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a b s t r a c t

Catalytic wet air oxidation (CWAO) is one of the most economical and environmental-friendly advanced
oxidation process. It makes a promising technology for the treatment of refractory organic pollutants in
industrial wastewaters. Various heterogeneous catalysts including noble metals and metal oxides have
been extensively studied to enhance the efficiency of CWAO. The present review is concerned about
eywords:
atalytic wet air oxidation (CWAO)
dvanced oxidation process (AOP)
eterogeneous catalyst

ndustrial wastewater

the literatures published in this regard. Phenolics, carboxylic acids, and nitrogen-containing compounds
were taken as model pollutants in most cases, and noble metals such as Ru, Rh, Pd, Ir, and Pt as well
as oxides of Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, and Ce were applied as heterogeneous catalysts. Reports on
their characterization and catalytic performances for the CWAO of aqueous pollutants are reviewed.
Discussions are also made on the reaction mechanisms and kinetics proposed for heterogeneous CWAO
and also on the typical catalyst deactivations in heterogeneous CWAO, i.e. carbonaceous deposits and
astewater treatment metal leaching.
© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Wastewaters from industries such as pulp and paper, dyeing,
hemical, petrochemical, etc. contain hazardous and refractory
rganic pollutants which can cause severe problems for the envi-
onment. They must be treated to satisfy the stringent water quality
egulations and the demand for recycling of water in the pro-
ess.

Conventional technologies including biological, thermal, and
hysicochemical treatments have been used to remove the aque-
us pollutants. Although biological method is widely applied for
he treatment of residual wastewaters, it requires a long resi-
ence time for microorganisms to degrade pollutants and is not
uitable to treat the toxic contaminants due to biomass poison-
ng. Incineration is appropriate for the treatment of effluents
aving more than 100 g/L of chemical oxygen demand (COD).
owever, it requires an extremely high energy and presents con-

iderable emission of other hazardous compounds such as dioxin
nd furan [1]. Some other techniques such as flocculation, pre-
ipitation, adsorption, air stripping, and reverse osmosis require a
ost-treatment to dispose of the pollutants from the newly con-
aminated environment [2]. The aforementioned limitations of
onventional methods have encouraged the researchers to develop
ore efficient and environmental-friendly system for wastewater

reatment.
Advanced oxidation processes (AOPs) with the capability of

xploiting the high reactivity of hydroxyl radicals in driving oxi-
ation have emerged a promising technology for the treatment of
astewaters containing refractory organic compounds [3]. Several

echnologies like Fenton, photo-Fenton, wet oxidation, ozonation,
hotocatalysis, etc. are included in the AOPs and their main dif-
erence is the source of radicals. Wet air oxidation (WAO), which
as proposed and developed by Zimmermann [4], is one of the
ost economically and technologically viable AOPs for wastewater

reatment. The application range of each AOP is different depend-
ng on the flow rate and organic content of effluent to be treated
5]. AOPs based on ozonation and wet peroxide oxidation (WPO)
re preferred at low flow rates and low organic loads. Incineration
s only suitable for highly concentrated wastewater at low flow
ate, while biological treatments appear to be appropriate for high
ow rate and low content of organic. Unlike other AOPs, WAO is
roper to a high organic loading at high flow rate and can partially
over the application range of incineration and biological methods.
specially, WAO has a great potential for the treatment of effluent
ontaining a high content of organic matter (about 10–100 g/L of
OD) and/or toxic contaminants for which direct biological treat-
ent is not feasible. By using WAO, the organic pollutants are either

artially oxidized into biodegradable intermediates or mineralized
o carbon dioxide, water, and innocuous end products under ele-
ated temperatures (125–320 ◦C) and pressures (0.5–20 MPa) using
gaseous source of oxygen (either pure oxygen or air) as the oxidant

6]. WAO is not only eco-friendly but also economical as compared
o other AOPs using harmful and expensive oxidizing agents like
zone and hydrogen peroxide.

Application of the proper catalysts for WAO process, i.e. catalytic
et air oxidation (CWAO), not only reduces the severity of reaction

onditions but also more easily decomposes even refractory pollu-
ants, thereby reducing capital and operational cost [6–18]. Though
t varies with type of wastewater, the operating cost of CWAO is
bout half that of non-catalytic WAO due to milder operating con-
itions and shorter residence time [19]. Although the homogenous

atalysts, e.g. dissolved copper salts, are effective, an additional sep-
ration step is required to remove or recover the metal ions from
he treated effluent due to their toxicity, and accordingly increases
perational costs. Thus, the development of active heterogeneous
atalysts has received a great attention because a separation step is
ous Materials 186 (2011) 16–34 17

not necessary. Various solid catalysts including noble metals, metal
oxides, and mixed oxides have been widely studied for the CWAO
of aqueous pollutants.

The present article reviews the recently published literature
(mainly last ten years) on the heterogeneous CWAO of refractory
organic pollutants including phenolics, carboxylic acids, nitrogen-
containing compounds, and real wastewaters highlighting the
catalytic performances and reaction conditions. Reaction mecha-
nisms and kinetics that have been proposed for the heterogeneous
CWAO of organic compounds, mainly phenol, are discussed to help
the understanding of heterogeneous catalytic reaction. Finally, dis-
cussions are made on the main reason of catalyst deactivation in
heterogeneous CWAO, namely carbonaceous deposits and metal
leaching.

2. Heterogeneous catalytic wet air oxidation

Various heterogeneous catalysts including noble metals, metal
oxides, and mixed oxides have been prepared and tested for the
CWAO of model compounds and real wastewaters to find the new
catalytic materials with high activity and stability. In this section,
the studies on the heterogeneous CWAO of phenolic compounds,
carboxylic acids, N-containing compounds, and real wastewaters
published in the last decade are discussed, highlighting the catalytic
performances and reaction conditions.

2.1. Catalytic wet air oxidation of phenolic compounds

Among the harmful organic compounds, phenolic substances
have deserved more attention because of their toxicity and fre-
quency of industrial wastewaters [6,20]. They give off unpleasant
odor and taste even at very low concentrations [21]. Moreover, phe-
nol is considered to be an intermediate in the oxidation pathway of
higher molecular weight aromatic compounds and thus is mainly
taken as a model compound for advanced wastewater treatments
[22,23].

2.1.1. Catalytic wet air oxidation of phenol
2.1.1.1. Catalytic wet air oxidation of phenol over noble metal cata-
lysts. Noble metals such as Ru, Rh, Rd, and Pt generally show higher
catalytic activity and also higher resistance to metal leaching than
base metal oxide catalysts. They are usually supported on �-Al2O3,
TiO2, CeO2, ZrO2, and carbon materials with less than 5% of metal
loading. Studies on the CWAO of phenol using noble metal catalysts
are listed in Table 1.

Among the noble metals used for the CWAO of phenol, Ru is
one of the most active catalysts. Pintar et al. [24] reported that
the Ru/TiO2 catalysts enabled complete removal of phenol and
total organic carbon (TOC) without the formation of carbonaceous
deposits at temperatures above 210 ◦C and 10 bar of oxygen partial
pressure. Castillejos-Lopez et al. [25] studied the CWAO of phenol
over 2 wt% Ru catalysts supported on three different supports, i.e.
ZrO2, graphite, and activated carbon (AC). The use of AC as a support
enhanced the phenol conversion and mineralization due to the high
adsorption capacity of AC. Also, the use of RuCl3 as a ruthenium pre-
cursor increased the catalytic activity and selectivity towards CO2
formation, probably because the residual chorine ions prevent the
over-oxidation of ruthenium particle. Barbier et al. [26] demon-
strated the activity order of CeO2 supported noble metals for the
CWAO of phenol as follows:
Ru/CeO2 > Pd/CeO2 > Pt/CeO2

In the presence of Ru/CeO2 catalyst, almost complete conver-
sion of phenol was achieved after 3 h run under 160 ◦C and 20 bar
of oxygen. Despite the highest initial rates of phenol conversion,
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Table 1
Summary of studies on CWAO of phenol over noble metal catalysts.

Catalyst Reactor Reaction conditions Reference

Ru/TiO2 TBR 55–250 ◦C, 0–1.0 MPa of O2 [24]
Ru on ZrO2, graphite, and AC SR 140 ◦C, 2.0 MPa of O2 [25]
Ru, Pd, and Pt on CeO2 SR 120–230 ◦C, 2.0 MPa of O2 [26]
Ru on CeO2 and ZrO2-CeO2 UFBR 140 ◦C, 4.0 MPa of air [27]
Ru/C and Ru-CeO2/C SR 160 ◦C, 2.0 MPa of O2 [28]
Ru-CeO2 on �-Al2O3 TBR 140 ◦C, 0.7 MPa of O2 [29]
Pt on graphite, TiO2, Al2O3, and AC SR 120–170 ◦C, 1.7 MPa of air [30]
Pt, Pd, and Ru on CNF TBR 180–240 ◦C, 1.0 MPa of O2 [31]
Pt/�-Al2O3 and Pt-Ce/�-Al2O3 SR 155–200 ◦C, 5.05 MPa of air [32]
Pt on CeO and Ce Zr O (x = 0.90, 0.75, and 0.50) SR 160 ◦C, 2.0 MPa of O [33]
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R: batch or semi-batch operated stirred-tank reactors with slurry.
FBR: continuously operated fixed-bed reactors with co-current upflow of gas and
BR: continuously operated fixed-bed reactors with co-current downflow of gas an

he Pd/CeO2 catalyst was suddenly deactivated by coke deposition
fter 1 h of reaction. The Ru/CeO2 catalyst was less affected by the
arbonaceous deposits, and consequently showed higher phenol
onversion. Wang et al. [27] reported that the introduction of ZrO2
nto CeO2 increased the mechanical strength, specific surface area,
nd adsorption capacity of pelletized Ru catalysts. With the 2 wt%
u/ZrO2-CeO2 catalyst, phenol and TOC removal stabilized approx-

mately 100% and 96%, respectively, in a continuous packed-bubble
olumn reactor for 100 h at 140 ◦C and 4 MPa of air. The addition of
e to the Ru catalyst supported on carbon effectively enhanced the
atalytic activity, and thus phenol was completely converted after
h reaction at 160 ◦C and 20 bar of O2, presumably because ceria
oieties in contact with Ru particles promote the activity of Ru

28]. Massa et al. [29] investigated the effect of preparation method,
.e. impregnation, co-impregnation, co-precipitation, and surfac-
ant, on the performance of 1% Ru–5% CeO2 supported on �-Al2O3
or the CWAO of phenol. The catalysts prepared by impregnation

ethod were more effective and thus showed more than 90% of
O2 selectivity even for low phenol conversion at 140 ◦C and 7 atm
f O2. However, the catalysts were deactivated by the carbonaceous
eposition on the active sites and the formation of boehmite phase
n the support.

The CWAO of phenol with the Pt catalyst on different supports,
amely graphite, TiO2, Al2O3, and AC was investigated by Masende
t al. [30]. The graphite supported Pt catalyst was found to be most
ffective and stable for the CWAO of phenol. Deactivation due to
ver-oxidation was gradual for Pt/graphite with a metal dispersion
f 5.3% as compared to Pt/TiO2, Pt/Al2O3, and Pt/AC which have
uch higher metal dispersion than Pt/graphite. Taboada et al. [31]

eported that the Pt catalyst supported on carbon nanofiber (CNF)
ynthesized by catalytic chemical vapor deposition (CVD) method
as very active for the CWAO of phenol but did not exhibit constant

ctivity due to the oxidation of CNF support to CO2 and unidentified
rganic intermediates. Kim and Ihm [32] investigated the effect of
t precursors and Ce addition on the activity of Pt/�-Al2O3 catalysts
or the CWAO of phenol. The Pt catalysts from the anionic precur-
or (H2PtCl6) showed much higher activity than those from the
ationic precursor (Pt(NH3)4Cl2) due to a better metal dispersion.
ddition of Ce decreased the activity of Pt/�-Al2O3 catalysts from
2PtCl6 due to the reduction of Pt surface area, while it improved

he activity of catalysts from Pt(NH3)4Cl2 due to the enhancement
f surface reducibility by the interactions between Pt and Ce. Nousir
t al. [33] showed that the introduction of Zr into the lattice of CeO2
ncreased significantly the mobility of oxygen atoms, especially in
he presence of Pt, confirmed by oxygen storage capacity (OSC)
easurements. Although the Pt catalysts on CexZr1−xO2 (x = 0.90,
.75, and 0.50) showed lower conversion of phenol and TOC than
hose on CeO2, the Pt/Ce0.5Zr0.5O2 catalyst exhibited the highest

ineralization value of 57% after 3 h reaction at 160 ◦C and 2 MPa
f O2 in a stirred batch reactor. In the case of CeO2 supported cat-
2

phases.
id phases (trickle-flow regime).

alysts, the lower the surface area, the higher the mineralization
values.

2.1.1.2. Catalytic wet air oxidation of phenol over metal oxide cata-
lysts. Although noble metals show excellent catalytic activities as
mentioned earlier, they are expensive and vulnerable to poison-
ing by halogen-, sulfur-, and phosphorus-containing compounds,
affecting tremendously the economics of corresponding processes.
Metal oxide catalysts have been widely studied as alternatives in
the CWAO process even if they show rather lower activities than
noble metals. Studies on the CWAO of phenol over various metal
oxide catalysts are summarized in Table 2.

Among the metal oxides, Cu-based catalysts usually exhibit high
activities and thus are widely used in the CWAO process. Kim and
Ihm [34] studied the CWAO of phenol over transition metal (Cu,
Ni, Co, Fe, and Mn) oxide catalysts supported on �-Al2O3. The
CuOx/�-Al2O3 catalyst showed the highest catalytic activity due
to its highest surface reducibility. The optimum copper loading
was about 7 wt% under reaction conditions applied in their work
(150 ◦C and 5.05 MPa of air) and the chemical states of copper in
the CuOx/�-Al2O3 catalysts were confirmed with the results of TPR,
XRD, and XANES experiments as varying with copper loading: iso-
lated Cu2+ ions for 1 wt%, highly dispersed Cu2+ cluster for 5 wt% and
7 wt%, and bulk CuO for 10–25 wt% [35]. Transition metal oxide cat-
alysts on Ce0.65Zr0.35O2 prepared by supercritical synthesis showed
higher catalytic activities than those on �-Al2O3 for the CWAO
of phenol due to the excellent redox properties of ceria-zirconia
mixed oxide [36,37]. As observed in the CWAO of phenol over the �-
Al2O3 supported catalysts, the CuOx catalyst was the most effective
catalyst in view of catalytic activity and mineralization selectivity.
It was suggested that the leached copper ions seem to contribute to
the higher conversion of phenol over the CuOx/Ce0.65Zr0.35O2 cat-
alyst via homogeneous catalysis [37]. Arena et al. [38] investigated
the activity and resistance to leaching of a co-precipitated CuCeOx

(Cuat:Ceat = 1:9) for the CAWO of phenol, with reference to a com-
mercial CuZnAlOx catalyst (G66A, Süd-Chemie AG). In spite of a
considerably higher reducibility, the CuCeOx catalyst showed lower
performance than G66A due to lower homogeneous catalytic con-
tribution, i.e. lower concentration of leached copper ions (22 ppm)
than that for G66A (66 ppm). Hocevar et al. [39] found that the activ-
ity and selectivity of the Ce1−xCuxO2−ı catalysts increased with the
dispersion of copper oxide phase on cerium oxide. The catalysts
prepared by sol–gel method were up to four times more active
and about 25% more selective toward CO2 formation than those
prepared by co-precipitation.
Mesoporous silicates such as MCM-41 could be a promising
catalyst support for CWAO due to their uniform pore structure
and large surface area. Copper catalysts supported on mesoporous
MCM-41 with surface area over 1400 m2/g were evaluated in the
CWAO of phenol [40]. The results suggested that Cu/MCM-41 with
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Table 2
Summary of studies on CWAO of phenol over metal oxide catalysts.

Catalyst Reactor Reaction conditions Reference

Cu, Ni, Co, Fe, and Mn on �-Al2O3 SR 150 ◦C, 5.05 MPa of air [34]
1–25 wt% CuO on �-Al2O3 SR 150 ◦C, 5.05 MPa of air [35]
Cu, Ni, Co, Fe, and Mn on Ce0.65Zr0.35O2 SR 150 ◦C, 5.05 MPa of air [37]
CuCeOx (Cuat:Ceat = 1:9) SR 150 ◦C, 0.7 MPa of O2 [38]

Ce1−xCuxO2−ı (0.07 < x < 0.27) by co-precipitation SR 150 ◦C, 0.73 MPa of O2 [39]
Ce1−xCuxO2−ı (0.05 < x < 0.20) by sol–gel method

Cu/MCM-41 SR 150 ◦C, 2.0 MPa of O2; 200 ◦C, 3.4 MPa of O2 [40]
CeO2 SR 95–180 ◦C, 0.5–1.0 MPa of O2 [50]
CeO2 on �-Al2O3, SiO2, TiO2, CeO2, and AlPO4-5 SR 140–180 ◦C, 1.5 MPa of O2 [51]
CeO2/�-Al2O3 SR 180 ◦C, 0.5–2.0 MPa of O2 [52]
CeO2/�-Al2O3 promoted with Cu, Mn, Co, Cr, Fe, Mo, and Ni SR 140–180 ◦C, 1.5 MPa of O2 [53]
MnCeOx SR 110 ◦C, 0.5 MPa of O2 [54]
MnCeOx and K-promoted MnCeOx SR 130 ◦C, 2.07 MPa of air [55]
MnCeOx and K-promoted MnCeOx SR 100 ◦C, 0.9 MPa of O2 [56]
MnCeOx SR 100 ◦C, 0.9 MPa of O2 [57]

CeO2, TiO2, and CeO2-TiO2 SR 150 ◦C, 3.0 MPa of air [59]
UFBR 140 ◦C, 3.5 MPa of air
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thin layer of copper loading should be enough to provide a
igh catalytic activity and a high copper loading on MCM-41 is
ot necessary, as it will reduce the surface area. However, a poor
ydrothermal stability of mesoporous silicates is still a problem to
e solved.

Ceria-based materials as a catalyst have attracted a lot of atten-
ion due to their redox and morphological properties [41–48].
lthough the catalytic action in CWAO has not been totally clar-

fied, the principal role of ceria is likely to act as a good medium for
xygen activation and transport. This characteristic is associated
ith the formation of oxygen defect sites and should contribute

o oxygen activation by promoting production of active radicals or
irect redox reaction [49]. Lin et al. [50] reported that the CeO2 sub-

ected to higher thermal impact had a less stable structure, more
xchangeable structure oxygen, and more oxidizing ability. In the
resence of this catalyst, phenol conversion was higher than 90%
nd CO2 selectivity was about 80% after 4 h reaction at temperatures
bove 160 ◦C and 0.5–1.0 MPa of O2. Chen et al. [51] investigated
he activities of several supported CeO2 catalysts for the CWAO
f phenol. The CeO2/�-Al2O3 catalyst had the most exchangeable
tructure O2 and the highest H2 consumption, and consequently
howed the highest activity. In the presence of 20 wt% CeO2/�-
l2O3 catalyst, approximately complete phenol conversion and 80%
f COD removal were achieved after 2 h reaction under 180 ◦C and
.5 MPa of oxygen. In a successive study, the optimal operating
onditions for the CWAO of phenol over the CeO2/�-Al2O3 cata-
yst were estimated with respect to initial phenol concentration,
xygen partial pressure, and catalyst loading [52]. Addition of Cu
o the CeO2/�-Al2O3 catalyst enhanced activity, and thus phenol
as completely degraded for 1 h at 180 ◦C. In spite of the superior

atalytic performance, leaching of Cu2+ from the promoted catalyst
aused a severe reduction in activity [53].

Introduction of transition metals into the lattice of ceria can
nhance the redox property, surface area, and thermal stability
ainly driven by structural modifications. Chen et al. [54] stud-

ed the CWAO of phenol over Mn-Ce-O composite catalysts with
e/(Mn + Ce) atomic bulk ratios ranging from 0 to 1. The catalyst

ith Ce/(Ce + Mn) ratio of 0.4 was the most active for the removal

f phenol and TOC, while pure manganese oxide was slightly active
nd pure cerium oxide hardly showed catalytic activity. Santiago
t al. [55] investigated the effect of potassium impregnation (up
o 10%) to MnO2-CeO2 on catalytic performance for the CWAO of
100–127 ◦C, 0.8 MPa of air [60]
100–114 ◦C, 0.8 MPa of air [61]
127 ◦C, 0.8 MPa of air [62]
127 ◦C, 0.8 MPa of air [63]

phenol. The catalyst impregnated with 1% of K showed the high-
est efficiency, achieving the 90% of TOC conversion within 60 min
under 130 ◦C and 20.4 atm. The increase in the amount of impreg-
nated potassium adversely affected the phenol conversion due to
the decrease in surface area. Arena et al. [56] reported that addi-
tion of K to the co-precipitated MnCeOx (Mnat/Ceat = 1) enhanced
the catalytic activity, resulting in more than 90% of phenol and TOC
conversion after 30–40 min of reaction under 100 ◦C and 0.9 MPa
of O2. They proposed the redox-precipitation route which provided
highly dispersed MnCeOx catalysts with improved physicochemical
properties [56–58]. Irrespective of the Mn/Ce ratio, the redox-
precipitation route ensured a large surface area, a uniform pore size
distribution, and a mono-layer active phase dispersion, strongly
promoting the catalytic performance for the CWAO of phenol [58].
Yang et al. [59] reported that the CeO2-TiO2 mixed oxides prepared
by co-precipitation method showed higher activity than pure CeO2
and TiO2. The CeO2-TiO2 1/1, in which molar ratio of Ce and Ti
was 1/1, exhibited the highest activity for the CWAO of phenol
and resistance to the metal leaching during the 100 h of continuous
reaction.

Quintanilla et al. [60,61] tested the Fe/AC catalyst for the CWAO
of phenol in a down-flow fixed-bed reactor. Complete phenol con-
version and 80% of TOC removal were obtained at 127 ◦C and 8 atm
of O2. No more than 2% of initial Fe was leached out during the
9 days operation. Extended studies employing the Fe/AC catalyst
pointed out significant changes in carbon during the CWAO of
phenol [62,63]. After the long-term experiments, the loss of micro-
porosity, the temporary decrease of mesoporosity, the decrease of
carbon/oxygen ratio on catalyst surface, more acidic pH values, and
the aggregation of �-Fe2O3 crystallites occurred by the formation
of phenolic condensation products and the oxidation of carbon sur-
face itself. Despite these changes in the Fe/AC catalyst, a long-term
constant activity was maintained because phenol oxidation occurs
mainly on the meso and macropores, and Fe acts as a promoter
favoring the adsorption of oxygen.

2.1.1.3. Catalytic wet air oxidation of phenol over carbon materials.

As previously stated, carbon materials have been widely used as a
support due to their high adsorption capacity and stability in vari-
ous reaction media. They also act as a catalyst for the liquid phase
oxidation resulting from the catalytic properties of the surface func-
tional groups which may be present originally or introduced by
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Table 3
Summary of studies on CWAO of phenol over carbon materials.

Catalyst Reactor Reaction conditions Reference
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AC (Sonofcarb RTA-180, Molecular Products), AC (Centaur FE80127H,
Chemviron Carbon), and AC (Industrial React FE01606A, Chemviron Carbon)

AC (Industrial React FE01606A, Chemviron Carbon)
MWCNT

pecific chemical modifications [64–66]. Studies on the CWAO of
henol over carbon materials are listed in Table 3.

AC without metal impregnation seems to be a promising cata-
yst for the CWAO of organic pollutants. It is relatively cheap and
voids the leaching problem due to its high stability in both acidic
nd alkaline environments [67–70]. Santos et al. [71] suggested
hat the main advantages of AC as a catalyst for CWAO are the poor
electivity in oxidation yielding higher mineralization of pollutants,
nd no leaching of active phase because the metal impregnation is
ot required. Cordero et al. [72] reported that a commercial AC
Industrial React FE01606A, Chemviron Carbon) showed an initial
oss of activity with time on stream reaching a steady state (70% of
henol and 40% of TOC conversion) at about 50 h reaction due to
he decrease in surface area of micropore, while the external sur-
ace area and the total amount of oxygen surface group increased
s reaction proceeded. The total micropore volume and internal
urface area of catalyst were not recovered by regeneration, prob-
bly due to the blockage of narrow micropores by pyrolytic carbon
ormed from the first step of CWAO.

Multi-walled carbon nanotubes (MWCNT) chemically modified
sing HCl or HNO3-H2SO4 exhibited a high activity and a good
tability for the CWAO of phenol [73]. Complete phenol conver-
ion and 76% of TOC removal were achieved after 120 min reaction
t 160 ◦C and 2 MPa of O2. Increasing the reflux time for MWCNT
ould lead to produce the higher concentration of surface functional
roups (–COOH) which should play a key role in the high activity
f functionalized MWCNT.

.1.2. Catalytic wet air oxidation of substituted phenol
Some of studies on the CWAO of substituted phenol are sum-

arized in Table 4. Supported noble metals have been tested for
he CWAO of phenol substituted with chlorine. Qin et al. [74] com-
ared the activity of noble metals (Pd, Pt, and Ru) supported on AC,
-Al2O3, and CeO2 for the CWAO of p-chlorophenol. They reported
he Pt as the most active metal and AC as the most active support
or p-chlorophenol oxidation. The activities of noble metal catalysts

ere found to correlate with the heat of formation of metal oxides.

i et al. [75,76] studied the CWAO of o-chlorophenol over Ru/ZrO2
nd Ru/CexZr1−xO2 catalysts. The results demonstrated that the
onversion of o-chlorophenol increased with the initial pH value
ue to the acceleration of dechlorination, while too high pH value

able 4
ummary of studies on CWAO of substituted phenol.

Catalyst Substituted phenol

Pd, Pt, and Ru on AC, �-Al2O3, and CeO2 p-chlorophenol
Ru/ZrO2 o-chlorophenol
Ru on CexZr1−xO2, Ce-Zr-PrOx , and Ce-Zr-NdOx o-chlorophenol
Ru/TiO2 o-chlorophenol
Ru/TiO2 o-chlorophenol
Cu/CeO2 o-chlorophenol and p-nitrophen
AC (#102518, Merck) o-cresol, o-chlorophenol, and p-
AC (#102518, Merck) o-cresol and o-chlorophenol
AC (Industrial React FE01606A, Chemviron Carbon) o-cresol, p-cresol, o-nitropheno
Pt and Ru on TiO2 and ZrO2 p-hydroxybenzoic acid
Ru on TiO2 and ZrO2 p-hydroxybenzoic acid
Ru/TiO2 p-hydroxybenzoic acid
Ru on CeO2, TiO2, and CeO2-TiO2 p-hydroxybenzoic acid
LaFeO3 salicylic acid
UFBR 160 C, 1.6 MPa of O2 [71]

UFBR 160 ◦C, 1.6 MPa of O2 [72]
SR 160 ◦C, 2.0 MPa of O2 [73]

limited the total mineralization of o-chlorophenol by preventing
the adsorption of reaction intermediates. It was also confirmed
that Ru(NO)(NO3)3 was better than RuCl3 to act as a ruthenium
precursor [75]. The Ru catalysts on CexZr1−xO2 exhibited higher
performances than those on CeO2 and ZrO2. Furthermore, the intro-
duction of small amount of Pr or Nd into the CexZr1−xO2 lattice
improved the activity of Ru/CexZr1−xO2 catalysts where Pr showed
a greater effect than Nd [76]. Yamada et al. [77] found that the
alkaline reagent (NaOH) played an important role in dechlorina-
tion of o-chlorophenol. The decomposition of o-chlorophenol over
the Ru/TiO2 catalyst occurred most effectively at the initial pH of
9.8 under 140 ◦C and 0.1 MPa of O2, and thus almost complete con-
version and dechlorination of o-chlorophenol were obtained within
1 h. A higher pH value of 11.8, on the other hand, was not effective
in the removal of TOC due to a low pKa of carboxylic acids formed
during the CWAO of o-chlorophenol [78].

The performance of 4 wt% Cu/CeO2 catalyst for the CWAO of phe-
nol, o-chlorophenol, and p-nitrophenol was investigated by Posada
et al. [79]. Under 160 ◦C and 1 MPa, complete conversion of phe-
nol and o-cholophenol were achieved after 100 min and 130 min,
respectively, but only about 60% of p-nitrophenol was degraded
after 200 min. The Cu catalyst on CeO2 showed much higher activ-
ity than that on �-Al2O3 presumably due to the synergistic effect of
copper oxide and the surface oxygen vacancies of ceria by means
of the formation of interfacial active centers. The 54.5 mg/L of Cu2+

ions was detected in the treated solution and should be partially
responsible of high conversion over the Cu/CeO2 catalyst through
homogeneous contribution. The CWAO treatment improved the
biodegradability of three phenolic compounds, confirmed with the
increase of the BOD5/COD ratio.

Commercial ACs have been used as a catalyst for the CWAO of
various phenolic compounds. Suarez-Ojeda et al. [80] performed
the CWAO of o-chlorophenol, phenol, sodium dodecylbenzene
sulfonate (DBS), o-cresol, aniline, sulfolane, p-nitrophenol, and
nitrobenzene using a commercial AC supplied by Merck at 140 ◦C
and 13.1 bar of air in a trickle-bed reactor. They suggested that the

reactivity order, o-chlorophenol > phenol > DBS > o-cresol > aniline,
sulfolane, seems to correspond to a nucleophilic aromatic substi-
tution mechanism. In their consecutive study, the results showed
that the pollutant conversion, distribution of partial oxidation
products, and biodegradability were very sensitive to tempera-

Reactor Reaction conditions Reference

SR 180 ◦C, 2.6 MPa of air [74]
SR 130–160 ◦C, 2.0–6.0 MPa of air [75]
SR 120–140 ◦C, 3.0–5.0 MPa of air [76]
SR 100–160 ◦C, 0.1 MPa of O2 [77]
SR 100–140 ◦C, 0.1 MPa of O2 [78]

ol SR 160 ◦C, 1.0 MPa of air [79]
nitrophenol TBR 140 ◦C, 1.31 MPa of air [80]

TBR 140–160 ◦C, 0.2–0.9 MPa of O2 [81]
l, and p-nitrophenol UFBR 160 ◦C, 1.6 MPa of O2 [82]

SR 140 ◦C, 5.0 MPa of air [87]
SR, TBR 140 ◦C, 5.0 MPa of air [88]
SR 140 ◦C, 5.0 MPa of air [89]
SR 140 ◦C, 5.0 MPa of air [90]
SR 100–180 ◦C, 0.5 MPa of O2 [91]
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Table 5
Summary of studies on CWAO of carboxylic acids.

Catalyst Carboxylic acid Reactor Reaction conditions Reference

Ru/TiO2 Acetic acid TBR 55–250 ◦C, 0–1.0 MPa of O2 [24]
RuO2 on ZrO2, CeO2, TiO2, ZrO2-CeO2, and TiO2-CeO2 Acetic acid SR 200 ◦C, 4.0 MPa of air [92]
CeO2-TiO2 Acetic acid SR 230 C, 5.0 MPa of air [95]
Ru on CeO2 and Zr0.1(Ce0.75Pr0.25)0.9O2 Acetic acid SR 200 C, 2.0 MPa of O2 [96]
Pt and Ru on CeO2, Zr0.1Ce0.9O2, and Zr0.1(Ce0.75Pr0.25)0.9O2 Acetic acid SR 200 ◦C, 2.0 MPa of O2 [97]
Pt on CeO2, ZrO2, Zr0.1Ce0.9O2, and Zr0.1(Ce0.75Pr0.25)0.9O2 Acetic acid SR 200 ◦C, 2.0 MPa of O2 [98]
Pt on CeO2 and Zr0.1(Ce0.75Pr0.25)0.9O2 Acetic acid SR 200 ◦C, 2.0 MPa of O2 [99]
Pt/C Acetic acid, propionic

acid, and butyric acid
SR 200 ◦C, 0.69 MPa of O2 [100]
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Pt/�-Al2O3 Maleic acid, o
and formic ac

Ru, Pd, Pt, and Ir on CeO2 Stearic acid
La1−xA’xBO3 (A’ = Sr, Ce; B = Co, Mn) Stearic acid

ure but almost independent of the oxygen partial pressure, while
C preservation was strongly influenced by both of them [81].
antos et al. [82] studied the CWAO of phenol, o-cresol, p-cresol,
-nitrophenol, and p-nitrophenol with a commercial AC (Indus-
rial React FE01606A, Chemviron Carbon) in both acid and basic
onditions. While hydroxybenzoic acids, dihydroxyl benzenes, and
uinones were detected as primary products in acidic conditions,
hese last two compounds which are more toxic than original com-
ound were not observed in basic conditions. During the reaction,
he AC showed changes in its initial texture due to the oxida-
ion of external surface and its original physicochemical properties,
amely a remarkable reduction of BET surface area.

p-Hydroxybenzoic acid has attracted a special interest because
t is typically found in the effluent from olive oil industry [83] and
s also observed as an unexpected intermediate of phenol oxida-
ion over AC [84,85]. p-Hydroxybenzoic acid is especially toxic and
efractory to biological treatment [86]. Minh et al. [87] carried out
he CWAO of p-hydroxybenzoic acid using the noble metals (Ru and
t) supported on ZrO2 and TiO2. They found that p-hydroxybenzoic
cid was oxidized through hydroxylation and decarboxylation to
roduce phenol and hydroquinone which were further mineral-

zed via maleic acid. For the supported Ru catalysts, the use of a
on-chlorine ruthenium precursor, i.e. Ru(NO)(NO3)3, provided a
ignificant metal dispersion and an efficient surface accessibility. A
ittle deactivation was observed during the first recycling of Ru cat-
lyst in a batch reactor, which was totally reversible after catalyst
eduction. Moderate deactivation was also observed at the start of
ontinuous runs due to the over-oxidation of surface or sub-surface
f Ru particles. During the fifty days long-term runs in a trickle-bed
eactor, the Ru catalysts maintained their activity without metal
eaching [88]. Triki et al. [89] suggested the Ru supported on TiO2
erogels as an effective catalyst for the CWAO of p-hydroxybenzoic
cid and investigated the some preparation parameters to optimize
he catalytic performance. The results showed that the use of incipi-
nt wetness impregnation method, nitric acid as a hydrolysis agent,
nd Ru(NO)(NO3)3 as a metal precursor led to the optimal catalyst
ith a significant metal dispersion and the highest TOC abate-
ent, while the calcination of catalyst precursor before reduction

dversely affected the catalytic performance. Triki et al. [90] also
pplied the CeO2-TiO2 as a support of Ru catalysts for the CWAO of
-hydroxybenzoic acid. It was found that the decrease in the molar
atio of Ce/Ti from 3 to 1/3 improved the activity of Ru catalysts.
he Ru/CeO2-TiO2 catalyst exhibited higher activity than Ru/CeO2
nd Ru/TiO2 catalysts due to the synergy effect between ceria and
itania, affecting the surface structural properties of CeO2-TiO2 sup-

ort.

A perovskite-type LaFeO3 catalyst prepared by sol–gel method
as applied to the CWAO of salicylic acid (2-hydroxybenzoic acid)
hich is an important raw material for various organic compounds,
yes, pharmaceuticals, plasticizers, antioxidants, etc. [91]. It was
cid, SR 80–180 C, atmospheric
pressure-1.1 MPa of air

[101]

SR 160–230 ◦C, 0.1–2.0 MPa of O2 [103]
SR 200 ◦C, 2.0 MPa of O2 [104]

discovered that the acid strength of model compound may play
a key role in its degradation. With the role of hard acidity of
intramolecular hydrogen bonding between carboxyl group and
hydroxyl group, salicylic acid can be adsorbed effectively on the
basic center of the LaFeO3 catalyst and thus are easy to take place
the total oxidation.

2.2. Catalytic wet air oxidation of carboxylic acids

Carboxylic acids are valuable commercial products and are
widely used in various synthetic organic products. Short-chain car-
boxylic acids, mainly acetic acid, are detected as intermediates in
the CWAO of aromatic compounds and are usually refractory to fur-
ther oxidation. Noble metal catalysts have been typically applied to
the CWAO of carboxylic acids due to their higher activity. Table 5
summarizes the studies on the CWAO of carboxylic acids.

Among the carboxylic acids, acetic acid is usually employed as
a model compound because it is most refractory to mineralization.
Pintar et al. [24] carried out the CWAO of acetic acid using vari-
ous Ru/TiO2 catalysts and found that the liquid-phase oxidation of
acetic acid was structure sensitive. The Ru catalyst with a high ratio
of zero-valent state showed the highest activity for the CWAO of
acetic acid, and thus more than 95% of TOC removal was attained
at 230 C and 10 bar of oxygen. Wang et al. [92] reported the activity
order of Ru catalysts on different supports for the CWAO of acetic
acid at 200 ◦C and 4 MPa as follows:

RuO2/ZrO2-CeO2 > RuO2/CeO2 > RuO2/TiO2-CeO2

> RuO2/ZrO2 > RuO2/TiO2

which corresponded to the surface concentration of non-lattice
oxygen (defect-oxide or hydroxyl-like group) of the catalysts con-
firmed with the XPS O1 s spectra. Non-lattice oxygen on the catalyst
surface has a higher mobility than lattice oxygen, and accordingly
can take an active part in oxidation process [54]. It is considered
to react with organic substance directly [93,94] or facilitate elec-
tron transfer to produce radicals and promote the oxidation process
[43,93]. Yang et al. [95] reported that the activity of CeO2-TiO2 cat-
alysts for the CWAO of acetic acid was much higher than that of
TiO2 and CeO2 because the addition of Ti to CeO2 led to the higher
content of chemisorbed oxygen and the low valence of Ce3+ on the
surface. Gaálová et al. [96] demonstrated that the oxygen trans-
fer from gas phase to active site was strongly improved by doping
of ceria support by other cations. Mikulová et al. [97–99] reported

that the performance of Pt catalysts on ceria-based materials for the
CWAO of acetic acid was dependent on the resistance of support
to the formation of carbonates (Ce(CO3)OH) which substantially
reduced catalytic activity, and a moderate OSC was required to
maintain a good catalytic performance.
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Table 6
Summary of studies on CWAO of aniline.

Catalyst Reactor Reaction conditions Reference

Ru/CeO2 SR 120–230 ◦C, 2.0 MPa of O2 [111]
Ru, Pd, and Pt on CeO2 SR 120–230 ◦C, 2.0 MPa of O2 [26]
Ru/SiO2 SR 175–220 ◦C, 0.34–1.38 MPa of O2 [112]
Ru/MWCNT SR 200 ◦C, 5.0 MPa of air [113]
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Pt/MWCNT SR
Mesoporous carbon xerogel SR
Cu, Cr, and V modified MCM-41 SR
Nanocasted Mn-Ce-oxide TBR

The CWAO of low molecular weight carboxylic acids, namely
cetic acid, propionic acid, and butyric acid, using 1 wt% Pt/C cata-
ysts was investigated by Gomes et al. [100]. The catalyst prepared
y incipient wetness impregnation method showed higher activity
han that by CVD due to higher metal dispersion. Using this catalyst,
he conversion of butyric, propionic, and acetic acids were about
5%, 96%, and 93%, respectively, after 8 h of run at 200 ◦C and 6.9 bar
f O2. Lee and Kim [101] carried out the CWAO of three carboxylic
cids, i.e. maleic acid, oxalic acid, and formic acid, in a batch reactor.
ith the Pt/�-Al2O3 catalyst, oxalic acid and formic acid were read-

ly oxidized into CO2 and H2O at 80 ◦C and atmospheric pressure,
hile maleic acid was hardly oxidized. The presence of sulfonated
oly(styrene-co-divinylbenzene) resin catalyst together with the
t/�-Al2O3 catalyst enhanced the degradation of maleic acid by
ydrolyzing maleic acid into more readily oxidizable compounds.

Fatty acids such as stearic acid generally make the refractory
roducts for the biological treatment of food industry effluents due
o their low solubility. Saturated fatty acids are more refractory
han unsaturated ones, and consequently a high temperature of
40 ◦C is usually necessary to significantly remove them without
atalyst [102]. Renard et al. [103] carried out the CWAO of stearic
cid over the noble metals (Ru, Pd, Pt, and Ir) supported on CeO2
n a batch reactor. They reported that stearic acid can be oxidized
y successive decarboxylation (Rn-COOH + O2 → Rn−1-COOH + CO2)
nd also be oxidized after the C–C bond cleavage within alkyl chain,
hich gives rise to significant amounts of acetic acid besides car-

on dioxide. The Pt/CeO2 catalyst was a very effective catalyst
n the destruction of stearic acid and extremely selective to CO2
more than 95% of mineralization after 3 h oxidation at 200 ◦C and
MPa), while the C–C bond splitting was much more noticeable
n the Ru/CeO2 catalyst. Royer et al. [104] studied the CWAO of
tearic acid over the transition metal-based perovskite catalysts
ynthesized by reactive grinding in which perovskite crystalliza-
ion occurred near ambient temperature by mechanical grinding
nergy. LaCoO3 exhibited much higher activity than Mn-based per-
vskites and LaCoO3 with the highest OSC value showed the highest
nitial activity. A direct relationship between the reducibility at low
emperature (OSC value) and the initial catalytic activity clearly
howed that the reactivity of redox couple (either Co3+/Co2+ or
n4+/Mn3+) determined the initial catalytic activity. The forma-

ion of stable carbonate with lanthanum destroyed the perovskite
tructure, resulting in a decrease in reaction sites, and consequently
n catalytic activity.

.3. Catalytic wet air oxidation of N-containing compounds

Nitrogen-containing compounds present a very high toxic-
ty and cause the acidification and eutrophication of ecosystems
105,106]. The oxidation of N-containing organic compounds like

niline generates phenol as a key component and acetic acid
s the most refractory intermediate [14,26,107–109]. Ammo-
ia generated from the oxidation of nitrogenous compounds is
ointed out as another refractory by-product to further oxidation
14,107].
200 C, 0.69 MPa of O2 [114]
200 ◦C, 0.69 MPa of O2 [115]
200 ◦C, 0.69 MPa of O2 [116]
110–140 ◦C, 1.0 MPa of O2 [117]

2.3.1. Catalytic wet air oxidation of aniline
Aniline is a representative compound of N-containing aromatic

compounds and is mainly used as a chemical intermediate in
the production of polymers, pesticides, pharmaceuticals, and dyes
[110]. Aniline is found to be more resistant to biodegradation than
phenol. Heterogeneous CWAO is one of the most attractive tech-
nologies for the treatment of aniline. Summary of studies on the
CWAO of aniline are listed in Table 6.

Barbier et al. [111] reported that at higher temperature than
150 ◦C, the N–C bond cleavage led to large amounts of ammonium
ions during the CWAO of aniline over the Ru/CeO2 catalyst. Ammo-
nium ions were oxidized quite selectively into molecular nitrogen
in the temperature range from 180 to 200 ◦C, while the reaction
pathway was significantly oriented towards the formation of unde-
sirable nitrite and nitrate ions above 200 ◦C. Barbier et al. [26] also
investigated the CWAO of aniline with noble metals (Ru, Pd, and Pt)
supported on CeO2. The order of activity for aniline oxidation was
Ru > Pd > Pt at 160 ◦C and Ru > Pt > Pd at 200 ◦C. Despite an excel-
lent activity, the Ru/CeO2 catalyst showed the highest rate of coke
deposition. At 160 ◦C, the Ru/CeO2 catalyst showed the highest
selectivity to ammonia and the Pd/CeO2 catalyst exhibited the high-
est selectivity to molecular nitrogen. At 200 ◦C, the Pd/CeO2 catalyst
remained the most selective catalyst to molecular nitrogen, while
the Ru and Pt catalysts produced significant amounts of nitrite and
nitrate ions. Reddy and Mahajani [112] reported that the optimum
temperature for the formation of molecular nitrogen was between
200 and 210 ◦C in the CWAO of aniline over the 5% Ru/SiO2 cata-
lyst. While more ammonium ions were formed below 200 ◦C, more
nitrate ions were generated above 210 ◦C due to the harsh oxidizing
conditions. The conversion of –NH2 to molecular nitrogen increased
by the addition of free radical initiator (hydroquinone), while that
decreased by adding the free radical scavenger (gallic acid).

Garcia et al. [113] investigated the effect of ruthenium precur-
sor, impregnation method, and surface chemistry of MWCNT on the
performance of Ru/MWCNT for the CWAO of aniline. The experi-
mental results demonstrated that the best compromise was the Ru
catalyst supported on the Na2CO3 ion exchanged MWCNT-COONa
prepared from ruthenium trichloride precursor by excess solution
impregnation, showing the highest dispersion, good activity, and
best stability. Garcia et al. [114] also found that the Pt/MWCNT cat-
alyst prepared from H2PtCl6·6H2O showed the highest selectivity
to non-organic compounds for the CWAO of aniline.

Mesoporous carbon xerogels were suggested as a promising cat-
alyst for the CWAO of aniline by Gomes et al. [115]. Mesoporous
carbon xerogel with a significant amount of oxygen functional
groups showed higher catalytic activity than a commercial AC (ROX
0.8, Norit) due to its high mesoporosity favoring the adsorption and
degradation of large molecules. Aniline was completely removed
with the high selectivity to non-organic compounds after 1 h oxi-

◦
dation at 200 C and 6.9 bar of O2. Gomes et al. [116] also reported
that the Cu-anchored MCM-41 showed a significant catalytic activ-
ity with the aniline conversion of 96% and the TOC reduction of
72.9% after 2 h of reaction at 200 ◦C and 6.9 bar of oxygen. This
catalyst exhibited a good activity and stability in three consecu-
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Table 7
Summary of studies on CWAO of dyes.

Catalyst Dye Reactor Reaction conditions Reference

Cu/CNF Acid Orange 7, Acid Orange 74,
Direct Blue 71, Reactive Black
5, and Eriochrome Blue Black B

SR 140 ◦C, 0.87 MPa of O2 [120]

AC (Industrial React FE01606A,
Chemviron Carbon)

Orange G, Methylene Blue, and
Brilliant Green

UFBR 160 ◦C, 0.16 MPa of air [121]

H4SiW12O40 and Na2HPW12O40 Acid Orange 7 SR 160–290 ◦C, 0.6–3.0 MPa of air [124]
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Zn1.5PMo12O40 Safranin-T
ZnO/MoO3 Safranin-T
Fe2O3-CeO2-TiO2/�-Al2O3 Methyl Orange
CuO-MoO3-P2O5 Methylene Blue

ive cycles, although small amount of leached copper ions were
etected.

Levi et al. [117] studied the CWAO of aniline using the
anocasted Mn-Ce-oxide catalyst (SBET = 300 m2/g) prepared by
sing SBA-15 as a hard template. With this catalyst, complete ani-

ine conversion, a 90% of TOC conversion, and a 80% of nitrogen
ineralization were achieved at 140 ◦C and 10 bar of oxygen in
trickle-bed reactor with liquid hourly space velocity (LHSV) of
h−1. However, the catalyst was rapidly deactivated due to the
etal leaching caused by complexation with aniline. Acidification

f solution with HCl was necessary to avoid the colloidization and
he leaching of nanoparticulate catalyst components.

.3.2. Catalytic wet air oxidation of dyes
Removal of dyes in textile wastewater has attracted a lot of inter-

st because of the growing concern about residual color which is
losely associated with toxicity and aesthetics of the discharged
ffluent. Dyes exhibit a high resistance to microbial degradation
ecause they retain color and structural integrity under exposure
o sunlight, soil, and bacteria. In particular, azo dyes are readily
onverted to hazardous aromatic amines under anoxic conditions
118,119]. Some studies on the CWAO of dyes are summarized in
able 7.

Rodríguez et al. [120] studied the CWAO of several azo dyes
Acid Orange 7 (AO7), Acid Orange 74 (AO74), Direct Blue 71 (DB71),
eactive Black 5 (RB5), and Eriochrome Blue Black B (EBBB)) over
he Cu/CNF catalyst. They reported that the treatment of CNF with
cid oxidant such as HNO3 introduced oxygen surface complexes to
ct as anchoring centers, changing the surface chemistry. At 140 ◦C
nd 8.7 bar of O2, all of azo dyes were completely degraded after
h reaction. Mono-azo dyes were more easily decomposed than
i-azo and tri-azo dyes. The order of color removal for mono-azo
yes was EBBB > AO7 > AO74.

Santos et al. [121] studied the CWAO of three dyes commonly
ound in textile wastewaters, Orange G (OG), Methylene Blue (MB),
nd Brilliant Green (BG), with a commercial AC (Industrial React
E01606A, Chemviron Carbon). Although complete dye removal
nd colorless effluents were obtained at 160 ◦C and 16 bar of O2
n a fixed-bed reactor, complete mineralization was not achieved
ue to the formation of intermediates. While non-toxic effluent was
btained in the CWAO of OG, the CWAO of BG exhibited the high-
st toxicity due to the formation of nitrogen-containing aromatic
ntermediates.

Heteropolyacids (HPAs) also named polyoxometalates (POMs)
re oxo-clusters of early transition metals in the highest oxidation
tate, namely Mo (VI), W (VI), V (V), etc., which represent an impor-
ant class of eco-friendly catalysts. POMs catalyze the oxidation of

rganic compounds under mild conditions due to their formidable
tructural diversity and specific properties including nano-sized
imension, shape, density, and surface reactivity [122,123]. Keggin-
ype polyoxotunstates (H4SiW12O40 and Na2HPW12O40) decreased
ignificantly the activation energy for the CWAO of Acid Orange 7
s reactor room temperature, atmospheric pressure [125]
s reactor room temperature, atmospheric pressure [126]
s reactor room temperature, atmospheric pressure [127]
s reactor 35 ◦C, atmospheric pressure [128]

and shifted the oxidation mechanism from a free radical chain reac-
tion to an electron transfer [124]. Zhang et al. [125] reported the
excellent catalytic activity of polyoxomolybdate (Zn1.5PMo12O40)
with nanotube structure for the CWAO of Safranin-T, in which a 98%
of color and a 95% of COD were removed within 40 min under room
temperature and atmospheric pressure. Safranin-T was totally min-
eralized to simple inorganic species such as HCO3

−, Cl−, and NO3
−.

The Zn1.5PMo12O40 catalyst kept stable under different cycling runs
and leaching effect was negligible. The CWAO of Safranin-T under
room conditions was also studied by Huang et al. [126]. With the
ZnO/MoO3 nanotube catalyst, the color and COD of Safranin-T were
almost completely removed after 18 min and total mineralization
was obtained simultaneously.

There are some works on the CWAO of azo dyes under room
conditions. Liu and Sun [127] reported that the Fe2O3-CeO2-TiO2/�-
Al2O3 catalyst prepared by consecutive impregnation exhibited a
high catalytic activity without metal leaching for the CWAO of
Methyl Orange. Within 2.5 h, a 98.09% of color and a 96.08% of TOC
were removed under room temperature and atmospheric pressure.
Ma et al. [128] reported that the color removal of Methylene Blue
was attained to 99.26% within 10 min under 35 ◦C and atmospheric
pressure in the presence of CuO-MoO3-P2O5 catalyst synthesized
by a solid-state reaction method. Catalyst activity almost kept con-
stant in three consecutive runs.

2.3.3. Catalytic wet air oxidation of ammonia
Ammonia is widely used as a chemical in the manufacture

of ammonium nitrate, metallurgy, petroleum refineries, etc. It is
known as a key intermediate in the oxidation of N-containing com-
pounds and is not amenable to direct biological treatment due
to its toxicity. CWAO is very effective for the removal of ammo-
nia, in which ammonia is mainly converted to molecular nitrogen
[111,129–134]. Studies on the CWAO of ammonia are summarized
in Table 8.

Lee et al. [135] elucidated the role of catalyst and the reason for
the preferential formation of molecular nitrogen (N2) in the CWAO
of ammonia over the Ru/TiO2 catalyst. It was verified that the cat-
alyst had no direct relevance to the selective formation of N2 but
was responsible only for the oxidation of ammonia, finally giving a
nitrous acid (HNO2). The preferential production of N2 was due to
the homogeneous reaction of nitrous acid-dissociated NO2

− with
ammonium ions (NH4

+). Even under the highly oxidizing condition,
NO2

− was much more likely to react with NH4
+ to form N2 than

being oxidized over catalyst to NO3
− as long as NH4

+ was available
in solution. To maximize the formation of N2 instead of hazardous
NO3

− in the CWAO of ammonia, it was important to adjust the
solution pH at the end of the reaction to be around the neutral.
The CWAO of ammonia over the mono- and bi-metallic noble
metal catalysts (Pt, Ru, and Pd) supported on cerium oxides was
carried out by Barbier et al. [111]. The Pt catalyst showed higher
activity than Pd and Ru. Although the Pd catalyst showed lower ini-
tial rate than the Pt catalyst, the Pd catalyst exhibited the highest
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Table 8
Summary of studies on CWAO of ammonia.

Catalyst Reactor Reaction conditions Reference

Ru/TiO2 SR 200 ◦C, 0.5 MPa of O2 [135]
Pt, Ru, Pd, and Ru-Pd on CeO2 SR 120–230 ◦C, 2.0 MPa of O2 [111]
Pt-Pd-Rh composite washcoated on �-Al2O3 TBR 150–230 ◦C, 2.0 MPa of O2 [136]

Cu-La-Ce composite SR 230 ◦C, 4.0 MPa of O2 [137]
TBR 150–230 ◦C, 2.0 MPa of O2

Cu-La-Ce composite coated on cordierite TBR 150–200 ◦C, 3.0 MPa of O2 [139]
Cu/ACF TBR 150–190 ◦C, 3.0 MPa of O2 [141]
Cu/ACF TBR 150–190 ◦C, 2.0–5.0 MPa of O2 [142]
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Co-precipitated transition metal-aluminium
catalyst (transition metal: Cu, Ni, Co, Fe, and
Mn)

SR

Ni/Al2O3 SR

electivity of more than 90% towards molecular nitrogen. Co-
mpregnation of Ru and Pd significantly enhanced the selectivity
o molecular nitrogen, while no synergy effect on ammonia con-
ersion was observed. Although the operation at high pressures
ncreased the solubility of oxygen and provided a strong driv-
ng force for oxidation, the formation of nitrite and nitrate ions
ncreased with pressure, resulting in slowly deactivating the cat-
lyst. Hung [136] applied the nanoscale Pt-Pd-Rd (weight ratio
f 4:3:1) composite oxide catalyst washcoated on �-Al2O3 in the
WAO of ammonia. At 230 ◦C and 2 MPa of oxygen, ammonia was
lmost completely removed and molecular nitrogen was the main
roduct. The results also showed that ammonia conversion at basic
ondition (pH 12) was much higher than that at acidic condi-
ion (pH 2). At higher solution pH, molecular ammonia favors a
igher NH3/NH4

+ ratio in the aqueous solution, and accordingly
he heterogeneously catalyzed reaction on catalyst surface should
e significantly occurred because NH3 is more reactive than NH4

+

130].
Hung and co-workers [137–139] studied the CWAO of ammo-

ia over the Cu-La-Ce composite metal catalysts. The catalyst with
Cu-La-Ce molar ratio of 7:2:1 was found to be optimal in terms
f ammonia conversion [137]. It was suggested that copper (II)
xide plays an important role in the CWAO of ammonia, while
anthanum (III) and cerium (IV) oxide may serve only to provide
ctive sites [138]. Kundakovic and Flytzani-Stephanopoulos [140]
emonstrated that copper is more stable when dispersed in the
e(La)O2 matrix, and copper clusters formed on a support appear
o be the most active component. With the Cu-La-Ce composite

oated on cordierite, around 91% of ammonia was removed at 473 K
nd 3 MPa of O2 in a continuous trickle-bed reactor (LHSV = 5.4 h−1)
139]. Hung [141,142] also studied the CWAO of ammonia using
he Cu catalyst on activated carbon fiber (ACF) which has attracted
reat attention due to small fiber diameters, a large contact surface

able 9
ummary of studies on CWAO of industrial wastewaters.

Catalyst Industrial wastewater

TiO2, ZrO2, Ru/TiO2, and Ru/ZrO2 Kraft bleaching plant effl
TiO2 and Ru/TiO2 Kraft bleaching plant effl
TiO2 and Ru/TiO2 Kraft bleaching plant effl
Pt and Ru on TiO2 and ZrO2 Olive oil mill wastewater
Pt and Ir on C Olive oil mill wastewater
Ru/TiO2 Coke plant wastewater
Ce-Cu and Ce-Mn on TiO2, �-Al2O3, and �-Al2O3/TiO2 Coke plant wastewater
Cu/CNF Textile wastewater
Pt/Al2O3, Mn/Ce oxides, and Cu(II)-exchanged NaY zeolite Alcohol-distillery wastew
CeO2 and SiO2-doped CeO2 Landfill leachate, Pulp an

bleaching liquor, and Hea
halogen polluted industri

Ru on AC-ceramic sphere Resin effluent
CuO Epoxy acrylate monomer

wastewater
230 C, 2.0 MPa of air [147]

230 ◦C, 2.0 MPa of air [148]

area, a high dispersion of impregnated metal, and a narrow range
of sizes [143–146]. The results suggested that the catalytic activity
of Cu/ACF may be caused by the strong interaction between copper
(II) oxide and ACF.

Kaewpuang-Ngam et al. [147] investigated the CWAO of ammo-
nia over the co-precipitated transition metal (Mn, Fe, Co, Ni, and
Cu)-aluminium catalysts. Among the prepared catalysts, the Cu-Al-
O catalyst exhibited the highest activity and selectivity to molecular
nitrogen. It was suggested that CuO promotes the reaction and
CuAl2O4 in bulk phase stabilizes the catalyst. Kaewpuang-Ngam
et al. [148] also reported that about 90% of nitrogen selectivity for
the CWAO of ammonia was achieved by using the 20 wt% Ni/Al2O3
catalyst after 2 h reaction at 230 ◦C and 2 MPa without the dissolu-
tion of Ni. The Ni/Al2O3 catalyst pretreated by calcination in air at
900 ◦C for 4 h showed a high stability due to the formation of metal
aluminate, NiAl2O4 phase.

2.4. Catalytic wet air oxidation of industrial wastewaters

As mentioned above, heterogeneous catalysts have been exten-
sively studied for the CWAO of various model compounds.
However, few works have focused on the feasibility of solid cat-
alysts for the treatment of real wastewater. Some of studies on the
CWAO of industrial wastewaters are summarized in Table 9.

Pulp and paper industry uses very large amounts of water
during the processing. Especially, the bleaching process produces
refractory organic compounds including lignin and polysaccharide
fragments, organic acids, aliphatic alcohols, etc., which are hardly

degraded by biological treatment. Pintar et al. [149] investigated
the CWAO of acidic and alkaline Kraft bleaching plant effluents
(TOC = 665 and 1380 mg/L, respectively) in a batch slurry reactor.
The results showed that TiO2 and ZrO2 were considerably active in
the TOC removal of both acidic and alkaline effluents, and the rate

Reactor Reaction conditions Reference

uents SR 190 ◦C, 5.5 MPa of air [149]
uents TBR 190 ◦C, 5.5 MPa of air [150]
uents SR 190 ◦C, 5.5 MPa of air [151]

SR and TBR 140–190 ◦C, 5.0–7.0 MPa of air [152]
SR 100–200 ◦C, 0.69 MPa of O2 [153]
UFBR 250 ◦C, 4.8 MPa of air [154]
SR 140–220 ◦C, 1.2 MPa of O2 [155]
SR 120–160 ◦C, 0.63–0.87 MPa of O2 [156]

ater SR 180–250 ◦C, 0.5–2.5 MPa of O2 [157]
d paper
vily organic
al wastewater

SR 157–227 ◦C, 2–3.5 MPa of O2 [158]

UFBR 160–240 ◦C, 1.5 MPa of O2 [159]
industrial SR 200–250 ◦C, 3–3.5 MPa of O2 [160]
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f TOC removal increased with the specific surface area of metal
xides. Doping of Ru on these metal oxides enhanced the catalytic
ctivity, and thus more than 99% of TOC removal was achieved
ithin 8 h of reaction at 190 ◦C and 5.5 MPa of air. The CWAO of
raft bleach plant effluents in a trickle-bed reactor packed with
u/TiO2 demonstrated the ultimate destruction of parent organics
nd their mineralization to CO2, and proved the long-term activity
nd chemical stability of the Ru/TiO2 catalyst [150]. The reaction
as characterized by a fast initial step with rapid fragmentation

f large molecules to short organic acids, followed by a slow reac-
ion step as these acids, especially acetic acid, tend to be resistant
o further oxidation [151]. Complete destruction of acetic acid is
ot necessary because acetic acid can be eliminated by biological
reatment due to its low ecotoxicity. Therefore, the CWAO process
an be adapted as a pretreatment process integrated with subse-
uent biological treatment of acetic acid to recycle the industrial
ffluents.

Olive oil mill wastewater (OMW) generated from olive oil
xtraction industry has a high organic load and antibacterial pheno-
ic compounds and thus poses severe environmental threats. Minh
t al. [152] reported that TOC and phenolic content of OMW were
ffectively eliminated through the CWAO using the noble metals
Pt and Ru) supported on titania and zirconia at 190 ◦C and 70 bar
f air, in which the toxicity towards Vibrio fischeri and phytotoxicity
ecreased simultaneously. Especially, the CWAO over the Ru cata-

ysts reduced considerably the total phenolic contents of OMW and
hus produced the effluent suitable to be treated by anaerobic treat-

ent. The Ru catalysts were found to be stable over a long period of
peration in a trickle-bed reactor. Gomes et al. [153] reported that
he carbon supported Pt and Ir catalysts showed a high activity for
he CWAO of OMW. With the 1 wt% Pt/C catalyst, TOC and color
ere completely removed after 8 h of reaction at 200 ◦C and 6.9 bar

f O2.
Coke-plant wastewater is generated from coal coking, coal gas

urification, and by-product recovery processes of coke factory.
ang et al. [154] studied the CWAO of coke-plant wastewater using
he eggshell Ru/TiO2 catalyst with 0.25 wt% Ru loading at 250 ◦C
nd 4.8 MPa, in which COD removal and ammonia/ammonium
ompounds (NH3-N) removal were 96% and 93%, respectively.
he eggshell Ru/TiO2 catalyst showed the higher activity for COD
emoval and much higher activity for NH3-N degradation than the
orresponding uniform Ru/TiO2 catalyst due to the higher density
f active Ru sites in the shell layer. Han et al. [155] investigated
he CWAO of high-strength organic coking wastewater over the
e-Cu and Ce-Mn catalysts. The Cu-Ce (2:1) catalyst supported on
-Al2O3/TiO2 showed a high activity and stability. With this cata-

yst, a 95.2% of COD was removed after 60 min of reaction at 180 ◦C
nd 1.2 MPa of O2, while the concentration of leached copper ions
as only 5.81 mg/L.

The effluent from dye and textile industry generally exhibits
deep color which prevents the transmission of light and thus

dversely affects the aquatic ecosystems. Rodríguez et al. [156]
emonstrated that CNF can be effectively used as a catalyst sup-
ort for the CWAO of washing textile wastewater. In the presence
f 3 wt% Cu/CNF catalyst, color reduction and TOC removal were
lose to 97% and 74.1%, respectively, after 180 min of reaction under
40 ◦C and 8.7 bar of oxygen pressure. The 43% of toxicity was
imultaneously reduced, which was evaluated by the acute toxicity
esults based on bioluminescence in Vibrio fisheri.

Belkacemi et al. [157] conducted the CWAO of two high strength
lcohol-distillery waste liquors (TOC = 10,500 and 22,500 mg/L,

espectively) in a batch stirred autoclave (180–250 ◦C, 0.5–2.5 MPa
f O2). Mn/Ce oxides and Cu(II)/NaY showed higher TOC removal
han Pt/Al2O3. The initial rates were first order for TOC, and the
ctivation energies for the three different catalysts ranged from 34
o 51 kJ/mol. Although the catalysts were found to be very effective
ous Materials 186 (2011) 16–34 25

for short contact times, for prolonged exposures coke deposition
hampered the access of dissolved compounds to the active sites,
thereby drastically lowering the TOC reduction rates.

Goi et al. [158] carried out the CWAO of three high strength
composite halogenated liquid wastes, i.e. landfill leachate, pulp
and paper bleaching liquor, and heavily organic halogen polluted
industrial wastewater, in a batch bench-top pressure vessel using
pure CeO2 and SiO2-doped CeO2. The SiO2-doped CeO2 showed a
better performance than pure ceria due to the higher OSC of silica-
modified ceria coupled with high surface area. Landfill leachate and
heavily organic halogen polluted industrial wastewater were more
refractory than pulp and paper bleaching liquor. For the CWAO of
pulp and paper bleaching liquor with the SiO2-doped CeO2, about
80% of COD and 90% of adsorbable organic halogen (AOX) were
removed for 1 h reaction at 187 ◦C. The CWAO of heavily polluted
wastewaters increased the biodegradability to a degree that allows
wastewaters to be then treated in biological method.

Resin effluent (COD = 19,500 mg/L) containing phenol,
formaldehyde, and methanol was treated by CWAO using the
Ru catalyst on active carbon-ceramic sphere prepared by coating
a porous ceramic sphere with a phenolic resin as the carbon
precursor [159]. The results showed that the 3 wt% of Ru catalyst
on support activated by KOH with the KOH-to-carbon ratio of 1.2
displayed the highest activity and stability during 30 days. With
this catalyst, the conversion of COD was about 92% at 200 ◦C and
1.5 MPa of O2.

Yang et al. [160] examined the feasibility of CWAO as
a pretreatment method for biological remediation through
the CWAO of epoxy acrylate monomer industrial wastewater
(COD = 150,000 mg/L and TOC = 53,000 mg/L). After 3 h of CWAO
over the CuO catalyst at 250 ◦C and 3.5 MPa of O2, the 77% of
COD and 54% of TOC were removed, respectively. Moreover, the
BOD5/COD ratio significantly increased from 0.13 to 0.70, indicating
that the biodegradability is highly improved through CWAO.

2.5. Integration of catalytic wet air oxidation to other processes

The combination of appropriate techniques is considered imper-
ative to conceive technically and economically feasible wastewater
treatment because a single treatment method does not appear to
be efficient for a highly concentrated wastewater. In this sense,
CWAO can be used more efficiently through integration with other
processes. Representative hybrid systems related to CWAO are the
integrated CWAO/biological process and the hydrogen promoted-
CWAO.

As mentioned in Section 2.4, CWAO can effectively improve
the biodegradability of industrial wastewater, and accordingly the
integration of CWAO and biological process can be a cost-effective
process for the treatment of non-biodegradable wastewaters [12].
CWAO as a pretreatment step converts bioresistant compounds to
more readily biodegradable intermediates, followed by biological
oxidation of these intermediates to biogas, biomass, and water. The
biodegradability expressed as a BOD5/COD ratio and ecotoxicity of
effluent after CWAO step is a determining factor for the potential
application of this combined strategy [62,161–166]. Recently, Kang
et al. [167] investigated the feasibility of coupling a CWAO using
the CuO/Al2O3 catalyst and an anaerobic/aerobic biological pro-
cess to treat wastewater from Vitamin B6 production. The Results
showed that the CWAO enhanced the biodegradability (BOD5/COD)
from 0.10 to 0.80. The oxidized effluent with COD of 10,000 mg/L

was subjected to subsequent continuous anaerobic/aerobic oxida-
tion, and a 99.3% of total COD removal was achieved. Suarez-Ojeda
et al. [164] also confirmed the effectiveness of coupling a CWAO
using activated carbon and an aerobic biological treatment to treat
a high-strength o-cresol wastewater in a pilot scale.
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The use of hydrogen peroxide (H2O2) as a free radical promoter
n CWAO has been shown to enhance the rate of organic oxidation
nd eliminate the induction period [168–171]. Quintanilla et al.
171] studied the effect of hydrogen peroxide on the CWAO of
henol with activated carbon catalysts. They demonstrated that
ydroperoxy radicals produced by the reaction between hydrogen
eroxide and adsorbed oxygen initiate the reaction on the carbon
nd in the liquid phase, and are responsible for the increased initial
ctivity which provokes a faster removal of organics.

It is necessary to exert continuous efforts on development of
ffective hybrid systems using CWAO as a pretreatment as well
s a posttreatment depending on the nature of wastewater from
arious industries.

. Reaction mechanisms and kinetics for catalytic wet air
xidation

The majority of studies for CWAO mainly focus on the removal of
eactant, COD, and TOC. However, a sufficient knowledge for reac-
ion mechanisms and kinetics for CWAO is essential to optimize the
eaction conditions and to develop the effective catalysts required
or industrial applications.

.1. Reaction mechanisms and pathways

The definite mechanisms and reaction pathways for CWAO have
ot been established even for a pure compound because the oxida-
ion of organic compounds goes through very complicated routes
nd leads to the formation of various intermediates [172,173]. Gen-
rally, the final intermediates are short-chain organic acids such
s acetic acid, formic acid, oxalic acid, etc., regardless of initial
rganic compounds [174,175]. The identification of intermediates
nd by-products formed during oxidation is essential to evaluate
he toxicity and to point out possible refractory compounds.

Before discussing about CWAO, it is necessary to consider the
ncatalyzed WAO because its mechanisms are usually very simi-

ar to those for CWAO as acetic acid is also indentified as a final
roduct, besides carbon dioxide [13]. Most of studies have reported
hat the chemical reaction of WAO chiefly proceeds via free radi-
al reactions. Several free radical reactions consisting of initiation,
ropagation, and termination of free radical have been proposed
o take place during the WAO of various organic compounds
16,176–179]. Robert et al. [179] provided the direct experimen-
al evidence for the presence of free radical intermediates in the

AO of cellulose using electron spin resonance (ESR) spectroscopy
oupled with spin trapping technique. Some studies gave the indi-
ect evidences of free radical reactions. Co-oxidation is one of
hem, which involves the oxidation of an organic compound by
ree radical intermediates generated from another organic com-
ound [180–183]. Another is to hinder or promote the free radical
eactions using inhibitors such as t-butanol [184,185] or promoters
ike hydrogen peroxide and hydroquinone [184,186], respectively.

Heterogeneous catalysts are capable of initiating free radicals.
he catalyst directly activates reactant molecules, facilitating their
ecomposition into radicals, or accelerates the decomposition into
adicals with hydroperoxides formed in a radical chain mecha-
ism. The catalytic cycle can be introduced through the following
eduction-oxidation reactions of hydroperoxides [187]:

OOH + Mn+ → ROO• + M(n−1)+ + H+ (1)

OOH + M(n−1)+ → RO• + Mn+ + OH− (2)
The solid catalysts enhance the free radical propagation through
he formation of alkyl peroxy radicals (1) and the decomposi-
ion of hydroperoxides (2). The redox potential of the Mn+/M(n−1)+

ouple is a main factor to promote the oxidation. The cata-
ous Materials 186 (2011) 16–34

lysts may also involve an oxygen-transfer mechanism in which
the role of catalyst is to transfer an oxygen atom to aqueous
reactant molecules through complexation and activation [188].
The CWAO of organic compounds may initiate by the activa-
tion of either oxygen molecules or reactant molecules. Either an
adsorbed oxygen on catalyst surface or a lattice oxygen present in
metal oxides may participate in a reaction [189]. Thus, the solid
catalysts enhance the heterolytic reactions by the formation of
ionic environment. Both free radical (homolytic) and ionic (het-
erolytic) oxidation reaction mechanisms have been proposed for
the CWAO of organic compounds [190–194]. Sadana and Katzer
[190] proposed a heterogeneous-homogeneous free radical mech-
anism consisting of the initiation on catalyst surface, homogeneous
propagation, and either homogeneous or heterogeneous termina-
tion. Pintar and Levec [191,192] demonstrated that the CWAO of
phenolic compounds combined a redox and a heterogeneous non-
branched chain free radical mechanism in which the role of catalyst
was ascribed to be in the activation of phenol molecule and oxygen.
The critical catalyst concentration phenomenon is one of the char-
acteristics of free radical chain reaction, in which a slight increase
in catalyst concentration induces a dramatic change in the rate of
process [193]. Another is an induction period where the generation
of radicals is poor, followed by a higher steady-state period with a
fast free radical reaction regime [194].

The CWAO of organic pollutants may involve several reaction
mechanisms depending on the reaction conditions. It is also possi-
ble for one mechanism to be dominant. For the catalyst with poor
activity, the free radical mechanism may predominate, and thus
high catalyst concentration could lead to a longer induction period
or lower oxidation rate due to the chain termination caused by
interaction between free radical and catalyst. This might explain
the lower pollutant conversion over some catalysts than uncat-
alyzed oxidation. On the other hand, the redox mechanism may
predominate in the presence of catalysts with high activity.

Most of studies on reaction pathway for CWAO have employed
phenol as a model compound because it is considered to be an
intermediate in the oxidation of higher molecular weight aromatic
compounds [22,23]. Phenol oxidation follows an extremely com-
plex pathway composed with parallel and consecutive reactions.
Devlin and Harris [195] proposed the mechanism for non-catalytic
oxidation of phenol in which phenol is firstly oxidized to dihydrox-
ybenzenes, i.e. hydroquinone and catechol, which are converted
into benzoquinones. Rings of benzoquinones are then opened with
the formation of appropriate acids which are further oxidized to
short-chain carboxylic acids. Among the generated carboxylic acid,
acetic acid is considered as the most refractory compound due to a
low adsorption coefficient on catalyst surface and/or a weak reac-
tivity in adsorbed state [196]. Acetic acid is not important from an
environmental point of view because it is readily biodegradable.
However, it causes pH values as low as 3, thus requiring reactor
materials and catalysts that can withstand the hot and corrosive
reaction conditions.

As depicted in Fig. 1, most of studies on the oxidation routes
for the CWAO of phenol generally consider the hydroxylation of
phenol to hydroquinone and catechol as a first step with a further
oxidation of them to benzoquinones [70,174,175,197,198]. How-
ever, many different intermediates are evidently formed during
CWAO, depending on catalysts and reaction conditions such as tem-
perature, oxygen pressure, and solution pH. Santos et al. [199,200]
investigated the effect of solution pH on the reaction pathway for
the CWAO of phenol by using bicarbonate as a buffer reagent to

maintain the pH in the range of 7–8 (designated as pH 8B). The
experimental results showed that the toxic intermediates such as
hydroquinone, benzoquinone, and catechol were not obtained at
pH 8B, while they were found in the catalytic phenol oxidation at
acidic pH of 3.5 [175]. The intermediates detected at pH 8B were
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Table 10
Kinetic models proposed for heterogeneous CWAO [207].

Kinetic model Equation Mechanism

M1 rH = k1[A]p[O2]q Empirical approach

M2 rH = k1KAKO2
[A][O2]

(1+KA[A]+KO2
[O2])2 Single site; O2 + * ↔ O2*

M3 rH =
k1KAK0.5

O2
[A][O2]0.5

2 Single site; O2 + 2* ↔ 2O*
CO2 + H2O

Fig. 1. Simplified reaction pathway of phenol oxidation.

ore than one order of magnitude less toxic than phenol [163]. A
adical mechanism was proposed to explain this oxidation route, in
hich bicarbonate reacts with phenoxy radicals formed on the solid

urface, avoiding the formation of hydroperoxide radical precursors
f dihydroxybenzenes.

.2. Reaction kinetics

It is desired that the kinetic models correspond reasonably with
eaction mechanism and experimental data. Reaction parameters
ncluding reaction temperature, oxygen partial pressure, reactant
oncentration, solution pH, reactor type, etc. influence the reac-
ion rate. Studies on the kinetics of CWAO have been extensively
erformed by using model compounds over a wide range of tem-
eratures and pressures. Slurry reactors and fixed-bed reactors
both liquid full-operating and trickle-bed) are mainly used to carry
ut the CWAO runs. The solid-to-liquid volumetric ratio, usually
alled catalyst concentration, is quite low in slurry reactors (about
–5 g/L) and several orders higher in fixed-bed reactors.

For the heterogeneous catalytic oxidation of aqueous organic
ollutants, the apparent kinetic models are generally expressed

n terms of either the simple power law or more com-
lex equation based on adsorption–desorption mechanism, i.e.
angmuir-Hinshelwood-Hougen-Watson (LHHW) model. Both
inetic models have provided reasonable simulations of the
bserved results for the CWAO of reactants [23,84,174,201–206].
inetic models proposed from data obtained in slurry reactors are

sually power law type with different orders for reactant concen-
ration, oxygen partial pressure, and catalyst concentration, with
he exponent of the last variable being less than unity due to homo-
eneous contribution. On the other hand, kinetic models proposed
rom data obtained in fixed-bed reactors only consider heteroge-
(1+KA[A]+K0.5
O2

[O2]0.5)

M4 rH =
k1KAK0.5

O2
[A][O2]0.5

(1+KA[A])(1+K0.5
O2

[O2]0.5)
Dual site; O2 + 2* ↔ 2O*

neous contribution with the rate of pollutant degradation, being
linear with catalyst concentration.

The CWAO of organic compounds consists of the following steps
occurring in series: the dissolution of oxygen from bulk gas phase
to bulk liquid phase, the competitive or parallel adsorptions of the
dissolved oxygen and reactant on the active sites of catalyst, and
the surface chemical reactions. Guo and Al-Dahhan [207] suggested
the kinetic equations for heterogeneous contribution, rH, based on
the reaction mechanism where the adsorption and desorption steps
are assumed to be instantaneous compared to the surface reaction
(Table 10). The simplest form of surface reaction rate could be cor-
related with the power law kinetic model M1. The LHHW rate laws
are commonly used to express heterogeneous catalytic kinetics due
to a more realistic description of reaction mechanism [208–210].
On the basis of the LHHW rate laws, model M2 consists of reversible
adsorption of reactant and oxygen molecules on the same active
site of catalyst, and a rate-determining irreversible surface reac-
tion between the adsorbed reactant and adsorbed oxygen. Model
M3 is very similar to model M2 in terms of its single-site mecha-
nism except the dissociation of oxygen molecules to oxygen atoms.
On the other hand, if the dissociated oxygen and reactant adsorb on
distinctly different active sites, the surface reaction rate is described
as model M4. In all rate expressions, k1 is the rate constant for the
surface reaction step, which can be expressed by the Arrhenius law,
and KA and KO2 are the adsorption equilibrium constants for model
compound and oxygen on the catalyst surface, respectively. Guo
and Al-Dahhan [207] evaluated a group of kinetic models consider-
ing both power law and LHHW approaches to describe the kinetics
for the CWAO of phenol over the extrudates of Al-Fe pillared clay in
a basket stirred-tank reactor. The results showed that the apparent
catalytic kinetics of phenol disappearance complied with a LHHW
rate law derived from a dual site adsorption mechanism with a
rate-determining surface reaction between adsorbed phenol and
adsorbed oxygen atoms. Gunale and Mahajani [211] reported that
the kinetic data for the CWAO of N-ethylethanolamine over Ru/TiO2
could be well correlated by a LHHW model involving a dual site
dissociative adsorption of O2.

Fortuny et al. [201] carried out the CWAO of phenol under
120–160 ◦C and 0.6–1.2 MPa of O2 using a commercial copper oxide
catalyst (Harshaw Cu 0803 T1/8, Engelhard) in a trickle-bed reac-
tor. They described the phenol degradation using a simple power
law expression in which reaction order for phenol and oxygen were
1 and 0.5, respectively. In their successive work, the same experi-
mental data was described using a LHHW expression accounting for
the adsorption effects together with simple power law expression
[174]. The model predictions significantly improved when LHHW
expressions were incorporated for all intermediate compounds,
except for phenol that did not adsorb on the catalyst. Eftaxias et al.
[206] reported that simple power law model accurately predicted

the entire experimental data for the CWAO of phenol using AC in
a trickle-bed reactor, while more complex LHHW model did not
significantly improve the data fitting. They also demonstrated that
compared to a gradient-based Levenberg–Marquadt algorithm, the
stochastic simulated annealing algorithm effectively optimized the
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Fig. 2. Generalized lumped kinetic model (GLKM) [212].

nvolved model parameters, leading to a very satisfactory fit of
hole experiment data [84].

Although the kinetic models proposed for pure compounds are
seful for the understanding of reaction mechanisms, they are not
ufficient for real wastewaters containing a mixture of organic com-
ounds. More detailed kinetic models are required to describe the
eaction rate observed in the CWAO of real wastewaters. Therefore,
he rate laws have to be expressed by means of lumped parameters
uch as TOC and COD. For non-catalytic WAO, Li et al. [212] pro-
osed the general lumped kinetic model (GLKM), also named the
riangular scheme, based on the simplified reaction scheme with
cetic acid as a rate-limiting intermediate (Fig. 2). In the GLKM, all
he organics are divided into three characteristic lumps, namely
arent compounds and unstable intermediates except acetic acid
lump A), refractory intermediates, acetic acid being a typical rep-
esentative (lump B), and end products (lump C). k1, k2, and k3 are
pparent constants for the chemical reaction rates and are depen-
ent on reaction temperature and dissolved oxygen concentration.
he GLKM has been used to analyze the experimental kinetic data
n several studies [151,174,213]. Unfortunately, the GLKM does
ot successfully express the heterogeneous CWAO because it does
ot consider the heterogeneous catalytic reaction, namely reactant
nd/or product adsorption/desorption as well as surface reactions.
elkacemi et al. [214] proposed the extended lumped kinetic model
ELKM) based on the LHHW expression (Fig. 3). They extended the
LKM to the heterogeneous CWAO by including additional physi-
al and chemical steps as follows: the parent aqueous compounds
lump A) adsorb on the catalyst surface, undergo surface reactions
nto adsorbed intermediate (lump B), then into end product (lump
); both may desorb and leave from the catalyst surface. The ver-
atility of ELKM was demonstrated using literature data obtained
nder various experimental conditions. The lumped kinetic model
ased on the LHHW expression including the formation of coke
eposits was also suggested by Hamoudi et al. [215].

. Catalyst deactivation in catalytic wet air oxidation
One of the major limitations in application of solid catalysts is
he relatively rapid deactivation in reaction conditions of CWAO.
eterogeneous catalysts are deactivated in CWAO mainly due to
oisoning, coke deposition, and metal leaching. Metal oxide cata-

ysts are usually vulnerable to metal leaching in acidic condition. In

Fig. 3. Extended lumped kinetic model (ELKM) [214].
ous Materials 186 (2011) 16–34

contrast, the precious metals supported on stable supports are less
prone to leaching of active ingredients, but coke deposition is still
a problem.

4.1. Carbonaceous deposits

The major cause of catalyst deactivation in the heterogeneous
CWAO of organic compounds is the carbonaceous deposits on cata-
lyst surface, which limit the access of reactant and dissolved oxygen
to the active sites of catalyst. In the CWAO process, the degradation
of pollutants takes place preferably at moderate temperatures and
pressures. Although less severe reaction conditions are economi-
cally advantageous, low temperatures promote stronger adsorptive
interactions on catalyst surface, and accordingly facilitate the for-
mation of undesirable heavy polymeric products [198,216]. Pintar
et al. [24] reported that the deactivation of Ru/TiO2 catalysts
observed at temperatures below 190 ◦C was attributed to the strong
adsorption of partially oxidized intermediates on catalyst surface,
which can be avoided by conducting the CWAO at sufficiently high
temperatures. In a slurry reactor, the homogeneous polymerization
is promoted in the bulk liquid-phase due to a low solid-to-liquid
volumetric ratio [217,218]. On the other hand, the formation of
polymers is usually suppressed in a fixed-bed reactor with a high
solid-to-liquid ratio [191,192].

As mentioned in the Section 2, the coke deposits concern both
noble metals and metal oxides. Kim et al. [37] demonstrated that
the 64% of degraded phenol over MnOx/Ce0.65Zr0.35O2 was con-
verted into coke deposits during the CWAO of phenol in a batch
reactor. Kim and Ihm [34] also reported that among the transition
metal (Mn, Fe, Co, Ni, and Cu) oxide catalysts on �-Al2O3, the Mn
catalyst showed the highest amount of carbonaceous deposits after
the CWAO of phenol in a batch reactor. The results of NMR and FTIR
spectroscopy showed that the carbonaceous deposits were mostly
of aromatic nature and contained some oxygen-bearing groups
such as carboxylic acids and alcohols. Keav et al. [219] identified
that the carbonaceous deposits formed during the CWAO of phenol
consist of several polycyclic aromatic compounds of chromenone,
xanthenone, and fluorenone families, resulting from the condensa-
tion of phenol with partial oxidation products.

Lee et al. [220] studied the formation/migration of carbon
deposits during the CWAO of phenol over Pt/Al2O3 and Pt/CeO2.
They suggested that the carbonaceous deposits were primarily
formed on Pt particles and then migrated continuously onto the
supports. Mikulová et al. [99] suggested that the presence of car-
bonate species in the lattice of ceria-based support formed during
the CWAO of acetic acid was responsible for the deactivation related
to an inhibition of oxygen transfer. Nousir [33] reported the poi-
soning of Pt/CeO2 catalysts during the CWAO of phenol in a stirred
batch reactor due to the formation of carbonates and polymeric car-
bon species. They showed that the introduction of zirconium into
ceria lattice restrained the formation of carbonaceous materials.

Several methods have been used to regenerate the solid catalysts
deactivated by coke deposition. Thermal treatment in an oxidiz-
ing gas stream is the most common regeneration method. Usually,
the coke-deposited catalysts can recover their initial activity after
regeneration at 400 ◦C under air stream [29]. A rinse with organic
solvent like acetone also can be utilized to remove the coke deposits
on catalyst surface [53]. Keav et al. [221] proposed an easy-to-
perform ex-situ solvent-free reactivation procedure, in which the
carbonaceous deposits are totally degraded by combustion with
diluted oxygen at moderate temperature.
4.2. Metal leaching

During the CWAO of organic compounds, the acidic inter-
mediates such as short-chain carboxylic acids are formed, and
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ccordingly the pH value of medium decreases as oxidation pro-
eeds [222–225]. Obviously, metal ions are leached out from active
pecies and/or supports to reactant solution under hot acidic condi-
ion, resulting in the decrease of catalytic activity [226]. Moreover,
he leached metal ions usually exhibit toxicity so that a treatment
s required to recover them [175,200].

Especially, the copper catalysts are very vulnerable to leach-
ng in the CWAO conditions in spite of their good catalytic activity
35,37,38,200,222,227–229]. The rate of copper leaching consider-
bly increases under the pH value of less than 4 [229]. Santos et
l. [200] found that considerable copper leaching occurred at acid
H of 3.5, while this was negligible in the presence of bicarbon-
te buffer solution because the solution pH was maintained in the
ange of 7–8. However, the oxidation rate in the basic condition is
enerally lower than that in acidic condition [228]. The dissolved
opper ions from the catalyst produce an important reaction exten-
ion in the liquid phase, changing the heterogeneous catalysis into
he homogeneous reaction, and accordingly influence on the oxida-
ion rate of organic compounds and the oxidation routes [38,200].
rena et al. [38] revealed that the length of induction period in

he CWAO of phenol is actually related to the leaching of a cer-
ain amount of copper ions from the catalyst. During this time, the
henol conversion and extent of copper leaching remained very

ow levels, while the initial pH value hardly changed. Thereafter,
he extent of copper leaching rapidly increased corresponding to
he drop in the pH value caused by acidic intermediates. Both phe-
ol and TOC conversion also increased with copper leaching. The
arallel evolution of Cu leaching and phenol conversion definitely
roved a direct relationship between leaching and activity of the
u catalysts. This result leads to infer that the CWAO of organic
ompounds over the Cu catalysts proceeds via a homogeneous-
eterogeneous path promoted by leached copper ions.

.3. Mitigation of catalyst deactivation

Many attempts have been made to avoid or reduce the carbona-
eous deposits and/or metal leaching through the modification of
atalyst composition, the introduction of promoter, the develop-
ent of manufacturing method and pretreatment procedure, and

he control of operating conditions.
Hamoudi et al. [230] reported that even though the MnO2-CeO2

atalyst was very effective for the degradation of phenol, the miner-
lization selectivity was moderate due to the parallel formation of
arbonaceous deposits. Promotion of the MnO2-CeO2 catalyst with
t and/or Ag appreciably reduced the amount of coke deposits due
o the low temperature redox properties attained by metal doping,
nd accordingly enhanced the mineralization selectivity.

Hussain et al. [231,232] ascertained that doping of potassium
nhanced the catalytic activity of Mn-Ce-O catalyst for the CWAO
f phenol and decreased the formation of carbonaceous deposits.
hus, mineralization selectivity of the K-Mn-Ce-O catalyst was 2.9
imes higher than that of Mn-Ce-O. Furthermore, the K-Mn-Ce-O
atalyst exhibited a high resistance to metal leaching. Potassium
aving electron-donor ability captures oxygen atoms, and accord-

ngly forms K2O which subsequently changes to peroxide, O2
−,

enerating an electron rich environment that is favorable to the
ctivation of oxygen. This in turn contributes to the production of
ore peroxide by catalyst. Thus, the oxidation occurs more rapidly
ith a high efficiency, thereby reducing the formation of coke
eposits [233].

To minimize the metal leaching, the polytetrafluorethylene

PTFE) coated catalyst was proposed [234]. The presence of
ydrophobic film would reduce the direct contact between active
pecies and aqueous reaction medium, and allow the reactants
o diffuse and react into the catalyst. An optimized wet-proofed
atalyst was prepared by successive immersion steps of a conven-
ous Materials 186 (2011) 16–34 29

tional CuO/�-Al2O3 catalyst in a PTFE fibers suspension. The activity
of wet-proofed catalyst was remained almost constant, while the
activity of conventional catalyst decreased with reaction time. The
hydrophobic layer improved catalyst stability by preventing the
solubilization of Cu2+ and the formation of boehmite phase during
reaction [235].

Spinel type catalysts are highly resistant to dissolution in acidic
conditions [236,237]. Xu et al. [238] reported that when x ≤ 0.25 for
the Cu0.5−xFexZn0.5Al2O4 spinel catalysts, the amount of Cu leach-
ing decreased during the CWAO of phenol due to the reduction
in the fraction of octahedral Cu exposed to reactants. They also
showed that increasing with Al content in the ZnFe2−xAlxO4 spinel
catalysts, the main iron species present on catalyst surface turned
from aggregated iron oxide clusters to Fe3+ species in octahedral
sites which are very resistant to dissolution under acidic condition
[239,240].

5. Conclusions

Catalytic wet air oxidation is a promising technology for the
treatment of refractory organic pollutants in the effluent from var-
ious industries in view of high pollutant removal efficiency at mild
conditions and environmental friendliness not involving any harm-
ful chemical reagent. Studies on the CWAO of model pollutants and
industrial effluents illustrate the potential of CWAO as a treatment
technology for industrial wastewater. Most of studies have usu-
ally employed phenolics, carboxylic acids, and nitrogen-containing
compounds as a model pollutant. Among them, phenol is mainly
taken as a model compound because it is widely used in industries
and is considered to be an intermediate in the oxidation of higher
molecular weight aromatic compounds.

The performances of various solid catalysts including noble met-
als such as Ru, Rh, Pd, Ir, and Pt as well as oxides of Cr, Mn, Fe,
Co, Ni, Cu, Zn, Mo, and Ce for the CWAO of aqueous pollutants
have been demonstrated in the last decade. The results evidently
showed that catalytic activity and stability depend on the com-
bination of metal and support, the preparation and pretreatment
method, the nature of pollutants, and the reaction conditions. Noble
metals have been extensively utilized in the CWAO of model com-
pounds as well as real wastewaters due to their excellent catalytic
activities. Although noble metals show a high resistance to dis-
solution, they are still vulnerable to poisons including polymeric
product formed during CWAO. Among the base metal oxide cata-
lysts, copper oxide catalysts exhibit a high activity for the CWAO
of organic compounds, especially phenol. However, they are vul-
nerable to metal leaching under hot acidic conditions caused by
acidic intermediates, i.e. short-chain carboxylic acids. Mixed metal
oxides such as CeO2-ZrO2, CeO2-TiO2, CuCeOx, and MnCeOx are
more promising for the CWAO of organic pollutants in terms of
catalytic activity and resistance to metal leaching.

Some metal oxides such as �-Al2O3, TiO2, CeO2, etc. have been
mainly used as supporting materials. Among them, ceria-based
materials are one of the most promising supports due to their redox
and morphological properties promoting the production of active
radicals or direct redox reaction. Carbon materials including acti-
vated carbon, graphite, carbon nanotubes, etc. are also prospective
materials as a support in view of high adsorption capacity and good
stability in various reaction media.

During the CWAO of organic compounds, heterogeneous cata-
lysts are deactivated mainly by carbonaceous deposits and metal

leaching. Coke deposition on the catalyst surface quickly deacti-
vates the catalysts by blocking the active sites. More polymeric
deposits are formed in the bulk liquid phase in slurry reactors,
mainly used for the lab-scale CWAO experiments, due to a low
solid-to-liquid volumetric ratio. On the other hand, the formation



3 azard

o
w
d
d
i
h
M
d
e
d
u

b
m
C
f
t
a
a
c
p

b
B
i
s
a
t
h
r
m
t
o
a
m
l
t
i
l
m
p
t
a
s
l
e
m
f

A

K

R

0 K.-H. Kim, S.-K. Ihm / Journal of H

f polymeric products can be suppressed in fixed-bed reactors in
hich a solid-to-liquid ratio is high. It was found that the intro-
uction of promoter, especially potassium, to Mn-Ce-O catalysts
rastically reduced the amount of carbonaceous deposits. Metal

ons are leached out from catalysts to reactant solution under
ot acidic condition, resulting in the decrease of catalytic activity.
oreover, the leached metal ions can cause environmental harm

ue to their toxicity. It was demonstrated that metal leaching was
ffectively inhibited by the adjustment of solution pH to basic con-
ition using bicarbonate and by the coating of hydrophobic film
sing polytetrafluorethylene (PTFE).

Generally, the complete oxidation of organic pollutants to car-
on dioxide and water is hard to achieve due to the formation of
ore refractory intermediates like short-chain carboxylic acids.

WAO integrated with biological process can be more attractive
or the treatment of industrial wastewater containing toxic pollu-
ants because short-chain carboxylic acids, especially acetic acid,
re readily biodegradable due to their low ecotoxicity. Biodegrad-
bility and toxicity of the treated effluent from CWAO should be
hecked to evaluate the suitability for the subsequent biological
rocess.

Further studies are necessary to develop more active and sta-
le catalysts which can be effectively utilized on industrial scale.
ase metal oxide catalysts are more desirable than noble metals

n terms of cost and resistance to poisoning by halogen-containing
ubstance, though their activities are still lower than noble met-
ls. Among them, Cu, Mn, and Ce are the most prospective species
o compete with noble metals. Although the supporting materials
aving high surface area render a better dispersion of active species
esulting in higher catalytic activity, the deactivation related to
etal leaching and carbonaceous deposits are still remained. Inser-

ion of active species into the lattice structure, e.g. mixed metal
xides, and the addition of promoter can reduce significantly the
mount of metal leaching and coke deposits, respectively. Carbon
aterials, especially activated carbon, is also a promising cata-

yst avoiding the leaching problem and become more effective
hrough a pretreatment introducing surface functional groups. It
s interesting to note the type of catalyst, especially polyoxometa-
ates, showing a good activity under room conditions. Preparation

ethod can control the chemical (oxidation state) and physical
roperties of catalyst by controlling the stoichiometric ratio and
he size/geometry of active components, thereby influencing cat-
lytic activity and stability. Catalytic performance can be improved
ignificantly by modifying the conventional preparation methods
ike incipient wetness impregnation, precipitation, sol-gel method,
tc. It is desired to make a thorough investigation on reaction
echanisms and kinetics which provides important information

or industrial applications.
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