,
Cs, Pt, and Ru promoters thereon [27]. However, arguing the poten-
tial for catalyst improvement by increasing the amount of metal and
oxygen ions at the surface, bulk density, surface area, interface, and
redox ability, they devised a nanocasting strategy to improve the
efficiency of MnCeO, catalysts. Using silica scaffolds they prepared
nanocasted catalysts, consisting of crystalline nanodomains (d, 2-
3 nm) of Mn,03 and CeO, phases, with surface area up to 300
m?/g [29,70,94]. Despite a conversion rate of 2,4,6,-trichlorophenol
(120 °C) similar to a reference co-precipitated system, it attained a
TOC conversion of 94% in comparison to a 14% value of the latter
one [29]. The same catalyst is efficient in the CWAO of aniline
(100-140 °C), although a relevant Mn leaching due to the complex-
ation ability of the substrate, which is suppressed by acidification
of the reacting solution [70].

Likewise, Alarco and Talbot exploited the confinement effect
using carbon black as scaffold and an anionic surfactant to attain
nanosized MnCeO, composites active in the detoxification of Bayer
liquors [93], whereas nanostructured MnCeO, catalysts were also
obtained by a simple synthesis route involving redox reactions
(redox-precipitation) between KMnO,4 and Ce(III)-Mn(II) precursors.
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MnOj + 3e~ + 2H,0 — MnO, |} +4HO" (1)
Mn%** + 4HO™ — MnO, |} +2e~ + 2H,0 2)
Ce’" +4HO™ — CeO, | +e~ +2H,0 (3)

The simultaneous generation of the oxide phases favors the for-
mation of MnO, and CeO, nanodomains aggregating into homoge-
neously sized (d ~ 20 nm) oxide clusters, with a fully amorphous
architecture resistant to the subsequent calcination treatment
[35,74,87,91,95]. Large surface area and active phase exposure,
along with a remarkable surface Mn-enrichment in a wide compo-
sition range were recognized as basic features accounting for the
enhanced reducibility and mineralization activity of redox-precip-
itated catalysts [31,35,37,74,87,91,95]. These show a high perfor-
mance also in the CWAO of p-cumaric acid and oil-mill
wastewater in terms of activity, selectivity and stability [80].

5. Concluding remarks

A great scientific effort is in place worldwide for developing
novel and cost-effective wastewater detoxification technologies.

The catalytic wet air oxidation (CWAO) appears nowadays as
the most promising technology for developing rational water-pol-
icies based on the effective recycle-reuse of industrial process
waters and decontamination of wastewaters.

Mechanistic evidences of the CWAO of several model com-
pounds indicate in high chemical stability, surface exposure and
redox activity the main requirements of heterogeneous CWAO
catalysts.

Whatever the nature of the active phase (i.e., noble metal or
metal oxide), CWAO catalyst formulations include ceria as struc-
tural and/or electronic promoter.

Ceria-promoted noble metal (i.e., Pt, Pd, Ru) and manganese
oxide catalysts ensure the best performance in the CWAO of vari-
ous model pollutants at T <250 °C in terms of activity, selectivity
and stability against leaching phenomena.

Efficiency and operating conditions of the CWAO process
depend on the nature and reactivity of the substrate, although
the “cross-effects” of different polluting species deserve adequate
optimization of catalyst formulation and proper reactor engineer-
ing for the detoxification of “real” industrial wastewaters.
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