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Abstract

Wet air oxidation (WAQ) is a liquid-phase reaction between organic material in water and oxygen. The WAQO process is used
around the world to treat industrial wastewaters and sludges, at moderate temperatures (I30-aBti5at pressures from
2 to 15 MPa. Under these conditions, complex organic compounds are mostly oxidized into carbon dioxide and water along
with simpler forms which are biodegradable. Unlike other thermal processes, WAO produces, h8MICHCI, dioxins,
furans and fly ash.

The efficiency of aqueous phase oxidation can be largely improved by the use of catalysts, either heterogeneous or homo-
geneous. However, key points to be solved are stability of heterogeneous catalysts and recycling of homogeneous catalysts.
This paper presents an update on the development of commercial catalytic WAO (CWAOQO) processes, which started as early
as the mid-fifties in the United States. Several Japanese companies developed CWAO technologies relying on heterogeneous
catalysts based on precious metals deposited on titania or titania—zirconia. Conversely, the focus in Europe was more on
homogeneous CWAO, where three processes are already commercial and one under development.

Compared to conventional WAO, CWAO offers lower energy requirements and much higher oxidation efficiencies. Further
developments of this technology should include high durability/low cost catalysts. Catalytic wet air oxidation would, thus,
provide an environmentally attractive option to manage the growing organic sludge and toxic wastewater treatment problems.
©1999 Elsevier Science B.V. All rights reserved.

1. Introduction is converted to simpler soluble organic compounds

which are in turn oxidized and eventually converted

Wet air oxidation (WAQ) is an attractive treatment to carbon dioxide and water, without emissions of

for waste streams which are too dilute to inciner- NO,, SO, HCI, dioxins, furans, fly ash, etc. In con-
ate and too concentrated for biological treatment. It trast to supercritical water oxygen (SCWO), a com-
can be defined as the oxidation of organic and inor- plete mineralization of the waste stream is impossi-
ganic substances in an aqueous solution or suspensiorble by WAO, since some low molecular weight oxy-
by means of oxygen or air at elevated temperatures genated compounds (especially acetic and propionic
and pressures. Typical conditions for wet oxidation acids, methanol, ethanol, and acetaldehyde) are resis-
range from 180C and 2 MPa to 31%C and 15 MPa. tant to oxidation. For instance, removal of acetic acid
Residence times may range from 15 to 120 min, and is usually negligible at temperatures lower than3D0
the chemical oxygen demand (COD) removal may Organic nitrogen compounds are easily transformed
typically be about 75-90%. Insoluble organic matter into ammonia, which is also very stable in WAO con-

ditions. Therefore, WAO is a pre-treatment of liquid
¥ Tel.: +33-1-34-93-31-31 fax: +33-1-34-93-31-41 wastes which requires additional treatment of the pro-
E-mail addressfrancis.luck@generale-des-eaux.net (F. Luck) cess liquid and gas streams.
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After a first patent claiming the oxidation of a sul-
fite liquor from pulp production by compressed air
at 180C [1], most of the original WAO develop-
ment work took place in the US some 50 years ago.
Zimmerman did extensive testing of wet air oxida-
tion technology and its application to treating spent
pulp mill liquor [2]. The Zimpro company built in the S
early 1960s several large WAO plants for the treat-
ment of municipal wastewater sludge, either to im-
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prove sludge dewatering by thermal conditioning, or A.,c.,p,esso,
to achieve complete oxidation of the sludge [3]. . _ o
Fig. 1 shows a basic flow diagram of a WAO plant, Fig. 1. Flow diagram of a wet oxidation process.

which consists mainly of a high-pressure pump, an air
or oxygen compressor, a heat-exchanger as well as a . . . .
reactor with a relief valve and a downstream separa- Jor by-product is explained by the relative stability of

tor. The waste is retained in the reactor for a suffi- thiﬁ;hg)fﬂ;?gffaltggf ammonia becomes sianificant
cient period of time to achieve the desired chemical 9

oxidation (30-120 min). The simplest reactor design ?nly gtbtertrr]]peratuTtes :El?qve dB"{Dt[r?].fThtls IS con- |
is usually a cocurrent vertical bubble column with a érénvt\e/o y it € L‘?Sﬁts Ot amet n e; Irs C?mmerﬁ"’.’l
height-to-diameter ratio in the range of 5-20. Some unit, which treats wastes containing fong-chain

design aspects of WAO reactors have already been re—aIC.OhO.IS and amines. Only with the a(_jdmo_n Of_ nitrite
ported [4—6]. which is a selective agent for ammonia oxidation can

About 90 plants are in operation today, mostly to very stringent discharge limits for residual nitrogen be

treat waste streams from petrochemical, chemical and achieved [19]. L S

pharmaceutical industries as well as residual sludges A generahzed quetlc quel pased on a S|m.pl|'f|'ed
from wastewater treatment. These plants aim either at _reactlon _schem_e with acetic acid as the rate-llmlfung
a complete oxidative decomposition of pollutants or |ntermed|ate_(F|g. 2) has been proposed by .L' (_at
at a partial oxidation into low-molecular weight com- al. [11] and is usua!ly useq to represent the kmepc
pounds which can then be treated further by conven- data of WAO reactions with reasonably good fits

tional biological processes. [12-13].

2. WAO reactions 3. Main technical features of some commercial
non-catalytic WAO processes

Several studies have been devoted specifically to
the elucidation of the mechanism of WAO, most of 3.1. The Zimpro process
them using either carboxylic acids [7] or phenol [8]
as model compounds. The free radical chain mecha- More than 130 Zimpro units, the first commercial
nism involving the formation of hydroperoxides and WAO process, were installed in the US and in Eu-
oxyradicals allows to describe correctly the gaseous rope for the oxidation of sewage sludge, most of them
and liquid oxidation products. As first step hydrogen for ‘low-pressure’ conditioning by partially oxidizing
abstraction from thex,  andy-CH, groups of car- the organic fraction — breaking up the structure of the
boxylic acids by Q results in the formation of free sludge floc so that it would more easily release its
radicals which react immediately with,@o form per- bound water for improved dewatering. Some of these
oxy radicals. The peroxy radicals can lead to decar- Units were used for wet air carbon regeneration. After
boxylation and formation of C®by H abstraction use in the PACP process, the mixture of spent pow-
from the —COOH group of another molecule of car- dered activated carbon (PAC) and biomass from the
boxylic acid. The predominance of acetic acid as ma- aeration basin was oxidized to destroy excess biolog-
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Fig. 2. Simplified kinetic model for wet air oxidation [11].

ical solids, oxidize carbon adsorbed organics and re- 3.2. The VerTech process
activate the PAC for reuse in the biological/adsorption
system. The VerTech aqueous phase oxidation process
Details of installation and operation of Zim- (APO) treats sludge using pure oxygen in a sealed
pro plants in wastewater treatment plants were al- below-ground oxidation vessel consisting of two
ready reported [14-15]. Sludge destruction is car- concentric tubes (downcomer and upcomer) and a
ried out with air as oxidant, at 250-20 and heat exchange system [19] (Fig. 3). The underground
under pressures of 8.5-12MPa, in reactors pre- portion of the APO system extends to a depth of ap-
senting a ratio height-diameter ranging between proximately 1200 m with a diameter of 0.95m, and
5-20, while thermal conditioning is performed at uses drilling and casing technology developed in the
210-240C. natural gas and oil industries. The depth of the vessel
The largest Zimpro unit currently in service for results in high bottom pressures due to the hydraulic
sludge conditioning is located in New Jersey (Pas- head without the need for ateground, high pressure
saic Valley Sewerage Commissioners). It treats sludge pumps. This original system facilitates heat exchange
thickened to 4% dry solids (100000 t DS per year), and minimizes the cost of pumping, but implies a
which is disinfected and easily dewatered to 55% DS weekly stop for descaling of the tubes with nitric
on a filter press. The process is used there for ther- acid, in order to preserve an effective heat exchange.
mal conditioning, since the treated sludge is intended

after lime treatment to reuse in land application and 12 /
restoration of landfills [16]. 10 | Downcomer
Other Zimpro WAO units are in operation in chem- * Upcomer
ical, petrochemical and pharmaceutical plants world- N i
wide [17]. Some of these units use optionally a ho- / l /

mogeneous copper catalyst to help achieving higher 6 /
COD removal. In the 1990s, 25 Zimpro units have /

been sold for oxidation of ethylene plant spent caustic ‘
[18]. The gas from the hydrocarbon cracking furnace 2 {/D:/

Pressure (MPa)

is scrubbed in a caustic wash tower leading to a purge
which is laden with sulfides and organics such as con- 0
densed oils and benzene. WAO achieves oxidation of
reactive sulfide to soluble thiosulfate, sulfite and sul-

fate. This treated stream is then suitable for biotreat- Fig. 3. Typical temperature/pressure profiles in the APO reactor
ment in the plant's wastewater treatment system. during the start-up period [19].

0 100 200 300 400
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In the VerTech unit brought into service in 1994 at of industrial wastes of an organic nature, to permit
Apeldoorn (The Netherlands), the temperature reachestheir economical disposal, to abate stream pollution,
approximately 27%5C at the bottom of the reactor, un-  to inhibit stream contamination and to otherwise elim-
der a pressure of 100 bar. This unit requires 55 t/day of inate industrial and health problems associated there-
oxygen to eliminate 70% of the COD from the 80 dry with [21]. Several types of heterogeneous catalysts
tons of sludge it processes daily. The residual solids were studied in the last decades, based first on sup-

are landfilled after dewatering to 55% DS, while most
of the nitrogen load of the sludge is treated by bi-
ological nitrification-denitrification on the site of the
VerTech unit. The off-gas is treated by thermal incin-
eration with a catalytic reactor as backup.

4. Heterogeneous CWAO processes

The challenging operating conditions of WAO pro-
vided a strong driving force to investigate catalysts
which would allow substantial gains on temperature,

ported or unsupported base metal oxides and more re-
cently on supported precious metals [22—-41] (Table 1).
Supported precious metal catalysts are generally less
prone to deactivation by leaching of the active phase,
and present higher overall activities for the oxidation
of various pollutants, especially acetic acid and am-
monia. Additional information about academic stud-
ies of CWAO can be found in three recent reviews
[42-44].

This research paved the way for the development of
several commercial catalytic WO systems especially
in Japan, where three CWAO technologies have been

pressure and residence time. Another major benefit developed since the mid-eighties based on heteroge-

of using catalysts in WAO is the oxidation of the re-

fractory compounds, namely acetic acid and ammo-

neous catalysts containing precious metals deposited
on titania or titania—zirconia carriers. Compared to

nia, at much lower temperatures than in the absence ofstandard WAQO, these processes are able to oxidize two

catalysts.

refractory compounds, namely acetic acid and ammo-

Several crucial issues have to be solved related to nia, thus allowing the treated water to be discharged
chemical and physical stability of the heterogeneous directly or reused as process water.

oxidation catalysts during WAQ: leaching and sinter-

ing of the active phase and loss of surface area of the

support. Leaching can be controlled to a large extent 4.1. The NS-LC process

by a proper choice of the catalytic metal or metal ox-
ide according to the available solubility data, and by

The NS-LC process involves a Pt—Pd/3arO,

pH control during CWAO. The same parameters are honeycomb catalyst. Two-phase flow in vertical

also of importance to control the hydrothermal stabil-
ity of the catalyst carrier. Oxides of Al, Hf, Zr, and
Ti have been shown to be stable in SCWO condi-

monoliths gives in a broad range of G—L velocities a
very beneficial flow pattern, the slug flow (segmented
gas—liquid flow). Since each liquid plug is sand-

tions and should be selected as catalyst supports [20].wiched between two gas plugs, a recirculation pattern
However, high surface area metastable oxides such ass developed within each liquid plug, which improves

v—Al>03 could undergo phase transitions detrimen-
tal to the durability of the supported catalytic metals

mass transfer significantly [45] and prevents solids
deposition. In addition, a thin liquid film is formed

and oxides. In addition to these deactivation factors between the gas and the channel wall which allows

associated with the physical properties of the liquid

high mass-transfer rates while keeping the catalyst

phase (temperature, pressure, and pH), poisoning ofcontinuously wetted.

the active sites by deposition of organic or inorganic
compounds may also compromise the durability of the
catalyst.

The first patent was filed by DuPont in 1950 to
claim a catalytic composition based on Mn—Zn—Cr ox-
ides to perform CWAO at temperatures in the range
of 120-200C, for the destructive catalytic oxidation

Typical operating conditions of the NS—-LC pro-
cess are temperature 220 pressure 4 MPa and SV
2/h. In these conditions the oxidation of compounds
such as phenol, formaldehyde, acetic acid, glucose,
etc. reaches or exceeds 99% [46]. In the absence of
catalyst the removal efficiencies would be limited to
5-50% [41].
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Table 1
Summary of reported heterogeneous catalytic WAO research
Catalyst Application Reference
Active phase Carrier
Cu alumina phenol [22]
alumina phenol [23]
alumina p-cresol [24]
Cu alumina, silica chlorophenols [25]
Cu—Zn alumina, silica phenol compounds [26]
Cu-Mg-La Zn aluminate acetic acid [27,28]
Mn alumina phenol [22]
Mn SR 115 chlorophenols [25]
Mn-Ce none poly(ethyleneglycol) [29]
Mn—Zn-Cr none industrial wastes [30]
Cu—Co-Ti-Al cement phenol [31]
Co none alcohols, amines, etc. [32]
Co-Bi none acetic acid [33]
Co-Ce none ammonia [34]
Fe silica chlorophenols [25]
Ru cerium oxide alcohols, phenol, etc. [35]
Ru cerium oxide acetic acid [36]
Ru titania-zirconia industrial wastes [37]
Ru-Rh alumina wet oxidized sludge [38]
Pt titania phenol [39]
Pt-Pd titania-zirconia industrial wastes [40]
Pt-Pd-Ce alumina black liquor [41]

4.2. The Osaka Gas process to levels below the detection limit. Furthermore,
there is no detectable emission of N@r SQ, and
The Osaka Gas CWO process is based on aa catalyst lifetime larger than 8 years is claimed
mixture of precious and base metals on titania or [48].
titania—zirconia carriers (honeycomb or spheres). It ~ Without catalyst, there is no removal of ammonia
has been demonstrated to work on several industrial and the COD decomposition rate is very low. With
and urban wastes: a two- to six-fold increase of contact time, a resid-
ual COD value of ca. 1000 mg/l is left in the effluent

1. a coal gasifier effluent in a pilot plant at British (acetic acid)

Gas’s London Research Station [47];
2. wastewater from coke ovens [48];
3. concentrated cyanide wastewater of the Tufftride
process (a soft nitriding process for steel) [49];
4. sewage sludge and residential wastes [48].

4.3. The Kurita process

Ammonia can also be selectively oxidized intg N
Table 2 shows some operational data on the treat- and NO by the NG~ ion at lower temperatures than
ment of wastewater from coke ovens in a test plant in presence of oxygen. The Kurita company developed
builtin 1979 with several reactors (0.30 m inner diam- recently a process tailored to abate ammonia with ni-
eter, 6,50 m height, total capacity Gfday). Highly trite at 170C in the presence of a supported platinum

concentrated COD and ammonia are decomposed tocatalyst [50]. With a catalyst close to those of the
a level of 10mgl/l or less after 24 min contact time above-mentioned processes, the use of nitrite instead
(SV=2.5/h). Phenol and cyanide, the major pollu- of oxygen allows operating temperatures 50-1D0
tants present together with ammonia, are decomposediower.
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Table 2

Typical coke oven wastewater WO results (Osaka gas proces$ [48])

Treatment conditions Raw Waste water Treated water Exhaust gas composition
Temperature°C) 250 pH ) 1% 6.4 G (%) 9.9
Pressure (Mpa) 6.86 T-N (mg/l) B0 160 N (%) 83.1
Liquor volume (1/h) 200 NB-N (mall) 3080 3 CQ (%) 7.0

Air volume (Nn#/h) 14.4 CODLun (mg/l) 5.870 <10 NQ (mg/Nn?) ND (<0.5)
Reaction time (min) 24 TOD (mall) 1300 ND SQ (mg/Nne) ND (<2.0)
Catalyst Type A T-CN (mg/l) 15 ND NE(mg/Nn?) ND

2ND: not detected.

5. Homogeneous catalytic wet oxidation processes tion of other substances. Oxidation takes place with
oxygen in the acidic range in a multistage bubble col-

An alternative to insoluble precious metals catalysts umn oxidation reactor, under relatively mild operat-
is the use of homogeneous transition metal catalystsing conditions (temperature below 2@ and pres-
which need, however, to be separated and recycled tosures in the range 0.5-2.0 MPa) and is catalyzed by
the reactor or discarded. Several processes based o combination of F& ions and quinone-generating
different variations of this concept have been devel- substances. To compensate the mild reaction tempera-
oped in the last decade. ture, aresidence time of ca. 2 hin the reactor is needed
(range 1-3h). At a reaction temperature of 1G0a
concentration of about 10g COD/I effluent is suffi-
cient in order to allow the process to take place au-
tothermally [53]. Fig. 4 shows maodification of chem-
ical oxygen demand and biological oxygen demand
i.e., BOD/COD ratio with temperature with the LO-
PROX process. Values of the BOD/COD ratio higher
than 0.50 correspond to readily biodegradable efflu-
ents [54].

Several LOPROX plants are in operation at Bayer
AG. The process serves also as an alternative in the
handling of sludge from wastewater treatment plants

5.1. The Ciba—Geigy process

The Ciba process involves a copper salt which
is separated as copper sulfide and recycled into the
reactor which is lined with titanium to withstand cor-
rosion. Compressed air was selected as oxidant in
the three units installed in the 1990s within German
and Swiss plants of the pharmaceutical company.
They achieve high oxidation efficiencies (95-99%)
on chemical and pharmaceutical wastes at elevated
temperature (30(C). Such temperatures coupled with
copper catalysis are essential for the oxidation of the

rate-limiting acetic acid, but ammonia is still present 30 !
in the treated waste. The unit located in Grenzach,

. . . . 25 |
Germany (near Basle) is currently highly reliable with 4075

97% availability [51]. The off-gas from this unit is 20

purified by catalytic oxidation. ~ 8
Recently, this process has been marketed for the CRENTRE o cop 4 05 ‘g

treatment of industrial wastewaters and sewage sludge, g <

. . Q < BOD/COD

in catalyzed as well as uncatalyzed versions, by the 10 |-

Swiss company Granit [52]. . 1025

5.2. The LOPROX process 0 . i L | 0

0 50 100 150 200 250

The LOPROX process (low pressure wet oxidation)
was developed by Bayer AG for the separate treatment
of organic substances which degrade too slowly in nor- rig. 4. Evolution of COD and BOD/COD as a function of tem-
mal biological plants or adversely affect the degrada- perature in the LOPROX process.

Temperature (°C)
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Fig. 5. Determination of synergetic effects of metals (Fe, Cu, Mn)
for oxidation of a mixture of oxalic, malonic, succinic and acetic
acid (total organic carbo=>5 g/l) with H,O, at 98C, pH 3.5 and
[MSO4]=5.4mM [58].

[55]. About 85-90% of the organic matter will be elim-
inated in the overall process, with 60—65% oxidized
to CQ, directly in the oxidation reactor at approxi-
mately 190C and 25% dissolved in the treated liquid

phase as well biodegradable COD to be recycled in the

waste water treatment plant. The catalyst$*Fand

quinones are provided by the sludge. The operating
costs for sludge treatment by the LOPROX process are

estimated by Bayer in the range 125—€4 of dry
matter. A pilot unit with a capacity of 600 I/h is under

operation in Switzerland, in the wastewater treatment

plant Birs Il, in order to optimize the process for the
treatment of sludge.

5.3. The WPO process

The WPO process derived from the classical Fen-

ton’s reagent by IDE (France) and INSA-Toulouse al-
lows high oxidation efficiencies (up to 98%) in mild

conditions (90-130C, 0.1-0.5 MPa), using as oxidant

hydrogen peroxide catalyzed by #ein solution at

pH 3. This process was successfully operated in Spain

in 1992 on two different sites (aquifers) with a S#m
demonstration unit.

87
6. Recent developments
6.1. The ORCAN process

A modified WPO process has been recently devel-
oped in Switzerland based on R and D performed at
ETH Zurich [59]. The oxidation reactor for carbon and
nitrogen compounds (ORCAN) process pretreats re-
fractory wastes at 12C@ and 0.3 MPa, with air as stoe-
chiometric oxidant. The oxidation is catalyzed byte
ions as well as minor amounts of hydrogen peroxide
(H20,/COD =0.20). The decomposition of8; is
likely to initiate the free radical chain mechanism at
the relatively low temperature, since with oxygen only
and F&* ions the oxidation reactions are initiated at
ca. 150C. A first commercial unit came into opera-
tion in 1996 in a textile factory (feed 4%, COD
7-10g/l).

6.2. The ATHOS process

Sludge is by far the most important by-product of
wastewater treatment, whose final destination must be
managed from the standpoint of a global and sustain-
able protection of the environment. The current pro-
duction of sludge within the EU is around 6.5 mil-
lion tons of dry solids per year, but the staged imple-
mentation of the Urban Wastewater Treatment Direc-
tive (91/171/EEC) will substantially increase the EU
sewage sludge volume, while some current disposal
and re-use practices will be prohibited or questioned.
In France, Generale des Eaux/Anjou Recherche is de-
veloping a CWAO process based on a cupric ion cat-
alyst, to open a novel acceptable disposal option for
sludges. The main design objectives were lowering the
temperature, elimination of ammonia, and process in-
tegration within the wastewater treatment plant.

The initial studies of sludge oxidation were per-
formed in a 11 agitated batch autoclave, with typical
operating conditions 7 MPa for the pressure, Z3for

On both sites the process was able to achieve a CODthe temperature and 1 h of residence time. Depending

removal efficiency of at least 95% [56]. Recently, a ho-

on the temperature in the range 215-2Z85between

mogeneous Fe—Cu—Mn catalyst was developed to treat56 and 83% of the COD was removed (Fig. 6). Acetic
refractory oxidation by-products such as acetic acid acid, very refractory to oxidation, was the rate-limiting

and bicarboxylic acids (oxalic, succinic, etc.) (Fig. 5).

intermediate for COD removal. However, acetic acid

The catalyst is recovered after reaction by precipita- can be used within the treatment works as a carbon

tion at pH 9 and filtration [57,58].

source to perform nutrient removal (denitrification)
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Fig. 6. Influence of C#t (Cu2t/COD =0.01 g/g) and reaction time
on the removal of COD at 23&.

by returning the WAO liquor to the plant inlet. Other
by-products such as low molecular weight carboxylic
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Table 3
Modification of the nitrogen content of the sludge by wet
oxidatiorf

Nitrogen Initial Oxidized Catalytically
content (g/l) sludge sludge oxidized sludge
NH3-N 0.62 141 0.56

TKN-N 1.90 1.49 0.58

NO3-N 0 0.03 0.08

aQperating conditions: temperature 285 contact time 1h
(TKN: total Kjeldahl nitrogen).

The wet oxidation of sludge was further studied in a
continuous flow tubular reactor with high effluent re-
cycle. This equipment allowed to confirm at the scale
of 251/h all the results obtained during batch autoclave
tests. This installation, equipped with a catalytic treat-
ment of the off-gas, demonstrated also that the oxida-
tion of sludge led to negligible gas emissions in terms
of CO, NQ, and VOCs (a few ppm to a maximum of
a few 10 of ppm vol).

The ATHOS® wet oxidation process was then de-

acids, methanol, ethanol, acetaldehyde and acetoneveloped one step further with a demonstration unit

could also be identified [60]. Biodegradability tests
showed that the return liquor is easily biodegraded.

combining in a modular 12m 6 mx 10 m facility
three main steps: preparation of the sludge, oxidation,

In order to reach substantial gains on temperature, and dewatering of the residual solids (Fig. 7). This
pressure and residence time, both heterogeneous andinit was transported to the Toulouse, France wastew-
homogeneous catalysts were investigated [61,62]. ater treatment plant in February 1998 to treat®&m

CU* in solution or supported copper oxide were

found the most effective catalysts (Fig. 6). In the pres-

ence of copper, the results obtained at Z3%vere
equivalent to those obtained at 285without catalyst.
Even at 285C in the presence of a copper catalyst,

of thickened sludge (4% DS).

In the unit sodium hydroxide is added to the sludge
to maintain the pH of the oxidized sludge between 7.5
and 8.0, and the copper oxidation catalyst added. A
high pressure pump is then used to pump the thickened

acetic acid remained refractory to oxidation. The effect sludge into a regenerating heat exchanger to bring it
of copper was mainly to accelerate the chain reactions to a temperature of 12C. It then enters a second se-
transforming organic compounds into acetic acid. This ries of exchangers which bring it to the set tempera-

limited COD removal to 85% at temperatures lower
than ca. 300C. After reaction the copper catalyst is

ture. Once the process reaches a steady state, it is au-
tothermal without any energy input. Oxygen is stored

lost as copper oxide/carbonate precipitated within the on-site in liquid form. Oxidation is carried out at a

matrix of the residual solids.

temperature of 23% and a pressure of about 4 MPa,

The oxidation process converted the organic nitro- in order to keep the sludge liquid.

gen in the sludge into ammonium whose further ox-
idation was quite difficult (Table 3). In order to en-

Separation of the liquid and solid phases is carried
out in a settler from which the supernatant is cooled

hance ammonia oxidation, some process parametersat ambient temperature and sent back to the head end
were modified and catalysts were added to promote of the plant. The solid phase is extracted from the

oxidation into nitrogen gas while limiting nitrate for-
mation [63]. The extensive nitrogen elimination in the

settling tank and dewatered in a filter press to 50%
DS. Catalytic oxidation, which is an integral part of

process reduces the amount of nitrogen sent back tothe process, enables to discharge a gaseous effluent in
the head end of the plant to loads close to those gen-which carbon monoxide, volatile organic compounds,

erated by sludge dewatering.

and ammonia have been extensively removed.
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Fig. 7. A view of the ATHO® demonstration unit in operation at the Toulouse wastewater treatment plant.

The ATHOS unit was commissioned stepwise dur- actor was used as driving force for the RO separation,
ing the 2nd quarter of 1998, in order to achieve the which offered high rates of rejection for organics and
following treatment goals: removal of 75% COD and catalyst metal ions [70].

70% ammonia. During a continuous run test of 30 h

in October 1998, these goals were achieved even at

220°C: 75% COD removal (residual COD 9g/l) and 7. Conclusions

63% TKN abatement (inlet TKN 1320 mg/l, outlet

490 mg/l). At 235C, 85-90% COD removal was rou-  Compared to conventional wet air oxidation, cat-
tinely obtained. The demonstration unit has since been gjytic wet air oxidation offers lower energy require-

kept in operation to gain sufficient experience on dif- ments and much higher oxidation efficiencies. Com-
ferent types of sludges as well as operation and main- mercial catalytic wet oxidation processes rely either

tenance issues. on supported precious metal and/or base metal oxide
catalysts or on homogeneous catalysts such as Fe or
6.3. Other developments Cu. In some cases, the overall performance of CWAO

can be close to that of supercritical water oxidation

In France, several projects investigated recently het- operating typically at pressures around 25MPa and
erogeneous precious metal catalysis for the oxida- temperatures around 550.
tion of refractory compounds, acetic acid and ammo-  The practical applications of heterogeneous cata-
nia, at temperatures below 2@and pressures below lysts are likely to be restricted to processes which treat
4.0 MPa [64—66]. These projects supported by chem- industrial wastewaters presenting well-defined com-
ical and waste treatment companies led to a seriespositions, to minimize the challenge linked to the vari-
of patents claiming catalysts based on supported Ru ability of wastewater characteristics in terms of pH
[67-69]. and presence of poisons. The risk of hydrothermal sin-

Heterogeneous as well as homogeneous catalysistering of the catalytic phase or support should also be
was also studied at the Imperial College of London, for considered carefully.
different WAO cases. An interesting integrated process Homogeneous catalysts based on iron or copper are
consisting of a CWAO reactor, a closed catalyst recir- now being applied in several commercial wet air oxi-
culation loop and a reverse osmosis (RO) membrane dation which are operating successfully to treat indus-
was investigated. The high pressure of the CWAO re- trial effluents and sludges. The fate of the catalyst has
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to be studied early in the process design stage accord-[18] Zimpre® WAO (wet air oxidation) Units, Installation List,

ing to the existing discharge regulations either in the
liquid or solid phases.

Thanks to catalysis, wet air oxidation is today a
cost-effective solution for the treatment of organic
sludge and refractory industrial wastewater.
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