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Abstract

Following some simple theoretical considerations, the authors show that foam compositions can be advan-
tageously circulated them for a few hours in components requiring decontamination before dismantling.
The technique is illustrated on six large ferritic steel valves, then on austenitic steel heat exchangers for
which the Ce(IH)/Ce(rv) redox pair was used to dissolve the chromium; Ce(m) was reoxidized by ozone
injection into the foam vector gas. Biodegradable surfactants are used in the process; tests have shown that
the foaming power disappears after a few days, provided the final radioactive liquid waste is adjusted to
neutral pH, allowing subsequent coprecipitation of concentration treatment.

INTRODUCTION

Historically, decontamination was an early concern in the development of nuclear power. Manual processes
were long used, mainly wiping, water or steam spraying, sandblasting, etc. Less aggressive decontamina-
tion processes were subsequently developed for maintenance of nuclear power reactors, using circulating
fluids containing mild chemicals; examples include CANDECON, LOMI and EMMAC. The objective is to
divide the operational dose by ten by dissolving the surface layer of complex oxides, and with it most of the
contamination; the metal itself should remain intact.

For decommissioning purposes, decontamination is intended primarily to reduce the occupational dose (i.e.
in situ decontamination) and to allow decategorization of nuclear waste (by decontamination before or after
cutting). The final cost of waste material varies to a considerable extent according to its residual activity
and applicable disposal restrictions. Possible disposal options (by order of decreasing cost) include:
geological disposal, surface disposal, very low-level waste disposal, and recycling in the nuclear domain.

In order to reach these objectives, the decontamination factor must be sufficiently high — better than 100 is
a reasonable target. This implies removal not only of all the oxides liable to trap contaminants but also of a
layer of the substrate itself; the radionuclides tend to collect in the intergranular regions, together with other
impurities accumulated during the growth of the metal grains.

These enhanced objectives related to decommissioning have incited innovative developments in the last
fifteen years, with potential applications to various USDOE sites, Chernobyl, Greifswald, Windscale, as
well as to UP 1 (Marcoule) and other French decommissioning projects.

The innovative aspect of this work involves the use of a foam recirculating system (COMODIN) to decon-
taminate large components. Biological elimination of the surfactants is also discussed as a means of allow-
ing suitable liquid waste treatment.
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BACKGROUND AND RESEARCH OBJECTIVES

Few techniques are available for decontaminating large internally contaminated metallic components with
complex shapes. Spraying does not reach all internal surfaces evenly due to preferential flow patterns.
Immersion systems are impracticable because of the excessive reactant volume necessary and because the
reactants are ineffective on large volumes due to boundary layer phenomena. Mechanical methods are
inoperative, as they cannot reach all the internal surfaces, and recovery of the abrasion residue would be
difficult. In contrast, foam application provides a satisfactory solution to all these problems.

A major advantage of the foam application process is that it uses only small quantities of liquid, and thus
significantly reduces the secondary waste volume (ten times less than with standard decontamination
methods such as recirculation of liquid in the component). Moreover, foams are capable of penetrating into
all the interstitial gaps in the component, effectively decontaminating all the exposed surfaces. The effec-
tiveness of the process is further enhanced by the dynamic mobility of the foam and by continuous regen-
eration on the component walls, thereby eliminating common boundary layer problems. Finally, foam
recirculation and continuous filtration of the parent solution allow the treatment to be maintained until
decontamination is complete.

After a brief study of foam theory, we undertook to apply foams through recirculation in large-scale
components (COMODIN). The foam carries strong acid and alkaline reagents to ensure thorough stripping
of the contaminated surface. The innovative character of the process concerns three aspects:

• indefinite recirculation of the foam in components with complex geometry;

• the addition of strong reagents to liquids that are then converted to foam;

• the use of biodegradable surfactants that are self-eliminating to allow subsequent processing of the final
radioactive liquid waste.

TECHNICAL APPROACH

Foam Stability

One of the most relevant characteristics of a foam is its limited and measurable lifetime. Foam stability
depends on many factors, including the following: fluid viscosity, surface viscosity (which retards draining
and film distortion), Marangoni effect (which tends to restore the surfactant distribution equilibrium,
preventing the film from breaking), and repulsion of the double electric layer (which maintains the integrity
of the lamella).

Although progress has been made in identifying and determining the phenomena involved, foam stability is
still not completely understood. Three sources of instability are considered here: Ostwald ripening,
coalescence and draining.

Ostivald ripening. Small bubbles tend to dissolve while larger ones grow in size by gas diffusion through
the continuous phase. Ostwald ripening can be remarkably fast, and is considered by some authors to be
one of the most destabilizing processes in foams.

Coalescence. The lamellae burst between foam bubbles leading to coalescence. Destabilization of the foam
bed thus results in a diminishing film surface area as the number of bubbles decreases and their size
increases. Coalescence occurs preferentially on contact with solid surfaces, and results in regular release of
liquid, thereby improving the decontamination efficiency.

Drainage. The liquid phase drains under the effects of gravity and of the pressure difference between the
flat and curved portions of the film (the pressure in the curved zones, i.e. the plateau borders contiguous
with several bubbles, is always lower than in the flat regions, causing liquid to flow from the films toward
the plateau borders).
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There is some confusion in the use of these terms, and some authors tend to refer to all three phenomena
under the general term of "drainage". "Liquid streaming" will be used in the remainder of this report.

Recirculating Foam Decontamination Principles

The foam used consists of a gas, generally air, dispersed in a liquid in proportions such that the mixture
density more closely approximates that of a gas than a liquid. Suitable surfactants are added to lower the
surface tension of the liquid containing chemical decontaminants, and thus facilitate the formation of a
foam.

Recirculation consists in supplying the component with foam decontaminants; foam flowing out from the
top of the component is broken, reformed and recycled back into the unit for periods of up to several hours.

The foam is naturally destroyed. However, the working life of the foam must be long enough to fill the
entire component volume and flovv out with sufficient moisture content to ensure good decontamination.

Foam Working Life

A test vessel with a volume V is initially filled with foam that is as representative as possible, and the rise
in the liquid level L due to coalescence is observed. Experimental observations have shown that:

L = Lo (1 - e ) (1)

where t is the time (refer to Figure 1) and Lo the liquid quantity recovered after an infinite time (in fact, the
quantity of liquid present in the foam when sampled).

Generally the foam does not break immedi-
ately, and fills the entire volume V throughout
the observation period. This was the case in
these experiments as long as the bulk factor
(/"= VILo) did not exceed 40.

This may also be written: L '= Lo - L = L0-e'k'
(where L'is the residual liquid trapped in the
foam). This formula was proposed by Biker-
man1'1; other similar formulas are presented by
Doufare[21.

Figure 2 shows the function 1 - LILQ versus
time plotted in semilogarithmic coordinates. If
Eqn (1) is verified, the curves should be
straight lines; in fact, the actual plot deviates
slightly from this simulation.

60 70o w 23 30 *o so
Time (min)

Figure 1. Rise in liquid level due to coalescence

so

The term "half-life" (tm) will be used here to represent the time after which L = UJ2 (a more accurate term
might be the "half-liquefaction time"). Eqn (1) may then be written as follows:

_ = 1 _ g - 0 - 6 9 3 t/li/2

Moreover, if % is the initial bulk factor, then:

V V f
-• J - c*0.693;/ti,-.

/o
/o=" r-T (2)

It is easy to identify the measured half-life of each numbered foam composition in Figure 2, representing
one experiment. The test foams included a standard acid composition (06a) with a half-life of 8 minutes,
and the same foam with 0.5% polyethylene glycol additive (09), which extended the initial half-life to 14
minutes; after 90 minutes in operation, the half-life was only 12 minutes (07). These foams were sampled
during the actual application described below.
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During foam recirculation in the contaminated
vessel, foam is injected continuously at a rate
R into a vessel with a volume V. For what
value of R will it overflow from the top of the
vessel with a bulk factor/? The filling time <y
must be less than the time required for the
foam to reach/':

tf<f

where tf= VIR, f becomes RJL' and f
determined from Eqn (2) as follows:

is

0.01 / • ' = •

Tima(mn) 0.693

Figure 2. Liquid fraction trapped in the foam This is the mini-
mum flow rate R

corresponding to the volume V to be filled, for which the foam will overflow
with a bulk factor/" that will allow it to be recycled, assuming the foam solidity
properties are maintained as long zsf< 40.

If f0 is limited to 7 to ensure satisfactory decontamination of the low points in
the vessel, then:

tt <
hn i 4 0Ln —

0.693 7
or tf < 25 tV2

to,--
Foam Formulation Containing Decontaminating Reagents

The foam formulation used in this study is based on a CEA patent. The advan-
tage of this foam is that it is compatible with both acid and alkaline environ-
ments (up to 5 moIT1). The foam comprises two surfactants:

Figure 3. Foam
stratification

a sulfobetaine, which is an amphoteric surfactant used to promote film formation and to maintain the
relative stability of the two films making up the lamella (electrostatic repulsion):

C H 3

CH3

a glycoside alkyl ether, which is a nonionic surfactant used to maintain a high osmotic pressure in the
lamella, and thus to reduce the drainage rate:

CH2OH CH2OH

Alcohol can be used as a destabilizing agent to control the foam moisture content and stability; 2-pentanol
is used for alkaline foams, and 4-methyl-2-pentanol for acid foams.
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The reagents are prepared in a liquid medium before use. Depending on the formulation, a degreasing,
descaling or rinsing effect can be obtained.

ACCOMPLISHMENTS

Application to Large Ferritic Valves with Complex Internal Geometry

A special "COMODIN" dolly was designed on the basis of the preceding theoretical considerations to test
the decontamination of a series of large valves with complex internal configurations. The valves were made
of ordinary low-carbon steel and were taken from the secondary system of a gas-cooled reactor undergoing
decommissioning.

AIS Mfcar) raffs sum.r

Figure 4. Schematic diagram of decontamination dolly

The COMODIN recirculation unit (Figure 4) comprises mainly a tank and hydropneumatic pumps suitable
for use with liquids and foams. The system is maintained under slight negative pressure by filtered exhaust
blowers. It includes a 4 m3 rectangular tank inside a safety vessel, a liquid injection pump in the foam
generator, and a scavenge pump to recover the liquid overflow from the valve. The pumped fluids are
filtered to 20 |im and 100 urn. The foam is produced in high efficiency mixer by injecting compressed air.
The foam density is monitored in both the feed and recovery pipes, and the final off-gas stream is
monitored. Chemical injection systems may be set up as required. Containment and a negative pressure
gradient are provided for the entire unit as standard practice in contaminated environments. The complete
dolly is light enough to be transported to the decontamination site. Biodegradable surface-active products
are used in the process so the liquid waste stream can be recovered without difficulty by the onsite Liquid
Waste Treatment Station, where the radionuclides are removed by coprecipitation.

Procedure

The component is first washed with 3N sodium hydroxide using an unctuous foam with a minimum half-
life of 8 minutes and a low bulk factor between 5 and 8. The valve is then decontaminated for 3 to 4 hours
with a sulfuric and phosphoric acid mixture well suited to surface etching of ferritic steel, applied as a
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foam with similar properties. It is then rinsed
with a slightly alkaline foam to obtain a rela-
tively neutral final pH on the valve walls, and
thus prevent further surface damage.

Operating costs are optimized by using the same
reactants twice to decontaminate two identical
valves during the same operation. The reactants
are mixed to obtain a final pH of 5 to 6 before
they are pumped to the liquid waste treatment
facility.

Example

Table I summarizes the results obtained with a
valve 1.2 m in diameter weighing 5 metric tons,
with a unit volume of 3.3 m3 and a total unit
surface area of 24 m2. The table indicates the

Table I. Radioactivity measurements (Bq-cm )
inside Valve 31

Reference
Location

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Before Treatment

Smear

15
15

<0.2
< 0.2
25

6
4

45
65
6

40
<0.2
50

<0.2
20

<0.2

Probe

12
15

< 1
< 1
35
12
8

20
30

< 1
25

< 1
30

< 1
10

< 1

After Treatment

Smear

<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
< 0.2
<0.2
<0.2
< 0.2
<0.2
<0.2

Probe

< 1
< 1
< 1
< 1
< 1
< 1
< 1
< 1
< 1
< 1
< 1
< 1
< 1
< 1
< 1
<1

Table il. Liquid and radioactivity balances

total radioactive (mainly Co and J Cs) meas-
ured with a surface probe to assess the total
contamination and a cotton smear test to
evaluate the transferable contamination before
and after treatment. After the foam process, most
of contamination measurements were below the
detection thresholds. The liquid and radioactivity
balances are indicated in Table II.

An additional 0.6 MBq was retained by the
filters, as estimated from dose rate measure-
ments. The average dissolved metal thickness
was 10 urn; an average of 15 Bq-cm'2 was there-
fore removed from the two valves. The residual
contamination did not exceed 0.1 Bq-g"1, allow-
ing the valves to be melted down for recycling in
an approved steel mill. Similar results have been obtained on valves 1.6 m in diameter with a unit volume
of 7 m3. The same dolly was later used to decontaminate a ferritic steel and brass heat exchanger with a
surface area of 1000 m2 and an internal volume of 27 m3.

Phase

Alkaline
Acid
Rinse

Liquid volume
(liters)

600
628
605

Dissolved activity
(MBq)

2
4.2
0.3

Application to Six Large Austenitic Heat Exchangers

Six identical heat exchangers (Table III) were contaminated on the shell side by the pool reactor primary
cooling fluid. The contamination was estimated by the
Radiological Protection Department when the primary
system was isolated from the reactor in December 1992:
samples were taken from two of the heat exchangers and
dose rates were measured around the circumference of the
units.

Figure 5 indicates the radioactivity spectrum for heat
exchangers 4 and 6 at the time of decontamination. The
dose rate was 200 uGyh'1.

The contaminated heat exchangers were installed three at a
time in the basement of the G2 reactor at Marcoule, which
has been decommissioned to Stage 2. They were inclined on
a cradle (Figure 6) to prevent the internal heat exchanger

Table III. Contaminated heat exchangers

Unit volume:

Unit weight:
Contaminated

Tube shel

Head

Base

Total

unit surface
Tubes

Shell + head and base

Total

0.915
0.155

0.155

1.225
2700

area:

214

18

232

m3

m3

m3

m3

kg

m2

m2

m2
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Figure 5. Radioactivity spectra for heat exchangers 4 and 6
prior to decontamination

baffles from hindering fluid
circulation. Foam was
injected at the base of each
unit through a safety valve,
and flowed out through an
orifice at the top for re-
covery by the COMODIN
device. During each decon-
tamination cycle, 50 ml
liquid samples were taken
from the foam and liquid
return lines to measure
their dose rates and total Fe
concentrations, indicative
of the extent of metal
dissolution. Between each
cycle, the contact dose
rates were measured at
three points (top, middle
and bottom) of the heat ex-
changer shell.

Decontamination
Reactants

Alkaline and acid foams
were used in turn, for peri-
ods of 4 hours each. The
first was a 12% NaOH
solution; the second was a
mixture of 0.5N sulfuric
acid and 2N nitric acid
together with 0.04 moll'1

of Ce(SO4)2 additive. The
alkaline fluid was filtered
across 100 urn PALL filter
cartridges, and the acid
fluid was filtered to 10 um.
The filters were replaced
whenever the dose rate
reached 1 mGyh'1. The
operation was terminated
by two foam rinses. The
surfactant (0.8 vol%) was
a biodegradable mixture of
betaine and glycoside cov-
ered by a CEA patent.

After decontamination, the filtered liquids were pumped into interim storage tanks. The alkaline and acidic
liquid wastes were mixed to obtain a neutral fluid (pH 6) and sent via special flow lines to the central liquid
waste treatment plant on the site. The salt resulting from this mixture constitutes an effective foam
breaking agent.

2M

\ /

Ijj: COMODIN: \

Figure 6. Heat exchanger installed on decontamination cradle
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Decontamination Procedure

The operation was conducted with the working temperature maintained at 20°C.

Example 1

This work involved decontamination of five heat exchangers using air-generated foam. The Ce(rv) additive
was regularly consumed by oxidation of the metal (about 2 g of iron were found per liter of solution) and
had to be added continuously, for a total of 16 kg per cycle. Decontamination was satisfactory based on the
drop in the dose rates (14 uGy-h'1). Only a small quantity (1 mJ) of liquid waste was produced for each
heat exchanger.

Example 2

Heat exchanger 5 was decontaminated using ozone-enriched oxygen foam (100 g of O3 per Nm3 of Oi) with
6 kg of Ce(IV). The reaction progressed some 50% faster than in the preceding test. Both acid foam steps
provided better decontamination and the dissolved iron quantity was twice as high (4 gT1). The residual
heat exchanger dose rate was lower (< 8 uGyh"'), while the quantity of liquid waste was comparable to the
previous test.

The surfactants used to prepare the foam are slowly decomposed on contact with the ozone. It could be
necessary to add a small quantity of surfactant during the decontamination operation, which may last for
several hours. However, this drawback is minor in comparison with the advantage of the phenomenon: the
surfactants are destroyed during interim storage of the liquid waste prior to transfer to the treatment
station. The foaming power, which could be a nuisance at this stage, is considerably weakened.

Activity of the Decontamination Liquid Waste

The liquid waste generated by the decontamination operations were collected, sampled and diluted for
analysis by the Marcoule Radiological Protection Department. Seven analyses were conducted as part of
the waste management procedure to determine the total activity and spectrum for the following waste
streams, where the alphabetic suffix A, B or R indicates the type of treatment (acid, basic or rinse) and the
number of letters corresponds to the number of the treatment (AA: second acid treatment):

Analysis 1:

Analysis 2:

Analysis 3:

Analysis 4:

Heat exchanger 2:
Heat exchanger 4:

Heat exchanger 2:
Heat exchanger 4:

Heat exchanger 1:
Heat exchanger 2:
Heat exchanger 4:
Heat exchanger 6:

Heat exchanger 1:
Heat exchanger 3:
Heat exchanger 6:

basic treatment (2B)
basic treatment (4B)

3 acid treatments (2A, 2AA, 2AAA)
2 acid treatments (4A, 4AA)

2 acid treatments (1A, 1AA) & basic treatment (IB)
rinse (2R)
acid treatment (4AAA) & rinse (4R)
basic treatment (6B)

2 rinses (1R, 1RR)
basic treatment (3B)
2 acid treatments (6A, 6AA) & rinse (6R)

• Analysis 5: Heat exchanger 5: acid treatment (5 A)

• Analysis 6: Heat exchanger 5: acid treatment (5AA)

• Analysis 7: Heat exchanger 5: basic treatments (5B)

The acidic liquid waste from heat exchanger 3 and the rinse from heat exchanger 5 were not analyzed. The
liquid waste streams collected and analyzed therefore represent the decontamination of five of the six heat
exchangers (1, 2, 4, 5 & 6).
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The analysis results are summarized in Table IV. The liquid waste activity was calculated by multiplying
the activity concentration (determined from the sample) by the liquid waste volume and the sample dilution
factor. The total activity of the liquid waste, i.e. of the contamination removed from the heat exchangers,
was thus 16.1 GBq. As the analysis results cover only 5 of the 6 heat exchangers decontaminated, the mean
contamination removed from each unit may be estimated at 3.22 GBq, and the total contamination was
therefore 6 * 3.22 = 19.32 GBq.

Table IV. Table II. Liquid waste analysis results for heat exchanger decontamination

Analysis
No.

1

2

3

4

5

6

7

Liquid waste streams

2B, 4B

2A, 2AA, 2AAA, 4A, 4AA

2R, 4R, 1A, 1AA, 4AAA, 1B, 6B

1R, 1RR, 6R, 6A, 6AA, 3B

5A

5AA

5B

TOTAL

Liq. waste
volume

(I)

850

1100

1800

1500

340

350

340

6280

Sample
contamination

(Bq-r1)

5.75 x 105

4.85 x 10s

6.48 x 10"

5.19 x 10"

5.24 x 10"

1.38 x 104

3.63 x 10"

1.83 x 105

Sample
dilution
factor

2

5

10

100

100

100

100

Total
contamination

(Bq)

9.78 x 103

2.67 x 109

1.17 x 109

7.79 x 109

1.78 x 109

4.83 x 10s

1.23 x 109

1.61 x 1010

Sample Analysis Results

The specific activity values measured on the samples are indicated in Table V. The shell mass was 370 kg,
and that of the tube bundle nearly 2330 kg; the total calculated activity in heat exchangers 4, 5 and 6 is
also indicated in the table.

Table V. Table III. Heat exchanger analysis results after decontamination

Heat Exchanger

Shell sample specific activity

Tube bundle sample specific activity

Calculated total shell activity

Calculated total tube bundle activity

Calculated total heat exchanger activity

(Bq-g'1)

(Bq-g'1)

(Bq)

(Bq)

(Bq)

8

7

8

4

2.2

34

.15 x 10s

.90 x 107

.00 x 107

1

2

2

5

3

9

.45 *

.10 >

.25 *

.9

106

107

107

1

9

9

6

4

39

.50 *

.10 *

.25 *

.0

10s

107

107

Decontamination Factor

The decontamination factor obtained by the COMODIN process was calculated from the mean activity
removed from the six heat exchangers and from their residual activity:

Residual activity: 0.40 GBq
Removed activity: 19.32 GBq
Calculated initial activity: 19.72 GBq
Decontamination factor: 19.72/0.40 = 49.3

The overall decontamination factor was therefore approximately 50.
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Heat Exchanger 5

Analyses 5, 6 and 7 are of
particular interest, as they
concern a single heat
exchanger, No. 5. The
activity removed by the
decontamination process
amounted to 3.49 GBq
and the residual activity
was 0.022 GBq; the
decontamination factor of
nearly 160 was three
times higher than the
overall factor.

The radioactivity of the
tube bundle was 100
times higher than the shell
for heat exchanger 4, and
60 times higher for heat
exchanger 6, but only 14
time higher for heat
exchanger 5. As the shell activity was comparable for all the units, the residual activity of the tube bundle
was therefore appreciably lower in heat exchanger 5.

= ! Analyse 7

Figure 7. Decontamination liquid waste spectra

Secondary Liquid Waste Spectrum

The liquid waste spectra are compared in Figure 7. The spectra for heat exchanger 5 (analyses 5, 6 and 7)
are distinguished by their very high 144Ce content, while the other spectra (for units 1, 2, 4 and 6) are more
homogeneous.

Table VI indicates the concentrations of the three principal radionuclides (ruthenium, cerium and cobalt)
found in the liquid waste streams. The basic treatment effluents contained significantly greater amounts of
ruthenium (26 to 49%) than the acid treatment effluents (9 to 19%); basic treatments are thus apparently
more effective for I06Ru decontamination. The opposite appears to be true for ^Co, which is more
effectively eliminated by acid treatment. The situation is less clear for 144Ce decontamination, with
comparable values for both basic and acid treatments, but with a high degree of residual cerium entrain-
ment in the rinses.

Table VI. Table IV. Ruthenium, cerium and cobalt concentrations in process liquid waste

Treatment

Ruthenium

Cerium

Cobalt

Basic treatments

2B.4B

49%

37%

2%

5B

26%

66%

1%

6B

26%

63%

3%

Acid treatments

5A

9%

63%

19%

5AA

10%

70%

15%

2A, 2AA,
2AAA, 4A,

4AA

9%

70%

17%

6A

19%

49%

26%

6AA

13%

58%

19%
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Residual Activity Spectrum

Figure 8 shows the radioactivity spectrum of the samples taken after decontamination prior to melting. The
mean spectrum was determined by calculating the average of the mean spectra for the shell and tube
bundle, with allowance for the weight differences between them.

The most significant radionuclides were '"Co (30.4%) I06Ru/Rh (17.5%) I1OmAg (32.4%) and 144Ce (8%).
Note the high concentration of UOmAg, which was not predominant in the spectra recorded before
decontamination.

0%

Figure 8. Mean residual activity spectrum

Application Results

In view of the satisfactory results obtained on ferritic steel valves of complicated shapes, and at the request
of a pool reactor operator, the CEA's nuclear facilities decommissioning unit (UDIN) submitted six
stainless steel heat exchangers to a decontamination and decommissioning treatment consisting of the
following operations:

• foam decontamination by the COMODIN process (with ozone-enriched foam for one of the units);
• cutting of each heat exchanger into four sections for dimensional compatibility with the specialized

melting facility at Marcoule;
• melting;
• reutilization of the very low-level contaminated steel in the nuclear industry.

Radiological monitoring was conducted throughout the treatment:

• radioactivity assessment by dose rate measurements and application of transfer functions corresponding
to the contamination spectrum prior to decontamination;

• quantitative laboratory analysis of the liquid waste generated by the decontamination process;
• assessment of the residual radioactivity after decontamination and before melting on samples taken from

the tubes and outer shell of three heat exchangers for laboratory analysis.

The occupational dose rate was 1.2 man-mSv for the entire operation.

The COMODIN Ce(rv) foam decontamination process yielded a mean decontamination factor between 40
and 50, for an initial radioactivity level of about 20 GBq. Ozone-enriched oxygen in the process applied
specifically to heat exchanger No. 5 significantly increased the decontamination factor to 160 for that heat
exchanger; ozone management raised no major difficulties. Basic treatments proved more effective than
acid treatments in eliminating 106Ru. The metal ingots are suitable for recycling, in view of the additional
decontamination factor of 3 provided by the melting process itself.

75



Biodegradability of Surfactants Before Radioactive Liquid Waste Treatment

Low-level liquid waste is generally filtered and treated by precipitation or concentrated by evaporation
before the concentrates are conditioned in an inert matrix such as bitumen or cement. A foaming solution
cannot be concentrated in an evaporator; even the addition of foam breaking agents does not prevent a high
concentration of organic matter. Prior treatment is therefore necessary to reduce or eliminate the foaming
power and mineralize the organic matter from the surfactants. However, the very high ionic strength (6M)
of these solutions is extremely unfavorable to biological activity.

Principle

Several studies have already shown that microbiological activity persists even under extreme conditions;
microorganisms are capable of adapting to a wide range of environmental conditions. We therefore decided
to work with wild strains where possible. Decontamination solutions were therefore spread over a soil plot
and suitable humidity was maintained to favor natural selection. The objective was to obtain a solution
containing a source of carbon, nitrogen, phosphorus, sulfur, sodium, potassium and micronutrients. The
physical and chemical conditions (pH, ionic strength, temperature) then had to be adjusted to values
compatible with microbial development.

Material and Methods

Decontamination solutions. The solution compounds used for decontamination were provided by the
Decontamination Techniques Research Laboratory (DESD/SEP) at Cadarache. An acid solution (A) and a
basic solution (B) were prepared; the solution compositions are indicated in Table VII. Following a
decontamination operation, the two solutions were mixed in equal volume proportions to obtain a solution
with 6M ionic strength and a pH of 1.5. As such, the solutions are incompatible with a biodegradation
process. We therefore adjusted the pH to 7 using KOH, then added 2 g-1'1 of ammonium sulfate (the other
required nutrients were already present in the solutions) and diluted them (1/4, then 1/3) to diminish the
ionic strength.

Table VII. Foam decontamination solutions

Acid solution

Compound

H2O

H3PO4 (85%)

HNO3 (68%)

Oramix (60%)

Amonyl (50%)

M4P2

TOTAL

Weight
(g)

691.58

353.45

117.86

9.49

3.44

3.00

1178.82

Volume
(ml)

691.58

209.14

83.59

8.87

3.07

3.75

1000.00

Propor-
tions

3.5 moles

2.5 moles

0.8%

0.3%

0.25%

-

Basic solution

Compound

H2O

NaOH (47-50%)

Oramix

Amonyl

M4P2

TOTAL

Weight
(g)

882

164.89

4.20

3.17

2.64

1056.90

Volume
(ml)

882

107.77

3.93

2.83

3.3

999.83

Propor-
tions

2 moles

0.4%

0.3%

0.25%

-

COD measurement. The Chemical Oxygen Demand (COD) is the quantity of oxygen (in milligrams)
consumed by oxidizable matter under the test conditions in a one-liter sample. We determined the solution
COD values to provide an indirect assessment of the degradation of the compounds: a lower COD over
time corresponds to a smaller quantity of oxidizable organic matter, i.e. surfactants in this case.

TOC measurement. The Total Organic Carbon (TOC) in a one-liter sample is expressed in milligrams.
Carbon species are chemically oxidized by sodium persulfate under ultraviolet radiation. The CO2
generated by the oxidation reaction is observed by a specific infrared detector, and the resulting electrical
signal is automatically converted into concentration units. We found a correlation between the solution
COD, the TOC and the solution foam: COD = 3.4 TOC.
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Metal analysis. The metal concentrations were determined by atomic absorption flame spectrometry
(Perkin Elmer 3110) after acidification to pH < 1.5 with HN03. This technique is based on the absorption
of photons by atoms when excited by a light source of a specific wavelength.

Microorganisms. The surfactant solutions were spread over a soil plot maintained at a suitable humidity.
A soil sample was taken after a few days and stirred for several hours in a saline solution at room
temperature. Microscopic observation of the solution revealed abundant, varied and highly mobile flora,
although no attempt was made to identify the species. The solution was then used to inoculate the
surfactant solutions. The cell concentration in the reactors was determined by dry weight measurements:
the culture was centrifuged and rinsed twice, and the supernatant was dried at 100°C until its weight
remained constant.

Flasks. The first tests were carried out in 500 ml Erlenmeyer flasks containing 100 ml of solution seeded
with 10% mixed bacteria. The flasks were continuously stirred at 150 rpm and maintained at 30°C.

Reactors (Figure 9). Tests were carried out in a stirred reactor under the following conditions:

- Continuous supply of nutrient medium and removal of degraded medium at the same rate
- Reactor volume: 1.1 liter
- Temperature: 30°C
- Solution: A + B neutralized to pH 7 using KOH, + 2 g I1 ammonium sulfate, diluted 3 to 4 times to

obtain an ionic strength of 1.5-2M.
- Feed rate: variable from an initial value of 7.3 ml-h' to 14 ml-h'1 (corresponding to a 3.5-day

residence time). The parameter values were gradually increased according to the results obtained.
- Demineralized makeup water to compensate for evaporation.

Another reactor also contained metals at a concentration of 10 ppm (Zn-Cu) (Cr-Ni). The concentrations
were increased according to the biodegradation results.

SURFACTANTS
SOLUTION

KOH I
WATER &

TRACE-ELEMENTS

NEUTRA-
LIZATION

DILUTION

AIR-
FREE-SURFACTANTS
SOLUTION

BIOREACTOR

Figure 9. Biodegradation in a continuous reactor process block diagram

Results

Microorganisms. The microorganisms in the bacterial consortium were not identified. Microscopic
observation revealed a highly mobile flora of varying diversity in time.

Biodegradation tests in stirred, aerated flasks. In unseeded control flasks the solution COD diminished
in time as the alcohol evaporated from the mixture. This decrease was quantified to determine the actual
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contribution of the microorganisms to degradation. Control samples were prepared from a 32.5%
surfactant solution under the following conditions:

- unseeded, unstirred, pH 1.5
- unseeded, stirred, aerated, pH 1.5
- unseeded, stirred, aerated, pH 7
- seeded, stirred, aerated, pH 7

§
a
5/3

. . ^ . Reference Solution
»_ non seeded

- •* - seeded

*-*-*-*- — *-*•*-*-*- —

0%
0 5 10 15 20 25 30 35

Figure 10. Biodegradation kinetics of surfactant mixtures in stirred, aerated flasks

The results are indicated in Figure 10. The COD of the surfactant mixture at pH 1.5 dropped by about
15% without stirring, and by 35% when aerated. When the mixture was neutralized it was naturally
contaminated and the COD diminished by 70% over two weeks. When the same mixture was seeded with
the bacterial consortium, the COD decreased by 90% over the same time interval. The biodegradation
percentage was improved by adding air to the medium and by more vigorous stirring that favored bacterial
development. Full biodegradation was never obtained, however, suggesting a deficiency in one or more ele-
ments required for bacterial development. Adding 2 mg-1'1 of MgS04 to the unseeded control sample
resulted in 95% biodegradation.

COD-foam relation. It is difficult to quantify the foam generated from a small volume sample, as the
height of the foam, its persistence and its consistency must be taken into account. We attempted to correlate
the COD and the foam height: no significant foaming seems to occur when the COD is below 600 mg-1'1.
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Reactor Tests

Tests were conducted in a reactor continuously supplied for eighteen months, during which the operating
conditions evolved according to the results observed.

Without metals. The initial tests began with a 25% mixture and a 5-day residence time in the fermentor,
resulting in a 95% reduction in the COD. The surfactant concentration was regularly increased (up to
32.5%) and the residence time diminished (to 3 days). Under these conditions (Figure 11), as for the
aerated flask tests, the COD diminished by about 85%, exceeding the theoretical value of 64%).
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without metallic additives
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Figure 11. Biodegradation of surfactants in a continuous reactor

With metals. The results obtained were comparable to those observed in the other reactors. The presence
of metals at the test concentrations thus appears to have effect on bacterial activity. Determinations after
biodegradation on the filter media showed that the metal concentration was constant for copper, zinc and
nickel: i.e. no fixation occurred on the biomass. In the case of chromium, however, hydroxides were formed
and fixation occurred on the biomass adhering to the reactor walls, or directly on the walls.

Discussion

Using a soil suspension, we selected a bacterial consortium capable of biodegrading the surfactants. The
bacterial strains have not yet been identified.

The three surfactants concerned (a natural glucose derivative, a sulfobetaine and an alcohol) were tested
separately to determine their biodegradability. The alcohol was quickly and completely degraded, while the
other two compounds - particularly the glucose derivative - produced biodegradation residues.

Tests were conducted in aerated media resulted in high biodegradation efficiency, and thus highlights the
importance of aeration in sustaining the activity of the microorganisms responsible for biodegradation.

As for the aerated flask tests, the biodegradation test results in a continuous fermentation reactor exceeded
the theoretical yield. Satisfactory results were obtained with a solution diluted three times: approximately
80% degradation of the COD was obtained with a 3-day residence time.

It may be necessary to add micronutrients to the surfactant solution to optimize the microbial activity in the
reactor and obtain still higher yields; this hypothesis is now being investigated. Even at this stage, however,
the reactor outflow solution no longer foams. This is the most important point in the scope of this study.
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CONCLUSION

Aqueous phases are used for most wet processes. One possibility is the use liquids flowing at rates for
which the Reynolds number exceeds 3000. Strong acids and bases are generally used as reactants, as well
as strong oxidation-reduction pairs such as Ce(rv) and Ce(m). Not unexpectedly, these processes generate
large quantities of liquid waste, although techniques such as spraying or regenerating the reactant with ion
exchangers tend to limit the waste volume.

A more recent alternative (COMODIN process) involves recirculating foam for several hours in the work-
piece. This method is suitable for components with complex shapes (e.g. heat exchangers and valves) since
the foam is capable of expanding and coalescing in any volume accessible to the contaminants. The most
satisfactory foam compositions use biodegradable surfactants and are suitable for use with strong acids and
bases as well as a variety of redox agents: Ag(n), Ce(IV), Cr(Vl), Co(m), AmO2(n), MnO4

2", etc. The redox
agents are carefully selected (or paired) to match the contamination. Ce(rv) is highly effective for dissolv-
ing chromium oxides on the surface of stainless steel, for example, while Co(m) can effectively remove
"Co from grain boundaries; the same is true of AmO2(n) for the transuranic nuclides. A further advantage
of redox foams is that their action can easily be enhanced by injecting ozone-enriched oxygen into the
vector gas: the high oxidation potential reoxidizes the redox agent to the next higher state.

New sequestering molecules (calixarenes, cobalt dicarbollide, etc.) could be used to make foams more
selective. Milder reactants, such as borates, are also suitable for decontamination purposes.

Major decommissioning programs already in progress and more are to come. Considering that 30% of the
costs involve waste management, new waste decategorization systems such as COMODIN must be
developed. They present the additional advantage of allowing operators to work at a greater distance from
the irradiating zones without requiring the use of complex robotic techniques.
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