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An assessment of supercritical water oxidation (SCWO)
Existing problems, possible solutions and new reactor concepts
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Abstract

The process of supercritical water oxidation (SCWO) is a promising alternative to the incineration of aqueous organic waste streams and
has received an enormous interest during the last decade. However, SCWO as an end-of-pipe technology has some disadvantages that have
hindered an industrial application of the process. Beside technical problems due to reactor corrosion and salt precipitation, problems result
from the fact that SCWO often is claimed as a “general” technology for all possible waste streams, a claim that the technology cannot fulfill.
In this article, the existing problems of SCWO as an end-of-pipe technology are described and possible solutions are discussed, different
reactor concepts are elucidated, and a suggestion for future research and technical procedure in the SCWO field is given. Additionally, an
assessment of possible energetic applications of the SCWO process is given, in which SCWO is more than a waste treatment technology.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the last two decades, supercritical water (Tc = 374◦C;
pc = 22.1 MPa) has become an interesting medium for
chemistry [1–6]. One of its most investigated applications is
the oxidative treatment of aqueous wastes containing organic
compounds in the so-called “supercritical water oxidation”
(SCWO) process [7–11]. This process can be seen as a fur-
ther development of the well-established process of wet air
oxidation (WAO), running at temperatures up to 320◦C and
pressures up to 20 MPa [12–14]. Reaction times in the WAO
process are normally up to several hours, and a complete
destruction of the organic material is seldom achieved, so a
further waste treatment is necessary.

The SCWO process is based on the special physical
properties of supercritical water. When exceeding its crit-
ical point, the values of density, dielectric constant, and
ionic product of water drop down, so supercritical water
acts as a non-polar solvent of high diffusivity and excellent
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transport properties (see Fig. 1) [15–17]. Consequently,
even non-polar organic compounds and gases like oxygen
become completely miscible with the supercritical fluid
[18–20]. During the SCWO process, the organic com-
pounds react completely with the oxidant — mostly oxygen
— in a single-phase reaction forming CO2 and H2O. The
hetero-atoms chlorine, sulfur, or phosphorus present in the
organic wastes are transformed into the mineral acids HCl,
H2SO4, or H3PO4, respectively. Organic bounded nitro-
gen predominately forms N2 and small amounts of N2O.
Thereby, N(-III) nitrogen is oxidized by the oxidant, while
N(+V) — e.g. in nitrates — is a powerful oxidant itself
and is reduced. Undesired by-products known from incin-
eration (dioxines, NOx) are normally not formed. Typical
process parameters of SCWO are reaction temperatures of
500–700◦C and pressures of 24–50 MPa. Reaction times,
at which a complete conversion is observed, seldom exceed
some minutes. A simplified flow sheet of the process is
shown in Fig. 2.

The variety of employed wastes include warfare agents,
rocket propellants, radioactive wastes, contaminated soils,
and wastes from the paper and chemical industries
[7,8,10,21–24]. The Swedish company “Chematur” has
started experiments with an industrial scaled plant (“Aqua
Critox”) licensed from Eco Waste Technologies, USA, in
1997. The plant consists of a tubular nickel-base alloy 625
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Fig. 1. Physical properties of water at a pressure of 24 MPa versus
temperature. Dielectric constants of typical organic solvents at room
temperature are indicated. Data calculated after [15].

reactor and has a capacity of 250 kg aqueous organic waste
per hour [24]. A variety of waste-streams have been suc-
cessfully treated. Among these were wastes from the amine
production, de-inking sludge from paper recycling, and
cutting liquid. However, none of these waste streams con-
tains the acid-forming hetero-atoms mentioned above, and
corrosion has not been a critical item for that plant so far.

The research SCWO activities in the USA, Europe and
Japan are reviewed in detail elsewhere [25].

2. Problems of SCWO

The fact that SCWO has not become a current waste treat-
ment technology so far, can be seen in three reasons:

Fig. 2. Conventional SCWO process and reactions leading to problems in the particular parts of the plant (oxidant must not be nitric acid).

• Severe reactor corrosion caused by acids, which are
formed during the treatment of e.g. halogen-, sulfur-, or
phosphorus-containing organics.

• Serious plugging of the reactors caused by precipitating
salts at supercritical temperatures and low densities. It
must be mentioned that most waste streams contain salts
in higher concentrations.

• Due to the lack of experimental data, cost evaluations,
especially for the scale-up of SCWO plants to an industrial
scale, are hard to perform.

All three disadvantages are linked with each other and should
be discussed in more detail in the following sections.

2.1. The corrosion problem

Before SCWO was introduced, almost no experiments
were performed in which materials were corroded under
that harsh conditions which occur during the SCWO process
(see e.g. [26]). Especially, the presence of acids in the highly
oxidizing high-temperature medium leads to severe corro-
sion problems. As mentioned previously, it is extremely
unlikely that a single reactor material can withstand every
conceivable acidic solution [27–30]. On the other hand, it
was shown that some materials possess a satisfactory cor-
rosion resistance against some acids. Unfortunately, these
materials fail in the presence of others [28,29]. For example,
titanium is almost not attacked by oxidizing HCl solutions at
any temperature, but shows poor resistance against H2SO4
or H3PO4 at temperatures above some 400◦C [31,32].

The stability of most reactor materials depends strongly
on the solubilities of the protecting oxides. Due to their
amphoteric character, the solubilities of the oxides are high
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at either strong acidic or strong alkaline pH values and in
high-temperature solutions of high density. This explains
the observations made by several authors for stainless steels
and nickel-base alloys: Their corrosion is extremely high at
subcritical temperatures and thus high densities, where acids
and bases are dissociated leading to extreme values of pH
[33–42]. On the other hand, corrosion is low at highest —
supercritical — process temperatures, where the density of
the solution is low and acids/bases are not dissociated and
thus the solution is “neutral” [33–41].

The interconnections between physical properties of wa-
ter, dissociation of attacking species, solubility of gases, and
solubility of protecting oxides and thus corrosion are de-
scribed in detail elsewhere [29,40] and shall only be dis-
cussed briefly in the present article:

• An increase of the solution density increases the disso-
ciation of attacking species (acids, bases), resulting in
higher concentrations of H+, or OH−, respectively. Since
strongly acidic or alkaline solutions favor oxide dissolu-
tion, corrosion is accelerated by high densities.

• Beside this “indirect effect”, the solubility of oxides and
thus corrosion is directly influenced by the density of the
solution. The greater number of hydrogen bonds and thus
more polar character makes high-density water a pow-
erful solvent for salts. It must be pointed out that also
supercritical water — namely supercritical water of high
pressure and thus high density — may cause high cor-
rosion [37,38,43]. This phenomenon is often overlooked
in the literature when supercritical water is automatically
regarded as a solvent of low density.

• Anions play an important role in corrosion processes. Spe-
cial anions may possess a detrimental effect on corrosion
resistance. An example is the oxide-film destructive char-
acter of chloride and bromide. On the other hand, some
anions are incorporated in the oxide film and lead to its
enhanced protective character. The anion effect depends
on both — metal and anion. For instance, chloride is ex-
tremely aggressive against stainless steels, while titanium
is immune.

• Aqueous solutions of NaOH or KOH are highly corrosive
to nickel-base alloys at supercritical temperatures under
oxidizing conditions [28]. The reason is the occurrence
of a liquid hydroxide melt, in which salts like the pro-
tecting oxides are soluble [44]. On the other hand, NaOH

Table 1
Corrosion resistance of nickel-base alloys and titanium against different media at sub- and supercritical temperatures taken from literaturea

T < Tc; high density T > Tc; low density

Good resistance Poor resistance Good resistance Poor resistance

Nickel-base H3PO4, HF HCl, HBr All acids [H3PO4] > 0.1 mol/kg
Alloys Alkaline solutions H2SO4, HNO3 NaOH
Titanium All acids F− HCl H2SO4, H3PO4

a Data for titanium after [31,32]; data for nickel-base alloys after [35–40,42,70,77].

solutions are almost not corrosive nickel-base alloys at
subcritical temperatures [37,40].

• Other materials (e.g. titanium, niobium, tantalum) may
follow a different behavior [31,32,45,46].

Conclusion: For every acidic solution, which is the reac-
tion product of many SCWO processes, there exists at least
one material with an acceptable corrosion resistance, but this
material may fail in the presence of other acids. For this rea-
son, corrosion can be avoided by either a selection and sep-
aration of feed-streams and/or by an application of different
feed-specific materials for the different parts of the reactor.
As shown in Table 1, for each part of a reactor, an “ideal”
material with low corrosion susceptibility is available. Ti-
tanium — e.g. in the form of liners — is the material of
choice for subcritical conditions in the absence of fluoride.
At supercritical temperatures and low densities, the corro-
sion resistance of nickel-base alloys is at least as good as
that of titanium. Thus, nickel-base alloys should be favored
as material for the reactor itself.

2.2. The salt-plugging problem

Room-temperature water is an excellent solvent for most
salts — typically several 100 g/l. On the other hand, the sol-
ubility of most salts is low in low-density supercritical water
(typically 1–100 ppm) [47–52]. This results in the forma-
tion of a fine-crystalline, slimy “shock precipitate” when a
subcritical salt-containing solution is rapidly heated to su-
percritical temperatures [48,49]. The precipitating salts lead
to a plugging of the reactors, even at high flow velocities.
To overcome this plugging problem, different arrangements
are conceivable:

• Increasing the pressure and thus density of the supercrit-
ical solution. This indeed leads to an enhanced solubility
of most salts [16,51,52]. However, the solubilities of all
salts are increased by this procedure, and so unfortunately
those of the metal-protecting oxides. Thus, increasing the
pressure leads to severe corrosion also in the reactor of a
SCWO plant, which normally is not attacked (see above).

• Introduction of a “mobile surface” on which the precip-
itating salts can settle down [53]. This attempt might
work successfully in test runs lasting only several hours,
but over a long time of operation — typical for an



210 P. Kritzer, E. Dinjus / Chemical Engineering Journal 83 (2001) 207–214

industrial application — it should be not possible to re-
move all the precipitating salts. As a result, sooner or
later, reactor plugging should occur.

• Special reactor concepts, in which a settling-down at the
wall surface is prevented. Such concepts include simple
tank reactors, in which the salts sink down to zones of
lower subcritical temperature where they are dissolved
again [54,55]. Problems arise from the low settling speed
of the fine particles in combination with the high vertical
turbulence inside the reactors, leading to their agglomer-
ation on the walls.

Alternatively, salts precipitating in the reaction zone have
to be dissolved before they deposit at the wall. This can be
realized by an enclosure of the reaction zone by a stream
of colder subcritical water, which was the idea of the hy-
drothermal burner concept developed at the ETH Zürich,
Switzerland (LaRoche et al., 1997 [56]). Another promising
concept is the transpiring wall reactor equipped by an outer
pressure-resistant tube and an inner porous tube [57–59].
Through the porous wall, clean supercritical or subcritical
water is pumped, forming a thin, protecting water film on
the surface. This film prevents deposition of salts and re-
duces corrosion. However, the need of an additional water
stream, which has to be heated, increases the running costs.
Long-time tests to prove the suitability of these reactor con-
cepts for an industrial application have not yet been per-
formed with any of these new reactor concepts.

Conclusion: Salt precipitation can be seen as the major
problem of SCWO. A plugging of the reactors cannot be
avoided by variation of the process parameters without a
simultaneous triggering or rising of new problems. On the
other hand, the new reactor concepts seem to be too sus-
ceptible to fail in a long-time application. Consequently, the
best possibility to overcome the plugging problem is the
minimization of the salt content in the waste streams.

2.3. The cost problem

Several cost estimations were performed to evaluate if
SCWO is a “profitable” technology [10,60–63]. Since no
industrial-scale SCWO plant exists so far, those rough es-
timations are inaccurate and deviations between them are
high. Certainly, all cost estimations amount for the total
costs of the destruction of one wet ton of organic waste
with an organic content of 10 wt.% to below 300 US$. Most
cost-intensive are the investment costs for the plant itself,
the staff costs, and the costs for the oxidant (regularly oxy-
gen). Though the oxygen costs are considered for one of
the major costs, some pilot studies run with 200% or more
of the stoichiometric oxygen demand, though other studies
have proven that even 5% excess may be sufficient for total
oxidation [22,64]. Thus, high oxygen excess is not necessary
and thus not realistic for a prospective industrial application.

Running costs vary with the size of the plant and with the
country where the plant is in use (e.g. in Europe, staff costs

are by means higher than in the US). It must be critically
remarked that an assumed useful time of 10 years for the
whole plant given in some studies may be too optimistic,
since no data exist for the long-time stability of the material.

Especially, more complicate reactor designs will for sure
increase costs (by higher investment costs, more control is
necessary during operation, resulting in higher staff costs).
It can also be contested that delicate and thus susceptible
reactor designs may be suitable for high useful times and that
operation times of 300 or more days per year are realistic
for such reactors. It must be held in mind that in a SCWO
reactor, a waste treatment process occurs and not a clean
chemical synthesis of a well-defined pure product starting
from pure educts.

Summarizing the reasons mentioned above, a reactor
should

• be as easy (and thus as cheap) as possible;
• solve or avoid the corrosion problem;
• solve or evade the plugging problem.

3. Attempts to overcome the problems — new reactor
concepts

3.1. The history of the problems

In the early 1980s, the birth of SCWO, the process was
claimed to be a technology, which is able to solve every
waste problem. The boundless optimism of the inventors
covering up the serious problems, which might never be
solved for all kinds of wastes, hindered (and still hinders)
an industrial application and thus a broader distribution of
the technology. It must be pointed out that SCWO can only
become an alternative to incineration in special — limited
cases.

3.2. Salt-free waste streams

Salt-free waste streams can easily be oxidized in tube
reactors. Beyond, organics containing only C, H, O, and N
cause no severe corrosion problem also at longer service
times [24,65]. No special reactor design is necessary for
these wastes.

Due to the possible corrosion problems in the cool-down
section caused by acids released during the oxidation of or-
ganics containing other hetero-atoms, the reactor has to be
modified. A simple addition of bases to the feed solutions
in order to neutralize these acids “in situ” is described by
several authors [27,54,66,67]. This kind of treatment cannot
be recommended due to precipitation of carbonates and cor-
rosion problems at supercritical temperatures (see above).
Alternatively, the alkaline solution has to be introduced
downstream of the reaction zone. A simplified flow chart
of, and the actual temperatures and pH values in such a tube
reactor are shown in Fig. 3 (after [68]). The feed-stream and
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Fig. 3. Modified SCWO process with quenching the supercritical reaction
mixture with colder NaOH solution resulting in an alkaline, subcritical
solution (after [68]). It must be mentioned that a pH value definition
for supercritical temperatures is hard to make. For the present figure,
“neutral” means

[
H+] = [

OH−]
.

oxidant may also be introduced in separately. If only one
preheater is planned, it should be made of titanium, since
acids may be released by fast pyrolysis/oxidation of some
organics even in the preheater, leading to high corrosion
rates of common materials in the oxidizing environment.
The reactor itself running at temperatures of 500–700◦C
should be constructed from high-temperature nickel-base
alloys. Due to possible corrosion, it must be guaranteed that
everywhere in the reactor, the solution’s density is clearly
below 200 kg/m3. After the reaction zone, the solution is
quenched by an aqueous stream of colder NaOH or KOH,
leading to a weakly alkaline subcritical solution. It has been
shown previously that the temperature gradient between
supercritical and subcritical temperatures has no influence
on the seriousness of corrosion [39,69]. Since alkaline so-
lutions are highly corrosive at supercritical temperatures
(see above), a longitudinal back-mixing of the base must be
excluded. This can be achieved by a reduced cross-section
of the tube at the end of the reactor. Further, it must be
assured that the resulting solution is indeed alkaline, since
neutral high-density solutions lead to severe corrosion in
the presence of chloride or bromide [37,67,70].

Another strategy to reduce corrosion in the cool-down
section is shown in Fig. 4. In this case, the presence of an
effluent of both high temperature and high density at the
same time is avoided. In opposite to conventional SCWO
plants, where the supercritical solution is cooled down first,
followed by expansion (way A in Fig. 4), an adiabatic ex-
pansion of the subcritical solution is applied in the first step
(way B in Fig. 4). For instance, an adiabatic expansion from
600◦C and 25 MPa to 1 MPa reduces the temperature to val-
ues of 510◦C. The resulting hot gas of low density is by far
less corrosive and its corrosivity is well known from flue gas
scrubbers. Additionally, the low mechanical load in this part

Fig. 4. Modified cooling down strategy of the supercritical reaction mix-
ture. Conventional processes follow way A (cooling down the supercrit-
ical solution first followed by expansion) and have to cross a p–T-area
where severe corrosion occurs. The modified process expands the super-
critical solution in a first step (isobaric or isenthalpic) leading to a hot,
less corrosive steam of low density. The second step is the cooling down
of the steam to ambient temperatures.

of the reactor allows a less expensive design and the applica-
tion of other less pressure-resistant materials (e.g. glass-lined
steels). The gas then is cooled down to room temperature.

A disadvantage of both concepts is the somewhat worse
energy balance of both process designs compared to those
of conventional SCWO plants equipped with a suitable heat
exchanger. On the other hand, they completely solve the
corrosion problem.

It must be mentioned that the cost-saving catalytic SCWO,
where organics are oxidized over a heterogeneous catalyst
[71–73], may also be performed in both kinds of reactors.

3.3. Salt-containing waste streams

Waste streams that contain salts in too high concentra-
tions will sooner or later lead to plugging of every kind of
reactor. Such waste streams should better be treated by other
techniques. Waste streams with only low salt concentrations
may be successfully treated by the special reactors men-
tioned above, but long-time studies are necessary to prove
their suitability. Certainly, these reactors will increase the
costs. It should be evaluated, if a salt separation in a first
step (e.g. by filtration) followed by SCWO in a tube reactor
may be a cheaper way of treatment. A fundamental problem
of this kind of treatment might be a simultaneous separation
of the organics leading to another contaminated waste.

4. Outlook and suggestions

4.1. SCWO as a waste-treatment technology

To make SCWO a “current” end-of-pipe technology, the
following rules should be fulfilled:
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1. Further research — filling up the gaps. Though a lot of
research on reactions and thermodynamic data in super-
critical water has been done in the last two decades, many
questions are still open. For instance, measurements of
the solubilities of most oxides are rare and only rudi-
mentary research has been performed on phase diagrams
containing more than two components. For this reason,
SCWO in some cases is still an unpredictable process
and thus may be “dangerous” for technical applications,
especially when evaluating the lifetimes of reactors. As
an example, the presence of a new, unexpected phase
in the system H2O–O2–H3PO4 leads to severe corrosion
and thus failure of the reactors at too high acid concen-
trations, while slightly lower acid concentrations are not
corrosive at all [23,39].

2. Searching for SCWO-optimized waste streams. SCWO is
not and most probably will never become a “general”
technology for all kinds of waste-streams. Consequently,
the wastes suitable for SCWO have to be found and se-
lected carefully. For each of these wastes, an “ideal” re-
actor made of an “ideal” reactor material can be built,
which may be resistant over long useful lifetimes.

3. Performing long-time tests with these waste streams. For
an industrial application, it is of minor interest if a de-
struction rate of a certain organic compound is 99.99
or 99.999% (which is the object of most studies). On
the other hand, it is absolutely necessary to prove the
long-time applicability of an industrial process. These
missing tests must neither be performed with “harmless”
model compounds nor over reaction times of only sev-
eral hours. Additionally, they have to be performed with
exactly these wastes selected before.

When all these requirements are fulfilled successfully,
SCWO will surely become a waste treatment process of in-
dustrial interest.

4.2. SCWO for energetic use

Much less investigations deal with SCWO treatment
for energetic use, although supercritical water is already
used in power stations [74–76]. In contrast to conventional
coal- or oil-fired power stations, where the water is heated
“externally” by the fuel, oil as energy source be oxidized
in the water itself in an SCWO power generating process.
Due to the single-phase character of the solution and the
high heat capacity of the supercritical solvent compared to
those of steam, high heat transfer efficiency is achieved.
Thus, less complicated reactor designs may be realized.

Additionally, the energy source in the energetic SCWO
process is not limited to liquid organic fuels like oil, since all
organics present in aqueous streams can be oxidized exother-
mically. Thus, also energetic less attractive substances like
aqueous biomass wastes could be used economically.

Unfortunately, also little work has been done in this field
to find (a) the optimum reactor concept and (b) the optimum

process parameters. For a better understanding and evalu-
ation of the “energetic” SCWO, the results obtained from
different reactor concepts of the “waste-treatment” SCWO
may contribute to the required information. Fortunately, salt
precipitation and corrosion problems are by far less critical
in the energetic application, so cost estimations can be more
exact and are less risky. Thus, the primary aim for SCWO
as an energetic source is finding the optimum process pa-
rameters, and the optimum reactor concepts, respectively,
for highest efficiency and thus lowest costs.

5. Conclusion

SCWO for waste treatment is a technology with many
problems — corrosion, reactor plugging, and the high costs
— that have hindered an industrial scale-up of the process
so far. Salt plugging seems to be the most severe problem,
and all attempts to solve it in a satisfactory way, lead either
to new problems, make a long-time operation doubtful, or
increase the costs. Consequently, waste streams containing
salts in elevated concentrations should not be treated with
SCWO with any of the current reactor technologies. Corro-
sion can be reduced or even avoided by the right material
choice and/or a slightly modified reactor concept.

Further, “ideal” waste streams have to be selected and with
the help of these waste streams, long-time runs have to be
performed. These long-time runs are indispensable for ac-
curate cost evaluation and to awaken the interest of industry.
Then (and only then), SCWO (and other supercritical water
applications) has the opportunity to become a “common”
waste treatment technology.

The evaluation of SCWO as an energetic source is also
just at the beginning and much research has to be done in
this field. Certainly, the basic investigations done for the
waste treatment SCWO are valid for this application, and
e.g. research on reactor concepts can easily be transferred.

Acknowledgements

The authors wish to thank Günter Franz, Claus Friedrich,
Wilhelm Habicht, Michael Schacht, and Nikolaos Boukis
for valuable discussions and their interest in this work.

References

[1] R.W. Shaw, T.B. Brill, A.A. Clifford, C.A. Eckert, E.U. Franck,
Supercritical water — a medium for chemistry, Chem. Eng. News
69 (51) (1991) 26.

[2] P.E. Savage, S. Gopalan, T.I. Mizan, C.J. Martino, E.E. Brock,
Reactions at supercritical conditions: applications and fundamentals,
AIChE J. 41 (1995) 1723.

[3] H. Schmieder, N. Dahmen, J. Schön, G. Wiegand, in: R. van Eldrik,
C.D. Hubbard (Eds.), Industrial and environmental applications
of supercritical fluids, chemistry under extreme or non-classical
conditions, Spektrum, Heidelberg, Germany, 1996, p. 273.



P. Kritzer, E. Dinjus / Chemical Engineering Journal 83 (2001) 207–214 213

[4] T. Mizuno, Properties and application of supercritical water,
Zairyo-to-Kankyo — Corros. Eng. 47 (1998) 298.

[5] P.E. Savage, Organic chemical reactions in supercritical water, Chem.
Rev. 99 (1999) 603.

[6] D. Broll, C. Kaul, A. Kramer, P. Krammer, T. Richter, M. Jung, H.
Vogel, P. Zehner, Chemistry in supercritical water, Angew. Chem.,
Int. Ed. 38 (1999) 2999.

[7] D.M. Harradine, J. Buelow, P.C. Dell’Orco, R.B. Dyer, B.R. Foy, J.M.
Robinson, Oxidation chemistry of energetic materials in supercritical
water, Hazardous Waste Hazardous Mater. 10 (1993) 233.

[8] E.F. Gloyna, L. Li, Supercritical water oxidation research and
development update, Environ. Prog. 14 (1995) 182.

[9] H.J. Bleyl, J. Abeln, N. Boukis, H. Goldacker, M. Kluth, A. Kruse,
G. Petrich, H. Schmieder, G. Wiegand, Hazardous waste disposal by
supercritical fluids, Separation Sci. Technol. 32 (1997) 459.

[10] H. Schmieder, J. Abeln, Supercritical water oxidation: state of the
art, Chem. Eng. Technol. 22 (1999) 903.

[11] J.W. Tester, J.A. Cline, Hydrolysis and oxidation in subcritical
and supercritical water: connecting process engineering science to
molecular interactions, Corrosion 55 (1999) 1088.

[12] M.J. Dietrich, T.L. Randall, P.J. Canney, Wet air oxidation of
hazardous organics in wastewater, Environ. Prog. 4 (1985) 171.

[13] V. Mishra, V.V. Mahajani, J.B. Joshi, Wet air oxidation, Ind. Eng.
Chem. Res. 34 (1995) 2.

[14] S.T. Kolaczkowski, P. Plucinski, F.J. Beltran, F.J. Rivas, D.B.
McLurgh, Wet air oxidation: a review of process technologies and
aspects in reactor design, Chem. Eng. J. 73 (1999) 143.

[15] ASME Steam Tables, 6th Edition, The American Society of
Mechanical Engineers, New York, NY, 1992.

[16] E.U. Franck, Physicochemical properties of supercritical solvents,
Ber. Bunsenges. Phys. Chem. 88 (1984) 820.

[17] E.U. Franck, Fluids at high temperatures and pressures, J. Chem.
Thermodynamics 19 (1987) 225.

[18] J.F. Connolly, Solubility of hydrocarbons in water near the critical
temperature, J. Chem. Eng. Data 11 (1966) 13.

[19] K. Bröllos, K. Peter, G.M. Schneider, Fluide mischsysteme unter
hohem druck. Phasengleichgewichte und kritische Erscheinungen in
den binären Systemen Cyclohexan-H2O, n-Heptan, Biphenyl-H2O
und Benzol-H2O bis 420◦C und 3000 bar, Ber. Bunsenges. Phys.
Chem. 74 (1970) 682.

[20] M.L. Japas, E.U. Franck, High pressure phase equlibria and PVT-data
of the water–oxygen system including water–air to 673 K and 250
MPa, Ber. Bunsenges. Phys. Chem. 89 (1985) 1268.

[21] G. Anitescu, L.L. Tavlarides, Oxidation of aroclor 1248 in
supercritical water: a global kinetic study, Ind. Eng. Chem. Res. 39
(2000) 583.

[22] E. Alonso, M.J. Cocero, R. Torio, D. Vallelado, D. Fdz-Polanco, F.
Fdz-Polanco, Supercritical water oxidation of a dyestuff wastewater
in pilot plant, in: Proceedings of the Sixth Meeting on Supercritical
Fluids, Nottingham, UK, 1999, p. 443.

[23] C. Joussot-Dubien, G. Limousin, S. Sarrade, Hydrothermal oxidation
of simulated organic wastes containing uranium, in: Proceedings of
the Sixth Meeting on Supercritical Fluids, Nottingham, UK, 1999,
p. 467.

[24] A. Gidner, L. Stenmark, J. Abrahamsson, K. Carlsson, The chematur
engineering SCWO pilot plant. Treatability studies, in: Proceedings
of the Sixth Meeting on Supercritical Fluids, Nottingham, UK, 1999,
p. 427.

[25] R.W. Shaw, N. Dahmen, Destruction of toxic organic materials using
supercritical water oxidation: current state of the technology, in: E.
Kiran, P.G. Debenedetti, C.J. Peters (Eds.), Supercritical Fluids —
Fundamentals and Applications, NATO Science Series E, Vol. 366,
Kluwer Academic Publishers, Dordrecht, 2000, pp. 425–438.

[26] H.R. Copson, G. Economy, Effect of some environmental conditions
on stress corrosion behavior of Ni–Cr–Fe alloys in pressurized water,
Corrosion 24 (1968) 55.

[27] R.M. Latanision, R.W. Shaw, Corrosion in supercritical water
systems, in: MIT: The Energy Laboratory, Workshop Summary,
Massachusetts Institute of Technology, Boston, MA, 1993, 14 pp.

[28] P. Kritzer, N. Boukis, E. Dinjus, Investigations of the corrosion of
reactor materials during the process of supercritical water oxidation
(SCWO), in: Proceedings of the Sixth Meeting on Supercritical
Fluids, Nottingham, UK, 1999, p. 433.

[29] P. Kritzer, N. Boukis, E. Dinjus, Factors controlling corrosion
in high-temperature water. A contribution to the dissociation and
solubility data influencing corrosion processes, J. Supercritical Fluids
15 (1999) 205.

[30] P. Kritzer, N. Boukis, E. Dinjus, Review of the corrosion
of nickel-base alloys and stainless steels in strongly oxidizing
pressurized high-temperature solutions at sub- and supercritical
temperature, Corrosion 56 (11) (2000) 1093–1104.

[31] N. Boukis, C. Friedrich, E. Dinjus, Titanium as reactor material
for SCWO applications. First experimental results, Corrosion’98,
National Association of Corrosion Engineers, Houston, TX, Paper
No. 417, 1998, 7 pp.

[32] C. Friedrich, Das Korrosionsverhalten von Titan und Titanlegierungen
während der oxidation in überkritischem Wasser, Report FZKA 6297,
Forschungszentrum Karlsruhe GmbH, Karlsruhe, Germany, 1999, 90
pp.

[33] L.B. Kriksunov, D.D. MacDonald, Corrosion in supercritical water
oxidation systems: a phenomenological analysis, J. Electrochem. Soc.
142 (1995) 4069.

[34] R.M. Latanision, Corrosion science, corrosion engineering, and
advanced technologies, Corrosion 51 (1995) 270.

[35] P. Kritzer, N. Boukis, E. Dinjus, Change of Corrosion Phenomena
in Sub- and Supercritical Water, Eurocorr’97, Vol. 2, European
Federation of Corrosion, Event No. 208, Trondheim, Norway, 1997,
p. 229.

[36] P. Kritzer, N. Boukis, E. Dinjus, Transpassive dissolution of
nickel-base alloys and stainless steels in oxygen- and chloride-
containing high-temperature water, Mater. Corros. 48 (1997) 799.

[37] P. Kritzer, N. Boukis, E. Dinjus, Corrosion of alloy 625 in aqueous
chloride and oxygen containing solutions, Corrosion 54 (1998) 824.

[38] P. Kritzer, N. Boukis, E. Dinjus, Corrosion of alloy 625 in high
temperature sulfate solutions, Corrosion 54 (1998) 689.

[39] P. Kritzer, N. Boukis, E. Dinjus, The corrosion of alloy 625
(NiCr22Mo9Nb; 2.4856) in high-temperature, high-pressure aqueous
solutions of phosphoric acid and oxygen. Corrosion at sub- and
supercritical temperatures, Mater. Corros. 49 (1998) 831.

[40] P. Kritzer, Die Korrosion der Nickel-Basis-Legierung 625 unter
hydrothermalen Bedingungen, Report FZKA 6168, Forschungsze-
ntrum Karlsruhe GmbH, Karlsruhe, Germany, 1998, 180 pp.

[41] D.B. Mitton, J.H. Yoon, R.M. Latanision, Overview of corrosion
phenomena in SCWO systems for hazardous waste destruction,
Zairyo-to-Kankyo — Corros. Eng. 49 (2000) 130.

[42] P. Kritzer, N. Boukis, E. Dinjus, Transpassive dissolution of alloy 625,
chromium, nickel, and molybdenum in high-temperature solutions
containing hydrochloric acid and oxygen, Corrosion 56 (2000) 265.

[43] S. Fodi, J. Konys, J. Hausselt, H. Schmidt, V. Casal, Corrosion
of high temperature alloys in supercritical water oxidation systems,
Corrosion’98, National Association of Corrosion Engineers, Houston,
TX, Paper No. 416, 1998, 10 pp.

[44] F.E. Borovaya, M.I. Ravich, Solubility of sodium carbonate and
orthophosphate in aqueous solutions of sodium hydroxide at elevated
temperatures, Russ. J. Inorg. Chem. 13 (1968) 1720.

[45] P. Kritzer, N. Boukis, G. Franz, E. Dinjus, The corrosion of niobium
in oxidizing sub- and supercritical aqueous solutions of HCl and
H2SO4, J. Mater. Sci. Lett. 18 (1999) 25.

[46] C. Friedrich, P. Kritzer, N. Boukis, G. Franz, E. Dinjus, The corrosion
of tantalum in oxidizing sub- and supercritical aqueous solutions of
HCl, H2SO4 and H3PO4, J. Mater. Sci. 34 (1999) 3137.

[47] O.I. Martynova, Solubility of inorganic compounds in subcritical
and supercritical water, in: D. de G. Jones, J. Slater, R.W. Staehle



214 P. Kritzer, E. Dinjus / Chemical Engineering Journal 83 (2001) 207–214

(Eds.), High Temperature High Pressure Electrochemistry in Aqueous
Solutions, NACE-4, National Association of Corrosion Engineers,
Houston, TX, 1976, p. 131.

[48] F.J. Armellini, J.W. Tester, Experimental methods for studying salt
nucleation and growth from supercritical water, J. Supercritical Fluids
4 (1991) 254.

[49] F.J. Armellini, J.W. Tester, Precipitation of sodium chloride and
sodium sulfate in water from sub- to supercritical conditions:
150–550◦C; 100–300 bar, J. Supercritical Fluids 7 (1994) 147.

[50] S.N. Rogak, P. Teshima, Deposition of sodium sulfate in a heated
flow of supercritical water, AIChE J. 45 (1999) 240.

[51] E.H. Oelkers, H.C. Helgeson, Calculation of the thermodynamic
and transport properties of aqueous species at high pressures and
temperatures: dissociation constants for supercritical alkali metal
halides at temperatures from 400 to 800◦C and pressures from 500
to 4000 bar, J. Phys. Chem. 92 (1988) 1631.

[52] E.H. Oelkers, H.C. Helgeson, Multiple ion association in supercritical
aqueous solutions of single electrolytes, Science 261 (1993) 888.

[53] P. Whiting, A.H. Metha, Supercritical water oxidation of organics
using a mobile surface, US Patent 5,543,057 (1996).

[54] H.E. Barner, C.Y. Huang, T. Johnson, G. Jacobs, M.A. Martch, W.R.
Killilea, Supercritical water oxidation: an emerging technology, J.
Hazardous Mater. 31 (1992) 1.

[55] B. Chappell, Progress on the MODEC and MODAR supercritical
water reactors, in: G.J. Rosasco (Ed.), Proceedings of the Workshop
on Federal Programs Involving Supercritical Water Oxidation, Report
NISTIR 4920, National Institute of Standards and Technology,
Gaithersburg, MD, 1992, p. 67.

[56] H.L. LaRoche, M. Weber, C. Trepp, Design rules for the wallcooled
hydrothermal burner (WHB), Chem. Eng. Technol. 20 (1997) 208.

[57] T.C. McGuinness, Supercritical water oxidation reactor apparatus
and method, US Patent 5,384,051 (1995).

[58] H.H. Mueggenburg, D.C. Rousar, M.F. Young, SCWO reactor with
wall conduits for boundary flow control, US Patent 5,387,398 (1995).

[59] H. Schmieder, E. Dinjus, H. Goldacker, A. Kruse, Experience with
supercritical oxidation for hazardous waste treatment, in: Proceedings
of the Fourth Italian Conference on SCF and Their Applications,
Capri, Italy, 1997, 6 pp.

[60] Anonymous, Commercial supercritical water oxidation facility
operates successfully, Hazardous Waste Consultant 13 (6) (1995) 1.4.

[61] M. Modell, S.T. Mayr, A. Kemna, Supercritical water oxidation
of aqueous wastes, in: J. Walker (Ed.), Proceedings of the 56th
International Water Conference, Pittsburgh, PA, 1995, p. 479.

[62] S.N.V.K. Aki, M.A. Abraham, An economical evaluation of catalytic
supercritical water oxidation: comparison with alternative waste
treatment technologies, Environ. Prog. 17 (1998) 246.

[63] R.N. McBrayer, J.W. Griffith, EWT-supercritical water oxidation,
ECO Waste Technologies Information Package 2/1998, ECO Waste
Technologies, Austin, TX, 1998.

[64] V. Casal, H. Schmidt, SUWOX — a facility for the destruction of
chlorinated hydrocarbons, J. Supercritical Fluids 13 (1998) 269.

[65] P. Kritzer, N. Boukis, E. Dinjus, The corrosion of nickel-base
alloy 625 in sub- and supercritical aqueous solutions containing
oxygen. A long time study, J. Mater. Sci. Lett. 18 (1999)
1845.

[66] V.A. Zilberstein, J.A. Bettinger, D.W. Ordway, G.T. Hong, Evaluation
of materials performance in a supercritical wet oxidation system,
Corrosion’95, National Association of Corrosion Engineers, Houston,
TX, Paper No. 558, 1995, 19 pp.

[67] G.T. Hong, W.R. Killilea, A.L. Bourhis, Method for treating
halogenated hydrocarbons prior to hydrothermal oxidation, US Patent
5,492,634 (1996).

[68] P. Kritzer, N. Boukis, Verfahren zur Durchführung von chemischen
Reaktionen in überkritischen wässrigen Systemen, German Patent
DE 197 47 696 (1999).

[69] N. Boukis, G. Franz, C. Friedrich, W. Habicht, K. Ebert, Corrosion
screening tests with Ni-base alloys in supercritical water containing
hydrochloric acid and oxygen, HTD 335, in: Proceedings of the
ASME Heat Transfer Division, Vol. 4, ASME, Atlanta, GE, 1996,
p. 159.

[70] P. Kritzer, M. Schacht, E. Dinjus, The corrosion behaviour of
nickel-base alloy 625 (NiCr22Mo9Nb; 2.4856) and ceria stabilized
tetragonal zirconia polycrystal (Ce-TZP) against oxidizing aqueous
solutions of hydrofluoric acid (HF), hydrobromic acid (HBr), and
hydroiodic acid (HI) at sub- and supercritical temperatures, Mater.
Corros. 50 (1999) 505.

[71] Z.Y. Ding, M.A. Frisch, L. Li, E.F. Gloyna, Catalytic oxidation in
supercritical water, Ind. Eng. Chem. Res. 35 (1996) 3257.

[72] J. Levec, Wet oxidation processes for treating industrial wastewaters,
Chem. Biochem. Eng. Q 11 (1997) 47.

[73] P.E. Savage, Catalytic oxidation in supercritical water, in: Proceedings
of the Sixth Meeting on Supercritical Fluids, Nottingham, UK, 1999,
p. 421.

[74] K. Dobashi, A. Kimura, Y. Oka, S. Koshizuka, Conceptual design of a
high temperature power reactor cooled and moderated by supercritical
light water, Ann. Nucl. Energy 25 (1998) 487.

[75] T. Mukohara, T.S. Koshizuka, S.Y. Oka, Core design of a high
temperature fast reactor cooled by supercritical light water, Ann.
Nucl. Energy 26 (1999) 1423.

[76] N. Henriksen, O.H. Larsen, Corrosion in ultra supercritical boilers
for straw combustion, Mater. High Temperatures 14 (1997) 227.

[77] P. Kritzer, N. Boukis, E. Dinjus, The corrosion of nickel-base alloy
625 in oxidizing sub- and supercritical aqueous solutions of HNO3,
J. Mater. Sci. Lett. 18 (1999) 771.

Further reading

Proceeding of “The First International Conference on Supercritical–
Cooled Reactors” (SCR–2000), Nuclear Engineering Research Labo-
ratory, The University of Tokyo, Tokyo, Japan (2000).

P. Kritzer, Corrosion in high–temperature and supercritical water and
aqueous solutions: influence of solution and material parameters,
The First International Conference on Supercritical–Cooled Reactors
(SCR–2000), Nuclear Engineering Research Laboratory, The Univer-
sity of Tokyo, Tokyo, Japan (2000) electronic proceedings.

R.M. Latanision, D.B. Mitton, Stress Corrosion Cracking in Super-
critical Water Systems, The First International Conference on
Supercritical-Cooled Reactors (SCR–2000), Nueclear Engineering
Research Laboratory, The University of Tokyo, Tokyo, Japan (2000)
electronic proceedings.

S. Suzuki, Irradiation Assisted Stress Corrosion Cracking in Light Water
Reactors, The First International Conference on Supercritical Cooled
Reactors (SCR–2000), Nuclear Engineering Research Laboratory, The
University of Tokyo, Tokyo, Japan (2000) electronic proceedings.

Y. Watanabe, Importance of Pressure in Corrosion and Oxidation of Alloys
in Supercritical Water and Superheated Steam, The First International
Conference on Supercritical–Cooled Reactors (SCR–2000), Nuclear
Engineering Research Laboratory, The University of Tokyo, Tokyo,
Japan (2000) electronic proceedings.

R.L. Klueh, R.W. Swindemen, Future Directions for Ferritic/Martensitic
Steels for Nuclear Applications, The First International Conference
on Supercritical–Cooled Reactors (SCR–2000), Nuclear Engineering
Research Laboratory, The University of Tokyo, Tokyo, Japan (2000)
electronic proceedings.


