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Introduction

In Japan, nuclear power plants have been operating since the 1970s and about
20 plants have been in operation for more than 20 years. Initially, a reactor was
thought to be operable for about 40 years, but currently, in view of the progress of
maintenance and preservation technology, it is thought to be possible to extend plant
operation beyond that period. Consequently, an increasing amount of maintenance
work is required, and further, the importance of decontamination is increasing due to
the need to reduce radiation exposure of maintenance workers. Several chemical
decontamination methods have been developed. Chemicals that are hard to
decompose, such as chelating agents, pose difficulties regarding the treatment of
decontamination liquid waste, and chemicals used at high concentration increase
secondary radioactive waste. In order to solve these problems, methods were
developed in which chemicals that are easy to decompose and/or chemicals that have
high decontamination effect even at low concentration are used. At present in Japan,
methods using organic acid and strong oxidizer are mainly employed11. An organic
acid such as oxalic acid is decomposed to carbon dioxide and water. And strong
oxidizer has high oxidation effect even if it is used at low concentration. However,
almost all oxidizers currently used for decontamination application contain metal
constituents that generate secondary waste. So, we have developed a chemical
decontamination method with the aim of reducing the amount of secondary waste
without reducing the decontamination effect. Oxygen, hydrogen peroxide and ozone
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are the oxidizers that do not generate waste. Of these, ozone is the most promising
for the decontamination application because it is the strongest oxidizer. Ozone is
widely used in industry for sterilization in water purification. In the nuclear energy field,
from the 1980s onward, several studies have been performed21"41 with a view to
applying ozone for chemical decontamination. Some experiments were conducted in
which ozone was applied in the decontamination of contaminated metal waste. Ozone
was applied in combination itto cerium and nitrate acid for contaminated
components of PWR in France31 and Sweden41. In many cases, ozone was used
together with other oxidizers. In these experiments, ozone gas concentration was
below 2 vol%. It might be not possible to form sufficient oxidative solution by using
ozone gas at this low concentration. In recent year, high-performance ozonizers have
been developed for use in connection with water purification plant51.

In the present work, we focused on high-concentration ozone gas generated from
high-performance ozonizer. We investigated the applicability of ozone solution formed
by high-concentration gas as decontamination agent and obtained good results, which
are reported in this paper.

Principle of decontamination

The principle 6 chemical decontamination using ozone oxidation process
(T-OZON process hereafter) is as follows. The metal oxides deposited on the surface
of reactor structural materials consist of an outer layer and an inner layer. The outer
layer is formed by the deposition of radioactive crud in the reactor water. The inner
layer, in which radioactive nuclides accumulate, is a tight oxide grown on the base
metal. The outer layer consists of -Fe2O3 and Fe3O4. The inner layer consists of Fe,
Ni, and Cr spinel type oxides. The iron oxides can be dissolved by the acid dissolution
reaction and the reduction reaction by organic acid. It is difficult to dissolve the
chromium oxide by reduction, but it can be dissolved by oxidation to form chromate
ion. Dissolution of ozone in water causes formation of various oxidizing species by
continuous reaction. Several reaction mechanisms are proposed respecting formation
of these species. For example, Eq. (1) is proposed by Rice61 and Eq. (2)- Eq. (6) are
proposed by Weiss71.
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peroxide and oxygen are shown in Tablei.

Table 1 . Redox Potential
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Electrode Reaction (in acidic solution at 25 °C) Redox Potential / V SHE

¥OH + rf + e" = H2O 2.85

H2O 2.07

1.50

1.77

1.23

O3 and its reaction products have high redox potential above 1500 mV, and so they

have high oxidation effect. From the pH-Eh d iagram of Cr-HaO system91, the chromate

ion is a stable form of chromium in the acidic solution at above 1000 mV of Eh.

Therefore, chromium oxide is expected to dissolve by ozone solution. The main

dissolution reaction of chromium by ozone is described by Eq. (7).

Cr2O3 { 3O 3 { 2H2O a 2HCrO4" { 2 H + { 3O 2 (7)

As mentioned above, metal oxides are dissolved by organic acid and ozone solution.

Radionuclides accumulated in the metal oxide layer are removed f rom the surface of

structural materials.

Examination of ozone oxidation process

Dissolution test of metal oxide

The oxidation effect of ozone solution depends on dissolved ozone
concentration and dissolved ozone concentration is affected considerably by solution
temperature and solution pH. The influence of temperature and pH on the oxidation
effect of ozone solution was examined. 5.5 vol% ozone gas was supplied continuously
at the rate of 5 dm3/hr to the solution (0.5 dm3); pH value was adjusted from 3 to 5 by
nitric acid and temperature was varied from 40°C to 95°C. Dissolved ozone
concentrations and redox potentials of the solutions were measured. As shown in
Fig.1, dissolved ozone concentration decreased with rising temperature and rising pH.
The tendency of redox potential was similar to that of dissolved ozone concentration.
For example, dissolved ozone concentration was 2 ppm and Eh was 1450 mV in pH3
solution at40°C. Dissolved ozone concentration was 0.8 ppm and Eh was 1050 mV in
pH5 solution at 95°C. Stainless steel type 304 specimens were immersed in these
ozone solutions for 2hr. In advance, the specimens were exposed to normal BWR
water chemistry (NWC) condition for 3000h and metal oxide grew on the base metal.
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After immersion in ozone solution, these specimens were immersed in 2000 ppm
oxalic acid solution at 95 °C. Next, weight loss was measured to estimate the amount
of metal oxide removed. Photographs of these specimens are shown in Fig.2.
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Fig.1 Dissolved ozone cone, and
redox potential

Fig.2 Test specimens after oxides
dissolution test for Type 304SS

It is evident from Fig.2 that lowering of solution pH enhanced dissolution of metal
oxide. In the range of 50 - 80°C for pH3 and pH4 solution, metal oxides were
dissolved well and base metal was exposed. On the other hand, in all temperature of
pH5 solution metal oxide remained on whole surface. But in pH3 and pH4 solution at
40°C, despite high concentration of dissolved ozone, metal oxides were not dissolved
in these solutions. This phenomenon indicated that dissolution of metal oxide
depended not only on dissolved ozone concentration but on temperature of solution.
In Fig.3, weight loss of specimens, dissolved ozone concentration and solution
temperature is showed. It is clear that weight loss increased with increasing
temperature in the case of the same ozone concentration. The reaction of chromium
oxide dissolution appeared to be accelerated by temperature. The influence of
temperature on chromium oxide dissolution is thought to be the opposite of that on
ozone dissolution. So, chromium oxide oxidation test was carried out to clarify the
temperature effect. Ozone gas was supplied at the same condition as for the metal
oxide dissolution test to the pH3 solution in which excess chromium oxide (Cr2O3) was
suspended. After 2hr ozone treatment the reaction solution was filtrated and dissolved
chromium concentration was measured. As shown in Fig.4, dissolved chromium
concentration had the maximum value at 80 °C but dissolved ozone concentration
was nevertheless not the maximum. Acceleration of chromium oxide dissolution and
ozone dissolution were well balanced at 80 °C. From the experiment results
mentioned above, temperature of about 80 °C and pH value of below 4 were thought
to be the most effective conditions for decontamination. However, excessively low pH
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may be detrimental to material integrity, ant so pH condition in the range from pH3 to
pH4 may be preferable. The amount of waste generated by inorganic acids adjusting
to this pH value is less than that generated in the case of any other chemical
decontamination method.

Test specimens:
Type 304SS
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Fig.3 Weight loss of specimens Fig.4 Chromium dissolution at various
temperatures

Decontamination efficiency test

Decontamination tests of contaminated metal specimens (Type 304SS) were
examined to confirm that the -CFZON process had sufficient effect. The goal of
decontamination performance was postulated to be a decontamination factor (=
activity before decontamination / activity after decontamination) of 100, which was
thought sufficient for decreasing radiation exposure of workers. We estimated the
ozone concentration required in decontamination solution for achieving this goal. The
decontamination conditions are shown in Table 2. In the ozone oxidation process,
dissolved ozone concentration varied from 1 ppm to 5 ppm.

Table 2. Conditions of the decontamination test

Decontamination Cycle Conditions

1s

3rd

Reduction process: Oxalic acid, 2000ppm, 95 °C

Oxidation process: Dissolved ozone concentration 1-5ppm

80 °C, pH3-4

a Reduction process: Oxalic acid, 2000ppm, 95 °C

same as 2nd cycle

An example of a decontamination test result is shown in Fig.5 for the case of 3ppm
dissolved ozone concentration. Before decontamination, 60Co activity was 4.4 x 103
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Bq/g. After 1 s t cycle it was 4.4 x 102 Bq/g, after 2nd cycle it was 1.3 x 102 Bq/g, and

after 3rd cycle it decreased to 4.0 x 101 Bq/g. Decontamination factor after 3rd cycle

was 110. The dissolved ozone concentration and decontamination factor is shown in

Fig.6. The decontamination factors were mostly constant under the condition that

dissolved ozone concentration was in the range from 1ppm to 5ppm and our goal was

achieved. It was confirmed that the TOZON process had an excellent

decontamination performance. However, in the case of dissolved ozone concentration

of 1ppm, the decontamination factor lowered slightly. Therefore, we estimated that

dissolved ozone concentration in the -OEON process was required to be above

1ppm at the part of the object to be decontaminated.

Fig.5

Before 1st 2nd
econ. De c o n ta m jn a t jo n Cycle

An example of a decontamination
test result
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Material Compatibility Test

Test Material and Method

All relevant materials, which were predicted to be exposed to the decontamination

solutions, were subjected to material compatibility test as shown in Table 3.

Table 3. Test materials

Stainless Steel

- Type 304SS, D308L, CF8, Type 630SS (17-4PH), Type 403SS

Ni-Base Alloy

- Alloy 600, Alloy 182, Alloy 82, Alloy X-750, Alloy C 276

Co-Base Alloy

- Stellite

Carbon steel and low alloy steel

-A 106 Gr.B, A 216 WBC, A508 CI2
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Considering the component structure, fabrication process and corrosion form, the
combination of test methods and materials was determined.

The material compatibility was evaluated in terms of the corrosion behavior during
decontamination and post decontamination in 288°C water as shown in Table 4. In
the general corrosion test, specimens were inspected respecting weight loss and the
occurrence of localized corrosion such as pitting, intergranular attack and selective
corrosion. Slow strain rate tests (SSRTs) were conducted for the SCC initiation
behavior and wedge opening load (WOL) tests were carried out for SCC propagation
behavior in 288°C water.

Table 4. Corrosion testing

Corrosion Behavior in Decontamination Process

General Corrosion

Crevice Corrosion

Corrosion Behavior in 288°C Water after Decontamination

General Corrosion

Crevice Corrosion

Stress Corrosion Cracking (SCC)

-SCC Initiation (SSRT)

-SCC Propagation (WOL Test)

The decontamination condition for the material compatibility test was same as that
in the decontamination efficiency test shown in Table 2, except for temperature and
the ozone concentration in the oxidation process. They were determined to be the
possible upper limit of 85°C and 5 ppm for the conservative evaluation.

Corrosion Behavior in Decontamination Process

The weight loss during decontamination was less than 0.5 mg/cm2 for stainless
steel, Ni-base alloys and Co-base alloy. For carbon steel and low alloy steel, it was
less than 20 mg/cm2, which value was negligible in view of design strength. No
localized corrosion was observed in all materials in cross-sectional inspection with
optical microscope and surface inspection with scanning electron microscope (SEM).

After the crevice corrosion test in the decontamination process, specimen
surfaces were inspected with SEM in view of localized corrosion and intrusion effect of
decontamination chemicals into the crevice. It was confirmed that localized
corrosion and unfavorable deposition of decontamination chemicals did not take place
in crevice.
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Corrosion Behavior in 288°C Water after Decontamination

Post decontamination test revealed that decontamination process did not
accelerate general corrosion rate of any materials in 288°C water. It was also
verified that localized corrosion did not occur in crevice in 288°C water independent of
decontamination treatment.

Slow strain rate tests (SSRT) ware carried out in oxygenated 288 °C water to
examine the effect of decontamination on the IGSCC initiation behavior of sensitized
Type 304 SS and alloy 182. Specimens were prepared from weld joints of Type
304/D308L SS, which was used as welded condition, and alloy 600/182, which was
used after the post weld heat treatment at 615°C for 10 hours. The strain rate was
4X10"7/s and the dissolved oxygen concentration was 0.2 ppm for Type 304 SS and 8
ppm for alloy 182. The IGSCC area ratios of Type 304 SS without and with the
decontamination treatment were 27% and 28% respectively, and those of alloy 182
without and with the decontamination treatment were 55% and 51% respectively.
The absence of substantial difference in IGSCC ratio between the two groups of
specimens indicated that decontamination process had no harmful effect.

The effect of decontamination on the IGSCC propagation behavior was
examined utilizing the WOL test in 288°C water for sensitized Type 304 SS and alloy
182. Crack growth rate (CGR) was obtained by measuring SCC crack length in
fracture surface after immersion of specimens in oxygenated 288°C water for 2000hrs
with bolt loading. As shown in Fig.7fitere is no significant difference in crack growth
rate between the specimens with and without decontamination for sensitized Type
304 SS and alloy 182. It is concluded that decontamination by the T-OZON process
brings about no detrimental
effect on the SCC propagation
behavior in a BWR reactor
water environment.

As a result of the
corrosion tests during
decontamination and post
decontamination, it has been
verified that the T-OZON
process has no detrimental
effects on the integrity of the
materials in contact with the
decontamination solutions, as
summarized in Table 5.
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Fig.7 Effect of T -OZON process on the crack
growth rate of Type 304SS and alloy 182 in
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Table 5. Summary of material compatibility test

Material Result

Stainless Steel

Ni-Base Alloy No Detrimental Effect

Co-Base Alloy

Carbon steel and Low alloy steel

Application system for practical plant decontamination by the T-OZON process

Ozonizer

We chose an ozonizer suitable for decontamination of practical plant. At present,
the methods of generation of ozone gas are mainly divisible into three types5] as
follows: 1) ultra-violet ray irradiation, 2) water electrolysis and 3) discharge. Of these
methods, the water electrolysis method and the discharge method are suitable for
high-performance ozonizer capable of generating more than 5 vol% ozone gas. By the
water electrolysis method ozone gas and oxygen mixture are generated from pure
water by electrolysis. Ozone gas at a concentration of as high as 20 vol% is obtained
by this method. The ozone generation system employing this method is relatively
compact. In the case of the discharge method ozone gas and oxygen gas, or air
mixture are generated from oxygen or air. In the case of the discharge method, there
are two types of discharge: volume discharge and coplanar discharge. The former is
conventional technology for ozone generation, and the latter is Toshiba's new
technology for high concentration ozone. Ozone gas at a concentration of as high as
20 vol% is obtained by coplanar discharge and the ozonizer employing this type of
discharge can be made more compact than that employing volume discharge.
Therefore, the coplanar discharge ozonizer and water electrolysis ozonizer are
appropriate for decontamination of practical plant because the area for
decontamination facilities is restricted. Diagrams illustrating the principles of these
ozone generation methods are shown in Fig.8. However, it is difficult to generate the
ozone at a rate exceeding 1 kg/hr by water electrolysis. So, in large-scale
decontamination, such as full system decontamination (FSD) of a reactor, the
capacity of the water electrolysis ozonizer for generating ozone gas may be
insufficient. In this study, the water electrolysis ozonizer was used for the
beaker-scale test. The coplanar discharge ozonizer developed by Toshiba Corp.101

was used for the decontamination loop test, considering the application for practical
decontamination.
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Ozone dissolution in water

The solubility of ozone gas in water decreases with rising water temperature. So,
in industry, for example in water purification plants, ozone is dissolved in water that is
at room temperature. However, the appropriate water temperature for
decontamination is about 80 °C. Therefore, it is necessary to dissolve ozone gas
highly efficiently in high-temperature water. Otherwise, the amount of ozone gas it is
necessary to inject in order to obtain the decontamination solution increases and a
large-size ozonizer is required. We examined the condition such that ozone was
dissolved highly efficiently and estimated the ozone supplying amount necessary for
FSD. The examination of the applicability to practical decontamination and the
examination of the performance of certain kinds of ozone dissolution devices were
carried out. The mixer, which injected ozone gas through the hollow fiber, was
developed based on these results. Using this mixer in the decontamination test loop,
whose capacity was 1 m3, ozone gas was dissolved at various circulation flow rates.
This test loop consisted of a decontamination tank, a circulation and heating line and
an ozone injection system. Ozone gas was injected through the mixer at a supplying
rate of 17g/h, and dissolved ozone concentration of solution in the decontamination
tank was measured. As shown in Fig.9, dissolved ozone concentration became higher
with increase of circulation flow rate. The dissolution amount of ozone injected
through the mixer to unit volume of water was assumed to be constant, and so when
the circulation flow rate was high, the absolute amount of dissolved ozone increased
with increase of the volume of water passed throug h the mixer part. And when the
circulation flow rate was high, decrease of ozone concentration due to
self-decomposition was small because residence time of the water was short. On the
basis of correlation between flow rate and observed ozone concentration, we

10
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estimated the amount of ozone

required to be supplied in order

to obtain the ozone solution

containing 3ppm for the case of

FSD. The ozone amount

required was evaluated to be 3 -

4 kg/hr, assuming a

decontamination volume of

about 150m3 and circulation

flow rate of about 4500m3/h.

Using the current ozone

generation technology, a

sufficient amount of ozone could

be generated.

In order to confirm the applicability of the T-OZON process, we applied it to the

actual contaminated waste components exposed in the primary loop recirculation

system of BWR. The weights of decontaminated objects were about 1000 kg and

decontamination solution capacity was about 2.5m3. Before decontamination,

average surface dose rate of objects was about 30 mSv/hr, and after decontamination

it was 0.2 mSv/hr. The decontamination factor was 160. Therefore, it was confirmed

that the decontamination efficiency of the T-OZON process is sufficient.

Summary

The results of the examination of the applicability of the T-OZON process are

summarized as follows:

(1) The most effective conditions for decontamination were temperature of about 80

°C and pH of less than pH4.

(2) The decontamination factor exceeded 100 under the condition that dissolved

ozone concentration was over 1ppm.

(3) It was verified that the T-OZON process has no detrimental effects on the integrity

of the materials in contact with the decontamination solutions.

(4) Given the current level of ozone generation technology, coplanar discharge

ozonizer and water electrolysis ozonier may be suitable for decontamination.

(5) In the ozone dissolution test using the mixer that we developed, dissolved ozone

concentration was influenced by the circulation flow rate of water.

(6) High decontamination effect was obtained using the T-OZON process for actual

contaminated waste components.

For the TOZON process, we established the decontamination conditions that

11
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realized a reduction h the amount of secondary waste and high performance of
decontamination, and had no detrimental effects on the integrity of the materials. And
it has been confirmed that the decontamination method using the T-OZON process is
applicable for practical plant decontamination.
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