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SYNTHESE

L'eVolution des precedes de decontamination chimiques EMMA, EMMAC et
EMM AC-PLUS, les essais de comportement de mate'riaux dans les solutions EMMAC
et le traitement des effluents sont pre'sente's.

Les diverses applications du nouveau procede decontamination EMMAC,
utilise a EDF depuis 1995, a demontre" que c'est un excellent outil et en me"me temps
un proc6d6 induisant une tres faible corrosion des mate'riaux traitds. Compart au
precedent procede EMMA, de bons facteurs de decontamination sont obtenus avec un
seul cycle de traitement au lieu de deux. Par ailleurs, la modification de la composition
chimique et du traitement des effluents entraine une diminution des d6chets induits.

Des ameliorations du procede sont encore a l'etude.

(HT-45/96/038/A)



EXECUTIVE SUMMARY:

The EMMA, EMMAC et EMMAC-PLUS decontamination processes,
innocuousness tests and waste treatment are presented.

The various applications of the new EMMAC soft decontamination process,
used by EDF since 1995, have shown that it is a very effective tool and, at the same
time, is a very low corrosive process for the materials that have been treated. The
improved efficiency, compared to the previous EMMA process allowed us to obtain
good decontamination factors with only one cycle instead of two. At the same time,
changes in chemical composition and waste treatment produced a large reduction in the
amounts of radioactive wastes generated.

Further improvements are still being sought.
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1. INTRODUCTION
Decontamination is currently developing into an

operation to reduce the radiation exposure, and the field of
application now covers the big components of the primary
circuit. The number of decontamination operations carried
out by EDF on medium or large size components has
regularly increased for these past two years. These
operations are carried out on some parts of the primary pipes
during replacement of steam generators, on hydraulic parts
of primary pumps, and CVCS exchangers, filters and pumps.

To implement these operations, EDF has been develo-
ping over the years a soft chemical decontamination process
called "EMMA" which has been described earlier [1], [2].
This process is based on the alternate use of an oxidizing and
of a reducing phase. It has been applied successfully to
various industrial operations [3]. The feedback obtained
from experience and laboratory developments led to a new
process called "EMMAC", which has been applied in
industry since 1995. Compared to EMMA, its efficiency has
been improved and waste management simplified, by a
modification of the composition and of the processing.

The object of the paper is to present some recent R&D
and industrial results obtained with the EMMAC process.

2. THE EMMAC PROCESS
2.1. Main parameters
The EMMAC process [4] is the result of a large amount

of experience gained with the EMMA process. Its main
chemical parameters are summarized in table I. The analysis
of the data obtained with the EMMA process has shown
that:

- the efficiency of the oxidizing phase could be improved
by a moderate increase of the acidity, without any
detrimental effect to the innocuousness of the process. So a
reduction of the pH of the oxidizing solution from 2.5 to 1.8
allowed for a gain in efficiency. Moreover, there was no
need to add 50 ppm of sulfuric acid that was previously
necessary in the EMMA process. Elimination of sulfuric
acid was important because EDF policy is to reduce as far as
possible the sources of sulfur, a potential source for stress
corrosion cracking.
- In the reducing phase, the citric acid has been eliminated.
Experimental studies have shown that its efficiency had
probably more to do with its acidity function than with its
complexing properties : at pH lower than 3.5, the
complexing of metallic ions by citrates is weak. So citric
acid was replaced by nitric acid and the pH of the reducing

solution lowered from 2.7 (EMMA process) to 1.8
(EMMAC process). The coexistence of ascorbic acid, a
strong reducer, with nitric acid is possible in that case
because the concentration of nitric acid is low.

In addition, it seemed to make sense to eliminate citric
acid as a potential source of restriction for waste treatment.
In fact, previous studies [5] have shown that citrate metallic
complexes are not fixed on cation exchange resins : the
affinity of metallic ions to the cation resin is far higher than
for citrate, and citrate metallic complexes are destroyed in
contact with the resin. Leaching experiments up to 120 days
on waste packages (EMMA waste resins embedded in
epoxy - Ecopol process) demonstrated that there was no
increased leaching resulting from the EMMA process. But
one optional procedure for waste treatment after
decontamination for Steam Generator Replacement is to use
the liquid waste treatment system of the power plant. So it
was useful to remove citric acid from wastes.

Finally, the EMMAC process comprises (Table I) :
- an oxidizing phase using potassium permanganate, at a

pH of 1.8 with nitric acid,
- a reducing phase using a strong reducer, ascorbic acid,

and at a pH of 1.8 obtained with nitric acid.
Depending on the application, the duration for the

oxidizing step is 5 h (CVOS heat exchanger) or 8 h (primary
pumps, Steam Generator Replacement), and 5 h for the
reducing step.

Compared to the EMMA process, results of laboratory
tests performed on 316 and alloy 600 active coupons showed
that the efficiency was improved by a factor two, at the least.

2.2. Innocuousness
For qualification of the process, corrosion tests were

carried out on various materials using very conservative
conditions : 3 cycles were applied, the time was 8 hours

Table I - Main parameters of the EMMAC process.

Phase

Oxidizin

Reducing

Chemical
composition (g/1)

KM1O4: 0.7 to 1
HNO3: 0.8 to 1
Asc. acid*: 0.7 to 1
HNO3 : 0.8 to 1

Duration
(h)

5 to 8

5

PH
(range)

1.8
(1.8-1.9)

1.8
(1.8- 1.9)

Temp.
(°C)
80

80

* Asc. acid : Ascorbic acid



TABLE II - Materials and thermal conditions used for corrosion studies.

MATERIAL

CF8M
CF8M

304

316L
308L

600 (tube)
600 (sheet)

690
800

Zircaloy 4
Stellite grade 12
Stellite grade 6

THERMAL
TREATMENT

104h,400°C
3.104h,350and460oC
as-received
sensitized 0.5 h, 700°C
as-received
buttering on 309L
as-received
as-received
sensitized 1 h, 700°C
as-received
as-received
stress-relief
buttered on 316
buttered on 316

CHEMICAL COMPOSITION (Weight %)

C

0.040
0.033
0.051
0.051
0.021
0.0185
0.0325
0.063
0.063
0.028
0.023
0.0138

1.2 to 1.7
0.9 to 1.4

Si

0.98
1.07
0.68
0.68
0,59
0.92
0.32
0.16
0.16
0.23
0.50

-
<2
<2

Mn

1.00
0.89
1.81
1.81
1,64
1.61
0.8

0.23
0.23
0.31
0.54

-
<1
<l

Ni

11.10
9.70
9.60
9.60
13.00
10.30

|_ 73.20
76.64
76.64
61.30
33.30
<0.005

<3
<3

Cr

19.00
21.20
18.40
18.40
13.90
19.95
17.20
13.25
13.25
28.72
20.83
0.11

26 to 32
26 to 32

Fe

Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
9.16
Bal.
0.20
<3
<3

Mo

2.51
2.51

-
-

2.25
0.07

0<0.01
0.08
0.08

O.00I
0.024

-
<1
<l

Co

0.05
0.05

-
-

0.33
0.03

<0.01
0.04
0.04
0.02

0.019
-

Bal
Bal

Ferrite
ratio (%)

5 to 10
34
-
-
-

7.5 to 9
-
-
-
-
-

Sn=1.5
W=7 to 9.5
W=3 to 6

for the oxidation step (maximum reference duration) and
8 hours for the reducing step (60% higher than the
reference duration). The nitric acid concentration was
increased from 2 5 % and the concentration of
permanganate and ascorbic acid from 40 %.

Materials
Tests were carried out on 304, 308 and 316

stainless steels, and austeno-ferritic CF8M steels. CF8M
steels are used for the elbows in the primary circuit. The
CF8M specimens tested had various ferrite levels and
carbon contents covering the range found in EDF PWR
plants. Alloys with high nickel content were tested : 600,
690 and 800. Zircaloy and cobalt alloys (Stellite grade 6
and 12) were also tested. Specimens of Stellites were
tested as deposited by welding on 316 SS base metal.
Table II summarizes the chemical composition of
materials and thermal treatments applied.

Thermal treatments
All the materials were studied in the as-received

condition. Additionally, 304 SS and alloy 600 were
studied after sensitization to intercrystalline corrosion
obtained by thennal processing of 30 min at 700°C for
the 304 stainless steel, and 1 h at 700°C for the alloy 600.
The level of sensitization obtained was high. The
intergranular corrosion was 500 urn deep for 304
stainless steel after 24 h in the sulfocupric test
(ASTM A 262 E) and 800 urn deep for alloy 600 after
24 h in the sulfoferric test (ASTM G 28). In order to
assess the effect of thermal ageing on the CF8M steels,
coupons were tested after thermal ageing lasting 30 000 h
at 350°C and 10 000 to 30 000 h at 400°C. This ageing
possibly produce a spinodal decomposition of the ferrite,
which would result in a change in the chromium content
in the steel at a very local scale.

Measurements
After decontamination tests, the general

corrosion was deduced from weight loss measurements,
and converted into thickness loss. The localized
corrosion was measured on cross-sections using an
optical microscope or Scanning Electron Microscope
(SEM). Additionally, some local analysis of chromium
and carbon using Secondary Ions Mass Spectrometry
(SIMS) was made on Stellite 12 specimens.

Results
The main results are shown in table III. For most of the
materials studied, the general corrosion is very low. For
non-sensitized stainless steels and nickel alloys, it was

always less than 1.5 urn and the localized corrosion less
than 5 um (fig. 1). When sensitized to intercrystalline
corrosion, only the localized corrosion was higher on
alloy 600 (<10 urn) but remained moderate. The CF8M
steels tested after thennal ageing showed a general and
localized corrosion lower than 1 urn.

On the Stellite 6, the general corrosion is on average
slightly higher (1 to 4 um) than for the other materials
(table III). The localized corrosion, on the form of a more
pronounced attack near the eutectoid phase (fig. 2) is
generally less than 10 um (max. 15 urn). On Stellite 12,
die general corrosion was higher on about half of the
specimens, and reached 30 um, with an additional term
(=30 um) which occurred at the junction of welding
passes. A local analysis of chromium and carbon using
SIMS has been performed on these specimens.

TABLE III. Results of corrosion tests.

MATERIAL

CF8M
CF8M

304

316L
308 L

600 (sheet)

600 (tube)
690
800

Zircaloy 4
Stellite 12
Stellite 6

THERMAL
TREATMENT

104 h, 400°C
3.104h, 350 and
40O°C
as-received
sensitized 0.5 h,
700°C
as-received
buttered on 309L
as-received
sensitized
1 h, 700°C
as-received
as-received
as-received
stress-relief
buttered on 316
buttered on 316

CORROSION RESULTS

General
corr.*(um)

<0.40
<0.40

<0.20
<0.20

<0.20
<0.20
0.95
1.10

1.45
1.20

<0.25
<0.l0
33.00
7.50

Local corr.**
(Mm)
<1
<1

<1
< 1

<3
no
<5
<10

<3
<5
<1
no

15 (30***)
15

* deduced from weight loss measurements
** optical or SEM examination of cross sections^
*•* additional general corrosion that appears very locally near

some welding passes.



It has shown that these specimens had a higher carbon
content near the eutectoid and a lower local chromium
content than those which had a good behaviour.

So the higher corrosion is probably due to a local
dechromisation near the eutectoid that seems to occur in
some welding conditions on Stellite 12. For the present,
Stellite 12 is not qualified for EMMAC.

2.3. Waste treatment
Heavy stringent restrictions are enforced in France,

on the treatment of decontamination effluents resulting
from :

- the very low level of chemicals allowed and
radioactivity releases in the NPPs environment,

-the short lived low and intermediate level
radioactive waste disposal regulations, particularly the
absence of complexing agents in waste packages.

This is why EDF decided at an early stage to process
filtered spent solutions only on cation exchange resins
and then to discharge the residual solution to the liquid
waste treatment system equipped with an evaporator.
Indeed, the equivalent volume of concentrates due to the
very low chemical content of EMMA or EMMAC
processes is considered negligible.

EDF has decided to optimise the treatment of
solutions by simplifying it for operators and by reducing
the volume of solid waste.

Until 1994, for the EMMA process, oxidizing and
reducing solutions were treated separately on cationic
exchangers and then mixed so as to implement further
reprocessing on the same resins. In fact, mixing oxidizing
and reducing solutions ensured the transformation of the
permanganate ions and of some an ionic species (as
chromates) to cations and the partial destruction of
ascorbic acid. Citric acid was only partially destroyed
during the operation. At this time, cation exchangers
were pre-installed in cylindrical concrete containers
(external volume : 1.23 m for a content of 80 liters of
resins). After the decontamination operation, resins were
coated in a polystyrene matrix directly inside these
containers by using a mobile machine.

Since 1995, with the replacement of citric acid by
nitric acid in the EMMAC process, EDF was allowed by
the safety authorities to discharge cation exchangers into
operating tanks of spent resins.

So the waste treatment for the EMMAC process is
now as follows :

- for SGR decontamination of pipe ends, the solution
is continuously treated on cationic resins during the
reducing steps in order to reduce the level of activity and
to regenerate the solution. It is interesting to note that
more than 95 % of the dissolved activity was therefore
fixed on resins during this treatment. After
decontamination, oxidizing and reducing solutions are
mixed, giving an acidic solution with an excess of
reducing power and without any precipitates. Then the
mixture is discharged, without any additional processing,
to the liquid waste treatment system to be evaporated.
Since less than 5% of the total activity is in the oxidizing
solutions, there is no problem in not processing them on
cationic resins before sending them to liquid waste
system. The resins used during the reducing steps are
discharged into the operating tanks of spent resins from
the plant.

- for other operations, there is no treatment on resins
during the decontamination. After decontamination, the
oxidizing and reducing solutions are mixed and treated
on cationic resins, then discharged towards the liquid
waste treatment system. The resins are sent to the
operating spent resins tanks. For primary pumps, which

Figure 1 - Maximum local corrosion obtained on alloy
600, after 3 cycles of EMMAC (x 1000).

a) x 400

b)x4170

Figure 2 - Localized corrosion observed on Stellite 6
after 3 cycles of EMMAC :

a) cross section, optical microscopy, after
oxalic acid attack.
b) grain boundary (SEM ). The matrix is
attacked near the precipitates.



are decontaminated in a specific location outside of the
power plant, the spent resins are returned to the plant.

Finally, since the fall of 95, the resins are embedded
in an epoxy matrix, using a new mobile machine. 400
liters of ion exchange resins are embedded into the inside
of a 2 m cylindrical concrete container. For SGR
operations, 90 to 100 liters of cation - exchangers are
used, and for primary pumps, = 40 liters for one pump.
This gives equivalent volumes of packages to be stored
of about 0.2 m for decontamination of a primary pump
and less than 0.5 m for decontamination of SGR pipe
ends. So it has been possible to minimize the volume of
wastes generated.

A further optional step is now expected to be carried
out on small surfaces (<10 m ). As the total amount of
radioactivity being removed from such surfaces is
compatible with the specified activity of packages made
of immobilized concentrates (whole gamma emitters ~
165 GBq per package), it is not necessary to process
spent solutions on cation exchange resins before
discharging them towards the liquid waste treatment
system.

Then the equivalent solid waste volume to be
disposed will be negligible, even in relation to dilution in
operating spent effluent tanks.

3. DECONTAMINATION OPERATIONS
CARRIED OUT WITH EMMAC PROCESS

3.1. Decontamination of primary pipes during steam
generator replacement

The EMMAC decontamination process was applied
to the contaminated surfaces of the elbows and some
straight parts of primary pipe after the steam generators
had been removed.

Hydraulic plugs were used to ensure the total
confinement of the decontamination solutions and
volume reduction sleeves were placed inside the reactor
coolant system pipes to minimize the amount of liquid
volumes involved (figure 3).

The solution was continuously treated on resins
during the reducing steps in order to reduce the level of
activity and to regenerate the solution. The
decontamination factors were measured by the ratio of
total gamma activity before and after operation. In some
cases, additional measurements for some specific
nuclides (58Co and 60Co) were performed using the
EMMEC system from CEA.

The results obtained on two SGR with EMMAC
processes are given in table IV. Previous results obtained
with EMMA are also shown, but no direct comparison
can be made since the plants are different : the oxide
behaviour is never exactly the same. The
decontamination factors (DF) obtained with 2 cycles are
very good, about 80 inside the legs. The DF obtained in
the Steam Generator bunker are also high (22) but lower
because there was still some background dose rate
coming from other components that were not
decontaminated. Since the results were good, the
following SGR decontamination was done with only one
cycle, which allowed us to save a lot of time on the
operation. Of course, the DF obtained were lower but
high enough to meet the objectives : the target was a DF
> 10 for 5«Co and >5 for 60Co. The real DF obtained on
58Co and 60Co, shown in Table V were far higher than
the target.

Generally a best DF is obtained on crossover legs
compared to hot legs. The oxides grown at higher
temperature are the most difficult to dissolve.

TABLE IV - Results of SGR pipe ends decontaminations

Process

EMMA
2 cycles

EMMAC
2 cycles

EMMAC
1 cycle

Unit

GRA1

SLB1

DAM 3

Location

SG Bunker
Inside Cross-

over Leg
Inside Hot Leg

SG Bunker
Inside Cross-

over Leg
Inside Hot Leg

SG Bunker
Inside Cross-

over Leg
Inside Hot Leg

Dose Rates
(mSv/h)

before
0.61

29
19.3
0.42

20.7
14.3
0,31

17.1
11.3

after
0.04

0.6
0.3
0.02

0.26
"0.2
0,06

0.47
1.04

F.D.

15

51
68
22

79
71
5

36
11

TABLE V - Specific activities obtained with EMMAC
decontamination on primary pipes

Unit

SLB1

DAM
3

Location

Inside
Crossover

Leg
Inside Hot

Leg
Inside

Crossover
Leg

Inside Hot
Leg

After ! cycle
decontamination
58 Co
D.F.*

-

-

150

74

60 Co

-

-

33

14

After 2 cycles
decontamination
58 Co
D.F.*

= 2200

760

-

60 Co
D.F.*

118

52

-

D.F.: decontamination Factor

OOSSOVER LEG

<• K M .

Figure 3 - Pipe ends of reactor coolant system with the
circulation of the EMMAC solution.

For Gravelines 1 (GRA 1) decontamination, the doses
saved have been estimated at the least to 1.2 man-Sv. For
Saint-Laurent B 1 (SLB 1) and Dampierre 3 (DAM 3),
the doses saved have not been precisely estimated but the
dosimetric cost of the whole SGR were lower than for
GRA 1. For SLB 1 the total dose cost for SGR was
0.92 H.Sv, the best performance in the world at this time.



3.2. Decontamination of hydraulic parts of reactor
coolant pump with EMMAC process

This new decontamination process was carried out at
SOMANU (Soctete de Maintenance Nucleaire) in
Maubeuge on reactor coolant hydraulic parts coming
from ten units by implementing three decontamination
cycles for the five first pumps and only two
decontamination cycles for the five other pumps.

Two separate decontamination units allow for the
treatment of the hydraulic parts, one is dedicated to the
900 MWe plants and the other one for the 1300 MWe
plants. The hydraulic part is immersed into a tank
designed for that purpose, which is successively filled
with the oxidizing and reducing solutions and two
processing cycles are implemented in this case.

The homogeneity of the solutions during the entire
operation is ensured by a recirculation pump. The
chemical concentrations of the solutions are periodically
checked so as to correct them if necessary by adding
adequate amounts of oxidizing or reducing agents to
maintain the required specifications.

In addition, an ultrasonic device can be run in order to
improve the efficiency of the chemical reagents onto the
various hydraulic surfaces.

Finally, on completion of decontamination, a high
pressure water jet is applied to ensure that all the surfaces
are entirely rinsed and free of chemical residues.

Better results in relation to the decontamination of the
5 last pumps were obtained in only two cycles thanks to
an improvement of the decontamination procedure. The
pump shaft was raised instead of being laid on the
bearings and the ultrasonic device and the sprinkling of
the top of the skirt are used during 100% of the
treatment time instead of 50 % alternately.

The average DF obtained for the hydraulic parts
carried out with EMMAC process (3 and 2 cycles) are
given in table VI. The DF obtained are always high. It
may be noticed that the nut is always more difficult to
decontaminate, for a reason not very well understood to
date. However, recent improvements have allowed it to
raise its DF (up to 32).

TABLE VI - Decontamination of the hydraulic parts of
Reactor Coolant pumps with EMMAC
process.

Number of
Cycles

3

2

Number
of Pumps

5

5

Location

Top skirt

Bottom skirt

Wheel

Nut

At lm

Top skirt

Bottom skirt

Wheel

Nut

At lm

DF

30 to 102

35 to 80

3.1 to 57

3.2 to 4.3

5.8 to 40

15 to 39

14 to 58

19 to 51

1.1 to 32

9.2 to 18

Average
DF
56

50

31

3.8

18

30

41

31

9

14

3.3. CVCS heat exchanger
The EMMAC process was employed on two 1300

MWe unit CVCS heat exchangers in order to carry out
examination and a hydraulic test in one case, and
maintenance in the other one. The results are grouped in
table VII . DF were good on average, and up to 100. But
the efficiency of the decontamination is decreased when

"hot spots" are trapped in some dead legs of the circuit.
The hot spots are generally metallic particles which have
been activated in the core and they cannot be dissolved
by the decontamination process. That is why the
efficiency is lower in channel head "B" (table VII).

Table VII - Average DF obtained on CVCS heat
exchanger (1 cycle EMMAC ).

Exchanger
A

B

Location
Exchanger Bundle

Channel head
Exchanger Bundle

Channel head

Average D.F.
104
14
21
4

4. FURTHER DEVELOPMENTS
Further developments are planned for the near future.

One of the next steps is the evolution of EMMAC to a
one-bath process, called EMMAC-PLUS. In this case, the
oxidizing and reducing steps are carried out with the
same liquid, using in-situ modification of chemical
composition. This allows a quicker process (= 20%) and
a reduction of liquid wastes volume by a factor > 2.

The qualification programme is still running. A first
prototype operation has been performed on 2 sections of
primary elbows from Dampierre 3. They were needed for
expert studies. The results obtained (Table VIII) are
pretty good.

TABLE VIII - DF obtained with one-bath process
(EMMAC PLUS) on two primary elbow after the second
cycle.

A

B

Location
Point
Inner
Upper
Inner
Upper

Dose Rates (mSv/h)
Before

10
14.1
10
6.9

After
0.022
0.033
0.016
0.016

D.F.

455
427
625
431

5. CONCLUSION
The various applications of the new EMMAC soft

decontamination process, used by EDF since 1995, have
shown that it is a very effective tool and, at the same
time, is a very low corrosive process for the materials
that have been treated. The improved efficency,
compared to the previous EMMA process allowed us to
obtain good decontamination factors with only one cycle
instead of two. At the same time, changes in chemical
composition and waste treatment produced a large
reduction in the amounts of radioactive wastes generated.

Further improvements are still being sought.
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