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Abstract Supercritical water oxidation is a very efficient technique for total elimination of organic wastes  

from reprocessing activities on the way of "zero wastes" facilities. This technology uses the properties of 

supercritical water (P>221 bars and T>647K) to obtain a good mixing between oxygen (the oxidant) and 

the organic waste. Thereby, the oxidation reaction is fast and complete. Using the SCWO process, 

contamination contained in organic materials like spent solvents can be confined in a closed space, like a 

reactor in a glovebox. A new application is tested for the treatment of solid organic wastes like ion 

exchange resins. Experiments are made with suspensions of IER in water and isopropylalcohol. A nuclear 

version of the process with the double shell reactor has been constructed and is being tested. The aim of 

this work is to obtain a treatment capacity of 1kg/h for the nuclear version with the same global set-up, 

concept of process and security as well as contamination management as for a 200 g/h pilot. 

 
 

INTRODUCTION 
Since, nowadays, more than 20 years, several 
supercritical water processes have been 
developed in the world to make use of the 
properties of supercritical water (P>221 bars and 
T>647K) : good mixing between organic and the 
oxidant, very fast reaction rates. Several 
concepts have been tested to deal with the two 
main technical bottlenecks of this highly 
oxidative media: salts precipitation and 
corrosion. They are mainly due to its very low 
dielectric constant which is close to 5 compared 
to 80 in liquid water [1, 2, 3] and the presence of 
elements like chlorine, phosphorus or sulphur 
from the waste which forms acids coupled to the 
high temperature, lead to the corrosion of 
materials [4]. The first concept was the MODAR 
tank reactor developed by M; Modell in the 80’s 
[5] and then the MODEC flow reactor [6]. 
Recently, transpiring wall reactors were 
developed in Europe by Bernejo [7], Abeln [8] 
and Fauvel [9] with different kind of porous 
media, punched metallic wall or ceramics. 
Another technical concept has been chosen at 
CEA with a stirred double shell reactor [10]. Its 
efficiency has been proved for various kinds of 
organics like organic wastes containing 100g.L-1 
of chlorine or with 50% w/w of salts with a 
treatment capacity of 0.2 Kg/h of pure organics 
[11], dodecane and PEG 200 

Polystyrenic Ion-Exchange Resins (IER) are 
widely used for water treatment in nuclear power 
plants. Spent resins are radioactive process 
wastes for which there is no satisfactory 
industrial treatment. Various treatments such as 
pyrolysis or incineration, electrochemical 

oxidation, coating have been studied. A few 
studies were made concerning destruction of IER 
by Supercritical Water Oxidation [13, 14]. It 
could offer a viable treatment alternative to 
destroy the organic structure of the resins and 
contain radioactivity.  

The use of a co-fuel has been investigated in 
a few studies. Serikawa and al. [15 ] observed a 
spontaneous ignition of flames within a short 
period after the oxidant injection. A map of the 
ignition limits has been provided for 
isopropylalcohol/water.  Several wastes have 
been oxidized using isopropylalcohol as a co-
fuel, such as dioxins [15], industrials wastes [16] 
or nitrogenous compounds [17]. Results show 
that total removal is possible, even at high 
concentrations. In this work, the supercritical 
water oxidation of ion exchange resins is 
investigated with and without the use of a co-
fuel, IsoPropyl Alcohol (IPA). 

 A first nuclear version of the process has 
been tested with a simple tubular concept [12] 
allowing to validate the nuclearization strategy 
for contamination management and radiation 
protection. A new test bench with an up-scaled 
double shell reactor has been designed and 
constructed in the nuclear version with the same 
global set-up, concept of process and security as 
well as contamination management in order to 
validate the feasibility of a SCWO process for 
nuclear organic wastes with a 1kg/h treatment 
capacity of pure organics. The major constraints 
are related to the length of the reactor, limited to 
1 m and hence to the heat power needed to reach 
the critical point with a limited exchange surface.  
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PROCESS DESCRIPTION 

 
This process has already been extensively 

described previously [11]. Figure 1 shows the 
flow sheet of the process with the stirred double 
shell reactor. The external vessel made of 
stainless steel 316 withstands pressure. The 
titanium inner tube confines the aggressive 
species. In addition, the stirrer keeps particulates 
in suspension and improves mixing and heat 
transfers.  
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Figure 1 Flowsheet of SCWO process 
 
Air and water are mixed and go into the 

reactor by the cold zone. This mixture flows in 
the annular space where it is heated by the four 
electric heaters and by the reaction itself. The 
organic compound is injected in the hot zone 
inside the inner tube. There, it meets the 
air/water mixture. The oxidation reaction takes 
place instantaneously. In the second part of the 
reactor, the flow is cooled by the cooling jackets 
and by the air/water mixture flowing in. At the 
outlet, the effluent is depressurized through a 
back pressure regulator and separated in two 
phases. The aqueous phase is analyzed by a total 
organic carbon analyzer and the gaseous phase is 
analyzed by a CO, CO2, O2 gas analyzer. 

 
EXPERIMENTAL RESULTS FOR THE 

DESTRUCTION OF ION EXCHANGE 

RESINS  

 
Most of the IERs used in nuclear power 

plants are strong acid-cation exchangers and 
strong base-anion exchangers. The resins used in 
these experiments (Amberlite IRN77 & 
Amberlite IRN78) are based on a styrene-
divinylbenzene copolymer (see fig. 2).  

Several tests were performed increasing the 
cationic or anionic resins content of the feed (up 
to 20% weight). For these experiments, 
conditions were set in order to have a molar air 

ratio higher than 1,2  and an IPA dilution ratio 
equal to 10%. TOC removal has been studied 
systematically. Destruction efficiencies higher 
than 99% has been obtained (see table 1). This 
can also be seen from the differences (colour, 
particles) between the injected solution and the 
liquid effluent (see fig. 3)  

 

         
Figure 2 Structure of the acid-cationic (left) and 

anionic  (right) IER 

  
Figure 3 Solution colour for IER water 

suspension before and after treatment by SCWO. 
 

 
Table 1:  Ion exchange resins degradation results 
with or without isopropyl alcohol 
 

The use of IPA as a co-fuel allows to 
improve significantly degradation rates in 
comparison with degradation of mixture {water 
+ REI}. The exothermal oxidation reaction of the 
IPA leads to a heat release in the reactive 
medium and hence an increase of the measured 
temperature near the injection zone. Temperature 
seems to have a major influence on the 
destruction efficiency. These results obtained are 
better than those found in the literature without 
using any catalyst or strong stoichiometric 
excess of oxidant.   

Experiments were made with up to 20% wt 
ion exchange resins concentration in water and in 
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isopropylalcohol. Thanks to TOC measurements, 
we can notice significant differences between 
degradation rates with and without 
isopropylalcohol. Except for water + 20% REI, 
no solid residues were observed in the liquid 
samples. Degradation rates of cationic resins are 
higher than those of anionic resins. It is due to 
the presence of functional groups of the resins. 
Bonding energy of C-S is weaker than bonding 
energy of C-N and C-C. So, breaking bonding of 
the functional groups requires more energy, 
which explains lower degradation rates. 
Moreover, for cationic resins, the low pH of the 
effluents (about 2) is a good degradation reaction 
indicator, because of  the release of H+ ions :  
C8H9SO3 + 20.5 O2 

= (2H+ + SO4
2-) + 8 CO2 + 3.5 H2O (1) 

 
Sulphur conversion. 

 The experiments and analysis performed 
indicate that the sulphur contained in the 
particles is oxidized to sulphates in supercritical 
water medium. According to the literature, the 
main species containing sulphur in the effluents 
could be transformed into sulphides, 
thiosulphides, sulphites and sulphates. In order to 
confirm this hypothesis, liquid samples were 
analyzed by ionic chromatography, and gas 
chromatography with a flame ionization detector 

and mass spectroscopy detector. For the same 
concentration in ion exchange resins, we 
observed that the sulphates concentration is 
much higher, with the use of isopropyl alcohol 
(IPA) than in the case of suspensions of ion 
exchange resins in water. It confirms Wang et al. 
[7] work who assessed that it is possible to 
completely convert the sulphur present in the 
particles into sulphates by SCWO using high 
temperature and higher reaction times. 

 
NUCLEAR SET-UP 

 

The Nuclearization concept is the same as 
the mini-DELOS one [12]. The static 
confinement is obtained by keeping the nuclear 
material in an airtight enclosure. A typical air 
leaking rate of a standard glovebox is 10-2 h-1. 
The dynamic confinement is obtained by 
continuously venting the enclosure and 
regulating its inner pressure to a value lower than 
the room pressure. The atmospheric renewal rate 
of the enclosure is typically 10 h-1. The process 
has been designed to be inserted in a specific 
glovebox. The length of the reactor is hence 
limited to 1m. A schematic flowsheet of the 
SCWO process is given on Figure 4. 
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Figure 4 Flowsheet of the process with the nuclear configuration 
 

  
All the pressurized parts of the process, 

which are located in this glovebox are inserted 

into a shielded enclosure. This enclosure (CAP 
on fig. 4) is continuously under-pressurized at a 
relative pressure of –300 mbar compared to the 
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glovebox: it protects the glovebox from 
incidental parts projections and makes it possible 
that the shielded enclosure and the glovebox 
remain under-pressurized even when the reactor 
incidentally breaks-up. The process fluids (air, 
water) are pressurized and mixed outside of the 
glovebox. They are injected with an overpressure 
compared to the process pressure inside the 
glovebox in order to prevent back flushing of 
contaminated matters. The contaminated solvents 
are introduced in the vessel of the glovebox by 
aspiration and hence pressurized with the 
injection pump. The next steps of the SCWO 
process are similar to the classical one. The 
gaseous effluents are extracted by the facility 
process ventilation and the liquid effluents are 
collected in a double-shell vessel. All the 
radioelements are recovered in the liquid 
effluent. 

 
DESIGN OF THE 1 KG/H  REACTOR 

 
According to CFD simulation results 

validated on experimental data acquired with our 
0.2 Kg/h lab scale unit POSCEA2, we are able to 
predict temperatures, velocity, oxidation 
localization in a double shell stirred reactor [19]. 

A first scale-up of this process has been 
done regarding the reactor volume and the heat 
power needed. As the flow can be considered as 
piston-like and the heat transfers are very 
efficient with the stirring, the only constraint is 
to reproduce residence times in each temperature 
zones with a given length of 1m, taking into 
account the residence time needed for complete 
oxidation of the organic matters and the mass 
flow capacity. The same experimental conditions 
must be applied in term of organic weight 
percent, equivalence ratio and wall temperatures.  
The heat power needed has to be estimated by 
integration of the Cp mixture data with the 
respected mass flow rate.   
 

0

2

4

6

8

10

12

14

16

18

273 473 673 873 1073

T(K)

C
p 

(K
J/

K
/K

g)

 

Figure 5 Specific calorific value dependence 
with temperature for the water/air mixture in our 
operating conditions 

 
The high non linearity of Cp values near the 

critical point could hence be taken into account 
(see fig.5).  

A new pilot, in the nuclear configuration has 
been constructed and is being tested (see picture 
fig.6). Heating curves like in figure 7 are used to 
validate the design of the pilot, the efficiency of 
the heating device during start-up. Collation of 
experimental data on the DELIS pilot (see fig.7) 
will be done and compared with numerical 
simulation of the new reactor to fully validate the 
design before use on real radioactive 
contaminated solvents. 

 

 
Figure 6 Picture of the DELIS reactor for 1 

Kg/h capacity of treatment 
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Figure 7 Water/mixture temperature increase 

in the double shell zone during start-up phase of 
the DELIS pilot 
 

 
CONCLUSION 

 
A new application of the SCWO process for 
back-end reprocessing wastes has been tested  
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with the family of Ion Exchange Resins, solid 
contaminated organic wastes. The complete 
oxidation of suspensions of ion exchange resins 
with concentrations up to 20%wt in supercritical 
water has been studied using isopropylalcohol 
(IPA) as auxiliary fuel and air as oxidant. 
Complete removal (degradation rates greater 
than 99%) have been obtained after initiating the 
IPA combustion reaction and increasing reactive 
medium, whereas solid residues and lower 
degradation rates were observed for suspensions 
of ion exchange resins in water. 
The determination of intermediate species in 
liquid effluents by GC-MS will give us 
additional information that may be useful to 
build destruction mechanisms for REI in 
supercritical water conditions.  
On another hand, a first scale-up of the double 
shell stirred reactor has been done for the 
destruction of contaminated organic solvents. 
The same concepts of the contamination 
management and radiation protection as for 
mini-DELOS are used. It imposes a limited 
length for the reactor and hence a constraint on 
the power and efficiency of the heating device. 
First experimental validations have been done, 
allowing to produce a supercritical medium in 
the reactor. 
The next step is the experimental validation of 
the 1 Kg/h treatment capacity of our new reactor. 
This will be done on non radioactive organic 
matter with the DELIS pilot unit.  
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