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Abstract

The decontamination experience gained during the BR3 dismantling project is developed.
This started with the full system decontamination of the primary loop and was followed by
R&D on thorough decontamination projects. First, a wet abrasive installation has been
installed and is now in operation for the thorough cleaning of metallic pieces of simple
geometry. Afterwards, the chemical cerium process has been developed. The results of the
regeneration with ozone and with electrochemistry are presented in detail. The ozone
regeneration process has been selected for the industrial installation of which the construction
is foreseen in 1998.

1. INTRODUCTION

The dismantling of the BR3 will lead to the generation of a great amount of contaminated
metallic waste. For the BR3, this mass is estimated at about 600 t of C-steel and of stainless
steel mainly. It is of great economical importance to reduce the amount of contaminated
material which must be treated as radioactive waste; therefore very efficient decontamination
techniques have to be used so that the decontaminated material can be evacuated as non
radioactive waste or at least recycled as very low radioactive material.
A R&D and demonstration project on thorough decontamination processes for metallic pieces
was then launched. This project deals not only with the contaminated pieces which will arise
from the dismantling of the BR3 reactor, but is also examining other materials such as Al and
Pb and other contamination sources.

2. OVERVIEW OF THE BR3 DISMANTLING ACTIVITIES

The BR3 PWR reactor, shutdown in 1987, has been selected by the EC as one of the
four pilot dismantling projects in the framework of its dismantling R&D programme on
decommissioning of nuclear installations.

The decommissioning activities started in 1989 and the main activities performed till now are:
- the full system decontamination of the primary circuit in 1991 leading to a global dose rate

reduction by a factor of 10;
- the segmentation of high active internals: the thermal shield, the Vulcain internals, the

Westinghouse internals using underwater remote techniques such as plasma cutting, electro
erosion cutting, milling cutter and band saw;

- the evacuation and conditioning of high active waste by cement embedding by the
BELGOPROCESS company;
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- the preparations for the segmentation of the reactor pressure vessel including the selection
of the dismantling strategy (comparison between underwater and in air dismantling;
comparison between in-situ dismantling in the reactor cavity and one piece removal
followed by dismantling in the refueling pool), the radiochemical characterisation of the
vessel and the study of the adaptations of the tools;

- the dismantling of various contaminated auxiliary circuits and the sorting out of the
dismantled pieces in function of the selected evacuation route ( radioactive waste, melting
for recycling or for free release, decontamination);

- the decontamination by several techniques (washing, wet abrasive blasting, dry polishing)
of the dismantled pieces and their evacuation as non radioactive material to a classical
recycling foundry. Till now about 34 tons of metals have been free released.

- the recycling of slightly contaminated or activated metallic pieces by melting in a
"nuclear" foundry and fabrication of recycled material for the nuclear industry.- Till now
about 8.2 t have been melted in the SEG foundry of Westinghouse in the USA and the
evacuation of 28 t is under preparation. It is foreseen to further use this route at a capacity
of about 20 to 40 t/year. This route is also used for materials arising from other dismantling
activities at SCK«CEN e.g. for the evacuation of aluminium heat exchangers.

- the characterisation by core drilling and the modellization of the activation of the heavy
concrete of the bioshield around the reactor pressure vessel;

- studies and tests on decontamination and demolition techniques for activated and
contaminated concrete (scabbling, hydraulic jack hammer, explosives, diamond sawing);

- the decontamination by scabbling techniques of about 250 t of contaminated anti-missile
heavy concrete slabs from which 74% could be free released and recycled in the
construction industry. The rest is either slightly activated (17%) or requires additional
measurements before the free release (9%);

- the removal, from the primary and auxiliary circuits situated in the plant container, of
contaminated isolation material containing asbestos. This work is still in progress and is
planned to be finished in February 1998. Till now about 200 drums of this mixed waste
have been produced. They will be conditioned by supercompaction followed by cement
embedding at Belgoprocess;

- R&D programme on thorough decontamination techniques for contaminated metals.

Detailed information on the decommissioning and decontamination activities can be found in

[1] P ] [3] [4].

3. OVERVIEW OF THE EVACUATION ROUTES FOR RADIOACTIVE
MATERIALS

The high and medium active radioactive wastes are conditioned and temporarily stored in the
installations of Belgoprocess which is situated close to the research centre. There are no final
storage available for the moment in Belgium. Studies are performed by ONDRAF/NIRAS for
the shallow land burial for the low radioactive wastes and for disposal in a clay formation for
the high level and long lived radioactive wastes.

The dismantling of contaminated loops and equipment, as well as some buildings and walls,
involves the problem of the management of large amounts of low level waste (LLW) or even
V(Very)LLW. Considering the cost of radioactive waste storage and disposal, and its
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escalation, we try to recycle in the nuclear industry or to decontaminate as much materials as
possible to reach either the recycling limits or the free release levels. As such, the amount of
materials to be considered as radioactive waste can be decreased drastically.
The amount and types of materials and contamination levels being quite large, and the
authorities requesting a good traceability of the material history and handling, a complete
computerised material flow management system has been set up [5] . This allows to know at
each time the current situation of the waste/material stream, and also to follow each piece (or
set of similar pieces, the system being based on batches) throughout the different routes, from
the dismantling on site to the evacuation as non-radioactive material or as radioactive waste.
This system is also linked with the plant inventory and allows to define the quantities and
costs associated with the handling of the materials.

The main evacuation routes used up to now are:
• unconditional release for disposal as industrial waste,
• unconditional release for recycling e.g. scrap metals, concrete rubble...
• recycling after melting e.g. C-Steel, SS Steel, Al for fabrication of shielding blocks, waste

containers...
• radioactive waste conditioned by Belgoprocess by incineration, super-compaction, cement

embedding in the CILVA installation.

SCK»CEN has set up a free release procedure in agreement with the Control Organism
(AVN) and the Competent Authority (Ministery of Health). This procedure allows to free
release radioactive materials following two different ways. The first one is based on a 100%
surface measurement respecting the surface contamination limits of 0.4 Bq/cm for p, y
nuclides and 10 times lower for a emitting nuclides. Two successive measurements are
required; the second one must be done after a 3 months delay storage if the piece has been
decontaminated.
The second one is based on the measurement of the mass contamination (e.g. for concrete
rubble) and the comparison with the guidance values from the IAEA and EU studies. For the
mass contamination, the free release is a case by case decision depending on the final
destination of the waste. The authorisation for free release is given by the Health Physics of
the site after consultation of the Control Organism.

4. PREDISMANTLING FULL SYSTEM DECONTAMINATION OF THE
PRIMARY LOOP OF THE BR3 REACTOR

The Full System Decontamination performed by the CORD process in collaboration with

Siemens KWU led to the removal of about 2 TBq of 60Co and 2.3 GBq of alpha activity. The
CORD process comprises 3 successive steps : an oxidation step with permanganic acid, a
decontamination step with oxalic acid and a cleaning step on ion-exchange resins. For the
BR3 system, 3 successive decontamination cycles at an operating temperature of 80 to 100°C
were performed; the operation itself lasted nine days of continuous operation. The only solid
waste generated were exhausted anionic and cationic resins; a total quantity of 1.37 m3 was
used. The resins were conditioned by concrete embedding in 400 1 drums giving rise to the
production of a final waste volume of 7.6 m3.

This resulted in a mean decrease by a factor 10 of the dose rate on the contaminated
equipments of the primary circuit and of the purification circuits. The residual specific activity

lies now between 1000 and 10,000 Bq/cm^. This corresponds to an ambient dose rate in the
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vicinity of these equipments of about 0.06 to 0.1 mSv/h. This dose rate will allow further
hands on dismantling with a reasonable dose uptake by the operators.

The chemical decontamination appears to be very cost effective in man-Sv exposure
reduction. Indeed, only 0.158 man-Sv was attributed to the operation. It is estimated that the
dose rate reduction will lead to a dose savings of 4.25 man-Sv for the future dismantling
operations. It must be noted that the decontamination operation had two unexpected effects.
First, a pollution of the reactor pool occurred during the unloading of the reactor internals
resulting in a high turbidity and low visibility in the pool; this pollution was due to the
presence of insoluble ferrous oxalate and loose crud still present on the internals. Secondly,
the internals of the reactor were remarkably clean. This greatly facilitated the subsequent
dismantling operations and even allowed to evacuate 35% of the reactor internals (i.e. 5 tons)
as Low Active Waste (LAW).

5. OBJECTIVES OF THE THOROUGH DECONTAMINATION PROGRAMME

The main objective is to minimize the quantity of radioactive waste produced by the
dismantling activities of the BR3 reactor.

The dismantling will produce a variety of metallic wastes:

- C-steel painted structural equipments slightly contaminated (1 to 20 Bq/cm^ typically) by
deposition of airborne contamination, liquid spilling or by prolonged contact with
contaminated liquids (typically pool water).

- C-steel equipment slightly (10 to 200 Bq/cm^) or heavily contaminated (> 1000 Bq/cm^):
reservoirs, heat exchangers and piping.

- SS steel equipment with crud deposit (1000 to 50,000 Bq/cm^) : reservoirs, heat
exchangers, primary piping, auxiliary circuits...

- C-steel equipment with SS cladding or with SS parts: typically the pressurizer, the steam
generator, heat exchangers.

- Aluminium pieces and lead shielding.

To treat these various types of contaminated materials, it is necessary to have a variety of
decontamination processes such as:
- Physical methods: abrasives wet or dry;
- Electrochemical methods: anodic electropolishing;
- Chemical methods: agressive processes with regeneration of reagents.

6. PHYSICAL DECONTAMINATION PROCESS: THE WET ABRASIVE PROCESS

CEN«SCK has selected a Wet Abrasive Cleaning method for the decontamination of pieces
of simple geometry externally contaminated mainly for structural pieces of painted carbon
steel.
A commercial installation from the company Vapormatt has been purchased and installed in a
stainless steel walk-in ventilated booth.

The main characteristics of this installation called ZOE (Zandstraal Ontsmetting Eenheid) are:

- dimensions of the ventilated walk-in booth: 3x3x3 m^;
- possibility to work inside with a ventilated suit or from outside with the gloves;
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- an abrasive gun with mixing of compressed air and liquid charged with abrasives and
circulated by a vortex pump;

- a rinsing gun with filtered water and compressed air;
- a rinsing gun with fresh water;
- recycling of the abrasives with the vortex pump;
- separation of the sludge from the abrasives by sedimentation;
- recycling of the rinsing water by filtration on cartridge filters;
- ventilation of the booth at a flow rate of 3000 m3/h and filtration with an electrostatic filter

and two HEPA's in parallel by two fans operating in parallel.

Figures 1 and 2 show the ZOE installation.

A first exploitation campaign was made between April and October 1996. During this
campaign, 10 t of metallic pieces were treated; 6.3 t were slightly activated and could not be
free reelased, the rest 3.71 was free released unconditionnally. The corresponding total surface
treated was 62 m2.
During this campaign, several abrasives were tested (alumina, zirconium oxide and stainless
steel grit). The alumina abrasive is not hard enough for the type of materials treated, the
ceramic abrasive was only used during a short period and mainly stainless steel grit was used
because of its hardness. However, the effective cleaning capacity (expressed in m2 of surface
treated per effective working hour) was rather low. It varied between 0.1 and 1.2 m2/h with a
mean value of about 0.41 to 0.49 m2/h.
This capacity is too low and improvements were made to the installation. A new turbine was
installed in the Vortex pump and the ceramic abrasive was used instead of stainless steel
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FIG. 1. Wet abrasive decontamination unit.
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FIG. 2. Wet abrasive decontamination unit in walk in booth.

because of its lower specific gravity. This allowed to increase the liquid flow rate of the
vortex pump and to increase the concentration of abrasives in suspension so that the abrasive
flow in the process gun was significantly increased.
During the second exploitation campaign performed between march and may 1997, a total
mass of 2.15 t was treated (corresponding to a total surface treated of 55 m2). The effective
cleaning capacity varied between 0.3 and 3.9 m2/h depending mainly on the nature of the
surface treated. The mean value is now about 1.3 m2/h which represents an increase by a
factor 2.5 vs the first exploitation campaign. Only 10% of the treated mass could not be free
released; this was due to the complex geometry of these pieces.
During this period, a mass balance was made to determine the consumption of the raw
materials and the production of the secondary wastes. This mass balance is given in Table I.
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Table I : Mass balance of the ZOE installation - Campaign nr 2 - March to May 1997

Abrasives
Filter cartridges
Absolute filters
Protective cloths
Solid waste (paper, gloves..)
Liquid waste (water)

Raw
materials

1.37
0.07

0.003
1.25

kg/m2

units/ m2

units/ m2

units/ m2

Secondary
wastes

0.57
0.28
0.003
4.15
0.7
0.05

dm3/m2

dm3/m2

units/m2

dm3/m2

kg/m2

m3/m2

This table shows:

- a low abrasive consumption thanks to the recycling of the abrasive in a closed loop;
- a low water consumption thanks to the water recycling by filtration;
- a high amount of expensive protective cloths used with a resulting high volume of

secondary waste produced.

Since then, an additional quantity of about 1.71 was treated with about 9.4 % not free released
and sent to the melting route for recycling.

As conclusion, it can be stated that:

- the wet abrasive technique is efficient for pieces of simple geometry with all the surfaces
easily accessible;

- the use of expensive protective cloths and the associated waste have a strong impact on the
treatment cost;

- the work organisation ( in and output of the pieces, manipulation, measurements...) could
still be improved to further reduce the overall treatment cost.

This installation allows us now to free release contaminated metallic materials at an overall
cost lower than the evacuation as radioactive waste. Some additional improvements will be
realised in the near future to further reduce this cost. More attention will also be paid to the
selection of the pieces to treat (no complex geometry, minimum thickness, avoid the presence
of contaminated welds...).

7. CHEMICAL DECONTAMINATION METHODS

These methods are mainly developed for the piping and equipments in stainless steel which
have been in contact with primary water at reactor operating conditions.

7.1. Characterisation of the contamination

The primary circuit and its associated circuits are internally contaminated by corrosion-

erosion products, forming the so-called CRUD layer, containing mainly Co^O as contaminant.
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Most of the pieces are in Stainless Steel 304. For the parts which have seen the Full System

Decontamination with the CORD process, the residual contamination lies between 10^ and

5.103 Bq/cm^ gamma emitters; for the parts which are still covered with the original crud

deposit, the contamination lies between 10^ and 5.10^ Bq/cm^. The gamma spectrometry

analysis of the crud shows that, at the reference date of 1995/1/1 i.e. about 8 years after the

reactor shutdown, the dominating nuclide is Co-60. Mn54 j s still present at about 0.14 %

and Csl37 ^ contaminant at about 0.3 % to 0.6 %.

7.2. Decontamination tests at laboratory scale on contaminated samples

The first step in the research programme was to compare, at laboratory scale on active
representative samples, the effectiveness of two types of chemical decontamination processes.
The first one was a classical two-step oxidation-reduction process (CORD or CONAP
process), which dissolved the oxide layer (the so-called CRUD) completely without attacking
the base metal. The second type was one-step chemical processes, which remove the
contamination by attacking the base metal as well. Two such processes have been tested, the
first one based on a mixture of nitric and hydrofluoric acids at low concentration and the
second one based on Ce^+, a strong oxidant dissolving both the oxide layer and the base
metal. All these processes could achieve decontamination factors higher than 10^ leading to
very low residual activities of the treated pieces allowing their possible evacuation as non
radioactive waste. Residual activities lower than 0.3 Bq/g could be achieved on slightly
contaminated pieces (1000 to 2000 Bq/cm2 of initial activity) and on highly contaminated
pieces (about 6.10^ Bq/cm2).

7.3. Decontamination tests at pilot scale

One process of each type, respectively the CORD process and the Ce^+ process were
further selected on the basis of their operational advantages and tested at a semi-pilot scale in
the so-called DECOLOOP allowing tests with pipe lengths up to 60 cm length.
The results obtained in the DECOLOOP have shown that both type of processes can achieve
the required very low residual contamination level (the objective is to reach a Co^O activity
lower than 0.3 Bg/g) and that the use of Ultrasonic power enhances the decontamination
effectiveness.

The CORD and the Cerium processes were also successively used for the thorough
decontamination of a heat exchanger, the so-called Regenerative Heat Exchanger (RHX).

The Cerium process shows some interesting features; it can be operated at a low
temperature of about 60°C to 80°C, the Ce^+ can be regenerated with ozone or
electrochemically, and the combination of attack of the oxide layer and of the base metal
ensures that very low residual activity levels can be achieved.
The Cerium process was selected for the thorough decontamination of the dismantled pieces.
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7.4. Regeneration of the cerium solution with Ozone

The ozone can oxidize the Ce^+ into Ce^+in the acidic decontamination solution:

O3 + 2 Ce3+ + 2 H+ = 2 Ce4+ + O2 + H2O

The experiments were performed at laboratory scale using a small laboratory ozone generator

with a capacity of 2.2 10"^ mole 03/h. The contact between the decontamination solution was

performed in a small washing column.
A series of experiments were performed with air and oxygen as carrier gas and at different
temperatures. The regeneration efficiency, defined as the theoretical amount of ozone needed
to regenerate the measured cerium 4+ output vs the ozone output of the generator, is much
better when oxygen is used as carrier gas vs air. The regeneration efficiency increases also in
function of the operating temperature. At an operating temperature of the decontamination of
70°C, a regeneration efficiency of about 70% was obtained.
Corrosion tests on inactive SS304 samples were also performed to determine the corrosion
rate and the effect of the ozone regeneration. The results indicate the positive effect of the use
of ozone on the corrosion rate; at 70°C, a corrosion rate of about 2um/h was obtained.
The results of decontamination tests performed on samples covered with contaminated crud.
show again the efficiency of the process and the possibility to reach very low residual
contamination for an operation time of 2 to 5 hours removing maximum 10 um.
A pilot scale unit in industrial glassware has further been used to confirm the laboratory
results and enable extrapolation to an industrial scale unit.
The regeneration tests were performed using an installation comprising a glass reservoir of 80
1 capacity and a washing column filled with packing materials as gas-liquid contactor. The
liquid is recirculated continuously and the oxygen laden with ozone (ozone generator of 0.1 to
0.13 mol/h O3) is injected at the bottom of the column and flows upwards.
The tests were performed using a Ce3+ solution. The solution was brought to the desired
temperature and oxygen/ozone gas was injected. The Ce4+ concentration in the solution was
measured in function of the regeneration time. The results of the regeneration test performed
at 80°C are shown, as example, in Figure 3. From these data, the Ce4+ production rate and the
regeneration efficiency could be determined. The results are given in the table II.

Table I I : Regeneration efficiency at pilot scale with the washing column

Temperature

°C
20
50
50
60
80

Mean Ce 4+

Production
mol/h
0.10
0.12
0.16
0.13
0.18

Ozone
Efficiency

%
40
40
60
55
70
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In the pilot unit, some decontamination tests were performed with ozone regeneration so that
the Ce4+ concentration could be maintained constant throughout the whole test. Inactive
samples of SS304, SS316 as well as contaminated stainless steel samples from different
origins were treated at 80°C during 3 to 5 hours.

These tests confirmed :
• a corrosion rate of about 2 to 3 um/h for the inactive not attacked samples,
• a corrosion rate of about 2 to 4 um/h for the contaminated and attacked stainless steel

samples,
• even with highly contaminated samples e.g. samples originated from dismantling of hot

cells and strongly contaminated in Cs137 and alpha contaminated or with samples covered
with PWR crud, the removal of about 10 um is generally sufficient to completely remove
the contaminated layer and to reach the free release level.

7.5. Theoretical and Experimental Study of the Selective Oxidation of the Cerous Ion on
a Pt-Ti Anode in Sulphuric Acid Solutions

Prior to design the plant at industrial scale, it is important to get a good understanding of the
physicochemical and electrochemical phenomenons involved in the regeneration technique.

Related to this, one of the key questions to consider when regenerating anodically Cê "1" from

Ce3+ is the selectivity of this process with respect to the oxidation of water. The purpose of
the present work is to derive and assess a model describing the selectivity at the anode. The
model allows to quantify the effect of the most important process variables on the anodic
selectivity, thereby facilitating the design at an industrial scale.
According to the thermodynamic data, the eerie ion should not exist in aqueous solution since
its standard potential (1.46 V) is higher than the one related to the oxidation of water (1.23 V).
However, the kinetic of the oxidation of water by the eerie ion is slow enough to stabilize the
latter in the presence of sulphuric acid [8]. Also, when regenerating the eerie ion on a
platinum anode, a non negligible part of the total current can be spent to oxidize water,
thereby lowering the current selectivity. The theoretical model describes the competition
between the oxidation of the cerous ion (equation 1) and the oxidation of water (equation 2).

Ce4+ + e" -> Ce3+ [1]

O2 + 4 H+ + 4 e' - • 2 H2O [2]

We made several assumptions to elaborate the model. For instance, it is known that the
oxygen evolution reaction on platinum is irreversible [9]. Hence, a Buttler-Volmer equation
reduced to its Tafel form is valid to describe the overvoltage associated to the oxidation of
water (equation 3). In the case of cerium, we assume that the electrochemical charge transfer
is fast enough to put the process under diffusion control. An adequate description of this
regime requires a logarithmic relation between the anodic overvoltage and the normalized
current density (equation 4) [9].

RT . . RT . . „ .
ln/2 ln/o [3]

( l ) F J

ln/2
(l-a)zF (l-a)zF
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where :

r| H20 is m e overvoltage associated to the oxidation of water on a platinum electrode,

h represents the current density corresponding to the oxidation of water,
i0 is the exchange current density corresponding to the oxidation of water,
z is the number of electrons involved in the rate determining step,
a is the transfer coefficient associated to the oxidation of water,
while R, T and F have their usual meanings.

RT. .. i\. _.-.
Tlc«=—=-ln( l - - ) [4]

F u

where :

r]Cc is the overvoltage associated to the oxidation of the cerous ion,
i, is the current density corresponding to the effective oxidation of the cerous ion,
and i(j is the limiting current imposed by diffusion control.

X = (FD)/ 8 in steady state operation, with D being the diffusion coefficient of the cerous ion
and 8 representing the thickness of the diffusion layer.
v i is supposed to be close to unity. However, we expect that most deterministic parameters

will have apparent values as a result of the particular geometry of the electrolysis cell being
used and of the effect of the hydrodynamic regime on the thickness of the diffusion layer. For
this reason, we prefer to consider this exponent as being a priori unknown.

For both reactions, an expression of the total electrode potential E with respect to the
hydrogen reference electrode can be written by cumulating the thermodynamic contribution
(Nernst) and the corresponding overvoltage. Eliminating E from these expressions, and
assuming that both the partial pressure of oxygen and the activity of the proton remain
constant, we obtain a relation between i\ and i2
The mathematical development is given in detail in reference [14]

The selectivity is defined as the ratio of the current used for the cerium oxidation ij on the
total current consumed itot-

«"f [5]
'lot

We obtain finally,

— ^ - i + ̂  = u [6]
'lot

X~^mhoi
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Note that we posed:

0 = zFko • exp
(l-oc)zF

RT
[7]

ko is the electrochemical kinetic constant for the oxidation of water combined with adequate
functions of the proton activity and the partial pressure of oxygen. This parameter depends on
the absolute temperature according to the Arrhenius law;
E°, and E°2 are the standard potentials associated to equations 1 and 2 respectively,

and y is the eerie ion concentration divided by the cerous ion concentration (= [Ce4+]/[Ce3+])
Q is the total concentration of cerium in the solution

Note that this expression is implicit and that the selectivity (£) depends on the concentrations
(y ), on the temperature (6 , % ) and on the particular mechanism involved in the electron
transfer for the oxidation of water (0 , z and a ). Assuming that two electrons are transferred
during the rate determining step, and that the transfer coefficient of this step is 0.5, the
implicit character of equation 6 disappears. Common algebraic manipulations lead to a
simplified expression for the selectivity as given by equation 8. This expression will be fitted
to the experimental result to get an estimation of each parameter.

[8]

Experimental

Figure 4 shows the details of the small mock-up cell that has been used to measure the anodic
selectivity. Both the anolyte and the catholyte are circulated in closed loops under
atmospheric pressure and controlled temperature.

Both electrodes were cut out of a platinum sheet. They had the same area (7 cm2). The current
was brought to the electrodes through two stainless steel plates. A platinum wire was inserted
into each cell compartment to allow the monitoring of the voltage difference between each
electrode and the bulk. Nafion 350 was used as separator. The leaktightness of the whole
system was ensured by means of Teflon sheets and rings pressed between each parts of the
cell.

Several experiments have been carried out using different conditions as reported in table III.

Table III: Experimental range of process variables

Variable

Total cerium concentration

Initial [Ce4+]/[Ce3+] ratio (y)

Total current density

Temperature

Total duration of experiment

Range

from 24 to 87 mol/m3

from 0 to 1

from 100 to 200 A/m2

50 and 80 °C

from 300 to 470 min
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FIG. 3. Regeneration test at 80 °C.
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FIG. 4. Electrolytic regeneration of Cerium 4+.

One experiment comprises the following operations :

- prepare the loops by verifying they are dry; prepare adequate anolyte and catholyte
solutions

- introduce known volumes of adequate anolyte and catholyte solutions into their respective
loops

- circulate both fluids into the loops and adjust the temperature to the desired level
- turn on the electrolysis cell and adjust the current density to the desired constant value
- take samples (known volumes) at regular time intervals and measure the concentration of

the eerie ion by titration with Fe^+

Some experiments were carried out in the presence of ultrasonic waves to assess their
influence on the diffusion layer (and on the double layer for we noted in the past that
ultrasonic waves can also accelerate irreversible electronic transfers).

During any particular experiment, the selectivity decreases with increasing values of y. This

results from the diffusion control of the oxidation of Ce3+. Indeed, the concentration of the
cerous ion decreases progressively. If the initial concentration is high enough, the total steady-
state current imposed by the operator can be supported by diffusion and the selectivity remains
very high.

This, of course, depends also on the other variables like temperature and hydrodynamic
conditions (thickness of the diffusion layer). With decreasing concentrations of the cerous ion,
the concentration gradient in the diffusion layer reaches a critical value for which we may

assume that [Ce^+] is about zero near the anode. From this point on, the diffusion is not able
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T = 323 K; total [Ce] = 0.069 M; i = 14.3 mA/cm1

Ref: SEATTLE4.xls
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FIG. 5. Selectivity vs [Ce4=]/[Ce3=].



anymore to support the total current and the oxidation of water begins to play a non-negligible
role. This explains the sudden decrease of the selectivity which is both observed
experimentally and accounted for by the model.

Treatment of the data

The evolution of the concentration of the eerie ion in function of time allows to calculate the
experimental transient value of the selectivity. For this purpose, the total effective charge
transferred to the cerous ions is being divided by the total charge passed through the
electrolyser. The change of the total volume as a result of the sampling has been taken into
account but electro-osmotic effects have been provisionally neglected. Since the calculation of
the selectivity is based on concentration differences, a preliminary smoothing of the measured

Ce4+ concentration has been carried out to eliminate most of the experimental noise. This
treatment has been made using the method of Savitzky and Golay [10]. Two groups of data
have been considered in function of the temperature (50 °C and 80 °C). At this stage, we first
calculated on the basis of literature data [12]. Next, we submitted each group of data to non
linear fitting, using the NLREG code [13], thereby calculating the best estimates for x and v\.

Results and discussion

Table IV gives the mean values for % and v \. The radius of the 95 % confidence intervals at

50 °C are 2.6 (27 %) and 0.07 (9.8 %) for x and v j respectively. The model explains 91 % of

the observed variance. Figure 5 allows to compare the theoretical predictions with the
observed data.

Table IV : Fitted values for % and

Experimental conditions

50 °C without ultrasonic stimulus

80 °C without ultrasonic stimulus

50 °C with ultrasonic stimulus

X(C.m.eq"l.s~l)

9.6

13.9

10.8

0.71

0.71

0.71

According to the literature [8], the electrochemical oxidation of Cê "1" can be carried out on
platinum electrodes with selectivities around 60-80 %. Our results indicate that higher
selectivities can be reached if care is taken to choose the process variables adequately. We
confirm that the selectivity is increased when operating at higher temperatures, lower current

densities, lower [Ce4+]/[Ce3+] ratios and more turbulent regimes. All these factors are
favouring the selective oxidation of cerium. Next, we observe that ultrasonic waves can also
increase the selectivity.

In the present case, the influence of ultrasonic waves is probably due mainly to micro-
mechanical effects on the hydrodynamic conditions (the diffusion layer is decreased) though
the impact of ultrasonic waves on the structure of the double layer also exists.
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Selectivities as high as 95 % can be obtained. Further experiments using an FM01 electrolysis
cell from ICI were carried out in an attempt to verify the possible industrial application of
these results. It appeared that the standard Pt on Ti anode does not allow to obtain the same
results. The high oxidative properties of the solution (sulphuric acid + eerie ion) led to peel
off after a few hours while the highest selectivity was around 70 %. Since the thickness of the
Pt layer on the standard electrode is around 10 um, we think that the deposit is still porous
(this would explain the observed peel off) and that the electro-active area may be smaller than
the geometrical area. Another point of interest related to the thickness of the coating is that the
corrosion rate of Pt is not zero. We measured the loss of weight of the anode in function of
time and derived a corrosion rate equal to 4 nm/hour. The lifetime of the industrial
electrolyser being approximately 3 years, we are now considering the possibility to
manufacture a thick and non porous platinum coating on Ti. The final choice will essentially
depend on the economical aspects.

8. DESIGN OF AN INDUSTRIAL SCALE CHEMICAL DECONTAMINATION UNIT

Finally, we selected the ozone process for the cerium solution regeneration based on
economical as well as technical aspects.
The design of an industrial scale unit for the batch treatment of cutted pieces using the cerium
process is in progress. The unit will comprise three main equipments:
- a chemical reactor operating at 80°C with loading of the pieces in a basket;
- a regeneration unit with ozone;
- a rinsing unit with ultrasonics.
The unit should start operation in 1998.

9. CONCLUSIONS

The main lessons drawn from this research programme are:

• the technical feasibility of the decontamination processes is proven at either technical scale
or pilot scale,

• improvements are still needed mainly in the minimization of the secondary wastes,
• the economic aspect of the decontamination operation must be examined carefully; all

aspects have to be taken into account (investment, operating costs, secondary waste)
• due to the continuous increase of the waste conditioning and disposal costs which is largely

above the normal inflation rate, it is more and more economic to decontaminate,
• the procedures and techniques to prove that the pieces treated can be free released are of

paramount importance; the politico-social aspects of the free release are also very
important,

• the melting of metallic pieces in a nuclear foundry is very interesting : it can be used as a
measurement process for the pieces of very low residual activity, as a decontamination
technique and as a recycling technique in the nuclear world for the fabrication of shielding
blocks, containers...
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