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SUMMARY

Today, EDIF plants face a new release permit after a steam generators (SGs) wet lay-up, so that the legal
authorizations for wastes release to the environment, renewed or being renewed by the safety authorities, allow
smallest quantities of wastes than earlier. In this context, EDF studies the optimization of SGs lay-up conditions,
and especially of the hydrazine concentration, in order to reduce the liquid wastes releases to the environment,
while keeping low corrosion conditions. At the same time, EDF examines a treatment for hydrazine elimination in
liquid wastes before their releases.

An experimental study has been conducted in order to evaluate the efficiency of hydrazine to control materials
corrosion and of nitrogen gas phase to deaerate water. The consequences of lay-up conditions on carbon steel
corrosion has also been studied. T44e4eHowing-resultz-have-been obtaine :

> Under an air gas phase, at room temperature, the reduction of oxygen by hydrazine can occur at a
rate between 021 and 0.45 mg/kg per hour.

> Under an air gas phase, a hydrazine content greater than 180 mg/kg is needed to reach a significant
deaeration level [02 < 1 mg/kg).

> A nitrogen gas phase leads to a fast and efficient deaeration of the solution with or without hydrazine.
> Under an air gas phase, an initial content of hydrazine between 75 and 400 mg/kg induces a decrease

of the general corrosion rate of carbon steel by a factor 3 to 9 compared to the absence of hydrazine.
> Under a nitrogen gas phase, with or without hydrazine, carbon steel general corrosion is very low.
> The chemical conditions leading to a limited oxygen content (nitrogen gas phase or high hydrazine

content at 400 mg/kg) also lead to limited pitting.

The experimental study of SGs lay-up conditioning on corrosion studied by EDF R&D has confirmed that the
hydrazine concentrations which are nowadays noted in EDF Guidelines are fully justified. Tests have proved that
the amount of hydrazine injected should be proportional to the outage duration for the lay-up to be efficient.
Moreover, the hydrazine concentration at the end of outage should be greater than about 50-1 00 mg/kg to avoid
all risks of corrosion during lay-up. So, the hydrazine to inject can not be as low as expected.

The use of nitrogen in SGs lay-up is not ready for undertaking at EDF because of security issues, although it is
known that it could reduce significantly the hydrazine quantity and its subsequent release to the environment.

In the absence of an efficient alternative reagent, hydrazine remains necessary but implies a great care due to
its carcinogenic risks and to its toxicity for aquatic organisms. This choice implies studying a method for
hydrazine elimination before its release to the environment.

The hydrazine elimination from SGs lay-up wastes could be achieved within about one day, by adding about
700 to 800 liters of 30 % hydrogen peroxide solution to eliminate 100 kg hydrazine. Copper sulfate would have to
be added if copper is not present in the wastes the copper content in the wastes should be around 100 to
200 pg/kg for the reaction to be fast enough, which is consistent with the legal authorization for copper release to
the environment. The nuclear power plants would have to adjust the quantity of hydrogen peroxide to add to the
wastes to be treated, based on the quantity of hydrazine to eliminate, in order to avoid any excess of hydrogen
peroxide in the wastes at the end of the treatment, since this species is not allowed to be released to the
environment. Moreover, the hydrogen peroxide treatment should not have any significant impact on materials
corrosion.



INTRODUCTION

Today, EDF plants face a new release permit after a steam generators (SGs) wet lay-up, so that the legal
authorizations for wastes release to the environment, renewed or being renewed by the safety authorities, allow
smallest quantities of wastes than before.

In this context, EDF studies the optimization of SGs lay-up conditions, and especially of the hydrazine
concentration, in order to reduce the liquid wastes releases to the environment, while keeping low corrosion
conditions. At the same time, EDF examines a treatment for hydrazine elimination in liquid wastes before their
release.

This paper focuses on four points

0 The first point presents the SGs lay-up practice both in France and abroad, and the associated risks. In
France, the SGs lay-up guidelines theoretically depend on the type of materials present in the feed water train
and on the outage duration. They are globally respected but the constraints on hydrazine release may prevent
from achieving the best lay-up conditions.
Abroad, nitrogen is often used to preserve the SGs during outages, alone or together with hydrazine, and to
homogenize the lay-up solution. It can be noted that hydrazine is the chemical reagent used for the SGs lay-up,
but its concentration differs in all countries. At EDF, nitrogen is not used any more in SGs lay-up. Since
accidents happened in the past, in case it would be used again, important studies of the technical and
psychological impacts would be needed. As for hydrazine, it must be eliminated from liquid wastes before their
releases because of its toxicity for aquatic life and its carcinogenic risk for humans. Today, in the absence of
any alternative efficient reducing reagent, it remains obligatory for EDF but implies a careful handling.

0 Secondly, an experimental study has been conducted in order to determine the influence of hydrazine on
the aeration of the water and on the corrosion of carbon steels at room temperature over a period of 500 hours.
Various hydrazine contents (from to 400 mg/kg) have been tested under an air gas phase. The influence of a
nitrogen gas phase has been also studied. The average corrosion rate of carbon steel has been evaluated by
the weight loss technique and the maximum pit depth has been measured with an optical microscope.

* The third point presents, in view of preceding observations, the improvement of SGs lay-up, and especially
the impact of a nitrogen layer on the required hydrazine concentration and also on the wastes.

0 The fourth point presents hydrazine treatments for its elimination before release to the environment, based
on a literature survey, on French feedback from EDF nuclear power plants and on on-site tests. The corrosion
concerns associated with these treatments are also discussed. Eventually, the treatment involving hydrogen
peroxide injection, catalyzed by copper, was selected to be implemented on an industrial scale in EDF plants.

FRENCH AND FOREIGN PRACTICES FOR SGs LAY-UP

The SGs lay-up contributes to keep their integrity while minimizing during this phase the different types of
corrosion which could affect the components. It must also take into account the induced wastes released into the
environment and the impacts on radiological protection.

The principal modes of SGs lay-up are:
> Maintaining in the same conditions than during power operation,
> Sweeping of dry air
> Using a solution with a reducing agent which limits the effects of dissolved oxygen, and an amine to

obtain an optimum pH. Nowadays, only hydrazine presents sufficient efficiency as a reducing agent at
room temperature.

Dry lay-up has the advantage that it does not release wastes, but it must be implemented in hot conditions, while
keeping a low relative humidity. However, it is difficult to control the quality of dry air sweeping and sometimes
the temperature is too low to undertake a dry lay-up.

Wet lay-up allows less dosimetry because water acts as a biological screen. Knowing ahead the duration of
maintenance allows to adjust the quantity of hydrazine to inject because it is proportional to the outage duration.
Also, to be effective, this solution must be homogenized, which is not simple to achieve with a stagnant fluid.
Moreover, it is necessary to eliminate hydrazine in the wastes before they are released into the environment.

The technologies used in France and abroad to preserve SGs have been studied by EDF Central Laboratories.
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French practices

Today, in France, if the outage is shorter than a week, SGs are not opened. They stay full of feed-water and are
not drained before start-up. The presence or absence of copper in the feed-water train will influence the nature
of the chemical reagent for SGs lay-up. Only the nuclear plants without copper alloys in the feed-water train,
conditioned in operation with ammonia, can fill up the SGs with a hydrazine-ammonia mixture, with a hydrazine
concentration of 100 mg/kg and the ammonia concentration required to obtain a pH at 250C between 94 and
9.8. Other units, with copper alloys, conditioned in operation with morpholine, preserve the SGs with hydrazine
(20 mg/kg) for lay-up in view of obtaining a lower pH at 250C, between 92 and 95.

If the duration of outage is longer than a week but shorter than a month, a wet lay-up is implemented, either with
mixed ammonia-hydrazine with 200 mg/kg N H at 250C between 10.4 and 10.6), or all hydrazine with
400 mg/kg (pH at 25'C between 98 and 10.2).

If the duration of outage is longer than two weeks, a dry lay-up can also be considered.

In case of a refueling outage longer than one month, it is preferable to do a dry lay-up before sludge lancing and
at the time of hot draining. It happens that this practice is not undertaken before the lancing, because it is
sometimes considered as causing a hardening of sludge. Then, a wet lay-up with 200 mg/kg of hydrazine (pH at
250C between 10.4 and 10.6) is applied after the lancing.

Foreign practices

A comparative study of PWR secondary water chemistry guidelines of different countries, done by the Central
Laboratories of EDF in 2001, shows that nitrogen is often used in SGs lay-up either as a blanket which allows to
lower the concentration of hydrazine, or being sparged to homogenize the lay-up solution. Some of these
different practices are listed below:

> EPRI Guidelines (USA) [1]:
When the outage duration is longer than a week, a wet lay-up is undertaken at around 1500C, with a
concentration of hydrazine at least equal to 75 mg/kg. Nitrogen sparging allows the homogenization. Then a
nitrogen blanket is maintained over the water during the lay-up, if there is no maintenance into the SG.

> VGB' Guidelines (Germany) 2]:
When the outage duration is longer than ten days, the concentration of hydrazine is 30 mg/kg, which is low as
compared to other countries, since no nitrogen blanket is maintained in the SGs sky.

ASSOCIATED SANITARY AND ENVIRONMENTAL RISKS

Today at EDF, nitrogen is not used. The risks associated with nitrogen have been studied, and technical
recommendations have been written such as an immediate evacuation of the site if the oxygen pressure is
below 18% and also the mandatory wear of oxygen analyzer and a smelling tracer in nitrogen. In case nitrogen
would be used again, its economical, technical and psychological impacts would have to be evaluated in order to
identify the necessary actions for its undertaking (training, new technical reference, circuits verification and risks
analysis).

Since hydrazine is toxic for aquatic organisms, it has to be eliminated before release into the environment. For
humans, this product is toxic by inhalation and can cause cancer. Special attention must be taken such as using
a personal protective equipment and a leak-proof device for hydrazine transfer. It can be noted that it is during
lay-up periods that the quantity of hydrazine handled is the highest. Given the danger of hydrazine a decision
taken by the General Direction of EDF-GDF dated 18th June 1998, asks for the replacement of carcinogenic
substances whenever possible. Up to now, no other industrial substance responds to the need, and hydrazine
remains necessary in power plants.

Vereinigung des Grosskraftwerksbetreiber
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EXPERIMENTAL STUDY OF STEAM GENERATORS CONDITIONING ON CORROSION

The influences of the hydrazine content and of the nature of the gas phase on the corrosion of carbon steels
have been studied by EDF R&D in order to identify the optimal chemical conditioning for the SGs during outages.

Experimental procedure

Materials
Corrosion test specimens were prepared from a A37 carbon steel rod (0 45 mm x 3 mm). Specimens were
polished to a mirror like surface. Chemical composition of the different alloys (in wt%) are given in Tablel.

C P S N2

NF A 35-501 0,24 !5 0,055 0,055 0009
Table I Chemical composition (wt. %) of A37 (E24) carbon steel according to AFNOR standard.

Exoeriments
The corrosion tests were conducted at room temperature, in demineralized water added with ammonia to get to
a pH of 10. The experiments lasted for 500 hours 3 weeks). The influence of various initial hydrazine contents
and the effect of the nature of the gas phase (air or nitrogen) have been studied (Table2).

Studied parameter pH T (-C) Gas phase [N2H4] (mg/kg)
reference 10 Room temp. air 0

N2H4 10 Room temp. air 75
NA 10 Room temp. air 200
NA -1 0* Room temp. air 400

deaeration 10 Room temp. nitrogen 0
deaeration 10 Room temp. nitrogen 75

air bubbling -1 0* Room temp. air bubbling 400
pH obtained only by hydrazine at the beginning of the test.

Table 2 Different tested conditions

The experimental cell consists in a Pyrex cell containing a stainless steel grid upon which the specimens are
attached with a Teflon wire to avoid galvanic coupling. Since the chemical reaction between hydrazine and
oxygen may be catalyzed by the metallic surfaces, the "steel surface water volume" ratio of the testing cell has
been chosen close to that of a steam generator (Table 3.

Volume S vassivable alloys SN passivable alloys S carbon steel SN carbon steel
SG 1 00 to 155 M3 -4388 ml 283 A 434 cml/l 400 M2 26 i 40 cml/l
cell 2 487 cm' 244 cml/l 88 cm' 44 ml/l

Table 3 Metallic surface water volume ratio in a steam generator (SG) and in the corrosion cell.

Results

Evolution of the hydrazine content
The hydrazine content has been measured daily during each test (Figure 1). Under an air gas phase, the
hydrazine content decreases linearly with time at a rate close to 033 mg/kg/hr. When a nitrogen gas phase is
applied to. the test cell, the hydrazine content is constant during the experiment. These results show that
hydrazine reacts mainly with oxygen (reduction of oxides seems negligible) and the kinetics of the reaction is
noticeable even at room temperature.
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450 air gasp ase
400 - 200 mg/kg N2H4

350 - 0 Nair gas phase 

300 - 0 75 mg/kg N2H4
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50
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0 100 200 t (h) 300 400 500 400 mg/kg N2H4

Figure I Evolution of the hydrazine content with time, at room temperature, in water at pH = IO.

Evolution of the oxygen content
The evolution of the oxygen content with time is presented for each test in Figure 2 The initial oxygen content in
the water has not been imposed and varies between 2 and 6 mg/kg. We can observe the following behaviors:

1. Underanairgasphase:
> Without hydrazine, the oxygen content stabilizes between 4 and mg/kg near the saturation level at

room temperature (8 mg/kg).
> Injecting an initial hydrazine content of 75 mg/kg or 200 mg/kg is not enough to remove oxygen from

the solution and the oxygen content stabilizes between and 6 mg/kg after 500 hours.
> An initial injection of 400 mg/kg of N21-14 decreases and stabilizes the oxygen content under mg/kg.

2. Underanitrogengasphase,withorwithouthydrazine,theoxygencontentdecreasesrapidly(duringthe
first day) and stabilizes between 0.1 mg/kg and 07 mg/kg.

6 air gas phase;
400 mg/kg N2H4

air gas phase 

4 200 mgfkg N2H4
air gas phase

E 3 75 mg/kg N2H4

ET I X air gas phase
Si 2 without N2H4

1 A --- N2 gaz phase;A 75 mg/kg N2H40: 2- A ....... -A
0 b "'O --------------- 01 -- O--N2gasphase;

0 100 200 t (h) 300 400 500 without N2H4

Figure 2 Evolution of the oxygen content in the water with time,
hydrazine content and nature of the gas phase.

Figure 3 presents the evolution of the oxygen content in the water as a function of the residual hydrazine
concentration. It shows that a minimum hydrazine content of respectively 75 or 180 mg/kg is needed to obtain a
level of dissolved oxygen under respectively 2 or mg/kg. The other way of reaching a low level of dissolved
oxygen is to apply a nitrogen gas phase. In this second case, an additional hydrazine injection is not needed.

5



6 air gas phase
400 mg/kg N2H4

5
Nair gas phase

4 200 mg/kg N2H4

Nair gas phase
E 3 - 75 mg/kg N2H4

2 - *air gas phase
without N2H4

1 * N2 gas phase;

0 75 mg/kg N2H4

0 50 100 150 200 250 300 350 400 0 N2 gas phase;
[N2H4] (mglkg) without N2H4

Figure 3 Evolution of the oxygen content in the water with the hydrazine concentration
(air gas phase: full marks nitrogen gas phase: empty marks).

Influence of the hydrazine content on the carbon steel corrosion in the Oresence of an air _as hase
In the presence of an air gas phase, the corrosion starts always quickly (during the first day). Corrosion pits are
firstly observed and then the general corrosion starts to cover a more or less important surface of the
specimens, depending on the chemical conditions of the experiments. The average corrosion rate has been
determined by the weight loss technique. In the case of an air gas phase, the following results have been
obtained 

• Without hydrazine the corrosion rate is important 90 pm/yr.
• With an addition of hydrazine 75 to 400 mg/kg), the corrosion rate decreases by a factor 3 to 9.

The corrosion rate obtained in water without hydrazine is more important than what can be expected over a long
period in slightly alkaline aerated water at 250C (- 12 pm/yr after 6 months) 3]. This is probably due to the short
duration of the experiments 3 weeks) which may not allow the carbon steel to reach its passive state.
Nevertheless, these results evidence a beneficial effect of hydrazine on corrosion (average corrosion rate
smaller than 30 pm/yr) which is consistent with results obtained by Framatome-ANP in similar conditions
(- 40 pm/yr) 4].
Figure 4 which compiles these results, shows that the corrosion rate decreases to a constant value when the
hydrazine concentration is greater than about 50-1 00 mg/kg.

100 

90 k
8 -

Z'
E 70 -
=L Framatome-ANP 4]

60 -
50 
40 -.2

2 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0 20 -O
10 I lk
0 � � I I I

0 50 100 150 200 250 300 350 400 450
jN2H4] (mglkg)

Figure 4: Evolution of the corrosion rate with the hydrazine content 25 C pH =10 aerated conditions)

Influence of a nitrogen -clas phase on the carbon steel corrosion
Under a nitrogen gas phase, the corrosion starts during the first day (few pits and not extended corrosion zones)
but grows very slowly during the rest of the tests. The evaluation of the average corrosion rate by the weight loss
technique indicates an average corrosion rate lower than 3 pm/yr. This very low value is consistent with data
from Framatome-ANP 4 and with the result of an empirical law proposed in the literature 3 for general
corrosion of carbon steels in deaerated conditions ( 2 pm/year).
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Adding 75 mg/kg of hydrazine does not change the corrosion rate of the carbon steel in these anoxic conditions.
This is consistent with the oxygen values which are similar in both conditions and with the lack of hydrazine
consumption which proves that the deaeration of the solution is only due to the nitrogen gas phase.

Influence of the hydrazine content and of the -gas phase nature on t
The oxygen plays a major role in the mechanism of pitting. It influences greatly both initiation and propagation of
the pits. Therefore, the chemical conditioning of the SGs during outages can greatly affect this type of corrosion.
To evaluate the consequences of the environmental conditions on localized corrosion, the maximum pit depth
has been measured on each specimen after the tests.

In fairly aerated conditions (air gas phase and initial hydrazine content between and 200 mg/kg), pitting is
rather severe the pits are numerous and can reach 130 to 250 pm in depth depending on the environmental
conditions. In this case, oxygen is always present and pits can initiate and grow during all the duration of the test.
In partially deaerated conditions (air gas phase and 400 mg/kg hydrazine), the pits are still numerous but they
are much smaller (less than 30 pm). They initiate and grow during the beginning of the test when the oxygen
level is high, after what they stop initiating and growing. Since this stage lasts about 100 hours, many pits can
initiate but they do not grow very much.

Finally, in deaerated conditions (nitrogen gas phase), the pits are quite seldom and small (less than 50 pm) As
described just before, the pits initiate and grow during the beginning of the test when the oxygen is present, but
in that case, the duration of this stage is very short and only few pits have been initiated.

IMPROVEMENTS AND PERSPECTIVES

Today, in the absence of an alternate reagent, hydrazine has to be used in EDF plants, implying severe attention
because of its carcinogenic risks and of its toxicity for aquatic life. Hence, it was important that the tests
performed by EDF-R&D confirm the efficiency of the hydrazine concentrations that are today specified for long
outages. They could also confirm that EDF chemical specifications for SGs wet lay-up were relevant.

Figure 4 shows that the corrosion rate starts increasing when the hydrazine concentration gets below
50-100 mg/kg. In Figure 5, initial hydrazine concentrations to be injected at shutdown have been extrapolated as
a function of the outage duration. The figure has been established for a final assumed value of 100 mglkg. In
this case, the initial hydrazine concentration could be 

• For a SGs wet lay-up conditioning duration between I and 2 weeks: [N2H4] initial = 250 mg/kg.

• For a SGs wet lay-up conditioning duration between 2 and 3 weeks: [N2H4] initial = 330 mg/kg.
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Figure 5 : Evolution of the hydrazine concentration with time (pH=10, 25'C), in aerated conditions -
Determination of the initial hydrazine content as a function of the outage duration

These results should contribute to optimize, from an environmental point of view, the chemical specifications
which will have to take into account other constraints such as the type of maintenance actions, the different
components and possible unscheduled actions. According to Figures and and assuming a final hydrazine
concentration of 50-1 00 mg/kg, two cases for SGs wet lay-up can be considered 

> Without nitrogen use, SGs wet lay-up depends on the time period during which the materials and the
conditioning reagent are in contact:

• If the outage duration is between 2 and 3 weeks, SGs would be filled with auxiliary feedwater
conditioned with N2H4, between 280 and 330 mg/kg.

• If the outage duration is between and 2 weeks, the hydrazine concentration could be lower,
between 200 and 250 mg/kg N2H4-

• If the outage duration is shorter than one week, and if the SGs are not opened, the water in
them could be considered as deareated and the hydrazine concentration could be lowered
below 50-1 00 mg/kg.

> If the SGs lay-up is performed with a nitrogen blanket, the conditioning reagent concentration could be
lower than 50-1 00 mg/kg N2H4 

These experimental studies have shown that, in the absence of an efficient alternative reagent, hydrazine
remains necessary because the use of nitrogen in SGs lay-up is not ready for undertaking at EDF according to
security issues. To be efficient, the amount of hydrazine injected for the lay-up should be proportional to the
outage duration and it should be greater than about 50-100 mg/kg at the end of the outage to avoid all risks of
corrosion. So, the hydrazine to inject can not be as low as expected. Hence, it is necessary to study a treatment
to eliminate hydrazine before its release to the environment.
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HYDRAZINE ELIMINATION BEFORE RELEASE

In EDF plants, the quantities of hydrazine allowed to be released to the environment are being reduced. So, EDF
considers eliminating this species from the wastes before their release. The study concerns the elimination of
hydrazine from SGs wet lay-up wastes, since wet lay-up represents the most important quantity of hydrazine
used in the French nuclear plants contents up to 400 mg/kg N2H4 can be used for SGs wet lay-up, whereas
during operation the hydrazine concentration in the secondary system should not exceed 1 00 pg/kg in plants free
of copper alloys. Considering a wet lay-up content of 300 mg/kg N2H4, the quantity of hydrazine in the SGs is
about 100 kg, which is inconsistent with the maximum quantity allowed to be released: for example, some
French plants cannot release more than 75 kg N2H4after an outage. The removal of hydrazine from the wastes
before their release to the environment must prevent the French plants from exceeding the maximum quantities
allowed to be released. It could also participate in decreasing plants unavailability. This treatment should allow
the concentration of hydrazine to decrease from about 300 mg/kg to a few mg/kg in less than 72 hours. It should
also be possible to implement the treatment in the French nuclear power plants without significant or costly
modifications.

Possible treatments

Industrial treatments for hydrazine elimination and their feasibility in nuclear power plants were studied. Several
treatments seemed possible to eliminate hydrazine from nuclear liquid wastes reaction of hydrazine on oxygen
at room temperature or at hot temperature, on bleach or derived chemicals (i.e. Ca(CIO)2), on hydrogen
peroxide, on ferric chloride, on catalyzed charcoal or catalytic resins. However, the reaction of hydrazine on
bleach or derived chemicals or on ferric chloride needs very big quantities of chemicals which are not easy to
handle and are inconsistent with the maximum quantities of chloride allowed to be released to the environment.
Moreover, even though the reaction of hydrazine on oxygen seems fast at hot temperature (about 500C), heavy
and costly modifications would be necessary to implement this treatment in nuclear power plants. Hydrazine
elimination on catalyzed charcoal or on catalytic resins would be expensive and big volumes of charcoal or
resins would be necessary to treat the big quantities of hydrazine from SGs wet lay-up hence, this treatment
seems more feasible to remove hydrazine from the wastes produced during operation than during outages,
since in that case the quantities of hydrazine are much smaller.

Thermal cracking of hydrazine at startup directly in the SGs was also studied. However, it would generate
uncontrolled gaseous releases to the environment, particularly of ammonia, which are not consistent with the
legal authorizations. Hence, this treatment cannot be implemented in French nuclear power plants.

Hence, only the following treatments were selected for further investigations catalyzed reaction of hydrazine on
oxygen at room temperature and reaction of hydrazine on hydrogen peroxide, potentially catalyzed. The
advantages of these treatments are that they produce nitrogen only, without significant by-products. Moreover,
they can be implemented directly in the wastes tanks, without important modifications. Their drawback is the
release of catalysts if they are needed to enhance the reaction kinetics to achieve the treatment within 72 hours 
however, the literature data show that copper seems to be the most efficient catalyst, with concentrations
consistent with the maximum quantities of copper allowed to be released to the environment. Another drawback
is related to the use of hydrogen peroxide, since safety issues appear for handling and storage.

Feedback from French nuclear power plants

Some French plants tried different treatments to reduce the hydrazine content in their liquid wastes. In one case,
300 M3 of SGs wet lay-up wastes were treated by air sparging into a wastes tank at room temperature. The
hydrazine content decreased from 1 00 to 4 mg/kg in four days, with no catalyst added. To enhance the reaction,
a catalyst can be added to the wastes: some French plants add copper sulfate up to 07 to mg/kg. This
treatment is easy to implement in nuclear plants, but it usually takes more than 72 hours, and the kinetics of the
reaction seems to depend on the wastes composition.

In another case, the SGs wet lay-up wastes were treated by a 30 % hydrogen peroxide solution added into a
wastes tank at room temperature. The hydrazine content decreased from 250 mg/kg to few mg/kg in about one
day, using 700 liters H202-



EDF laboratory feasibility tests

EDF conducted laboratory tests to assess the efficiency of three treatments for hydrazine elimination in media
typical of SGs wet lay-up wastes: air sparging in the presence of copper sulfate (catalyst), hydrogen peroxide
addition without catalyst, and hydrogen peroxide addition in the presence of copper sulfate (catalyst).

Dynamic tests were performed on 400 liters of hydrazine solution, which was re-circulated into the test-loop
(Table 4 The results show a very slow kinetics of the air sparging treatment, inconsistent with the 72 hours
maximum allowed. However, the H202 treatment seems to meet the requirements, even though the kinetics of
the reaction is not so fast.

Treatment Initial NA NH3 Morpholine CUS04 Results
(mg/kg) (mg/kg) (mg/kg) (mg/kg)

Air sparging 400 100 5 2 N2H4 - 233 mg/kg after 35 hours of air sparging
at 500 I/h

H202 354 0 5 0 N2H4 - 2 mg/kg after 47 hours and the addition
addition , I I I I of 700 ml H202 30 % (50 ml after 50 ml)

Table 4 Dynamic laboratory tests results

To try to improve the kinetics of the H202 treatment, static laboratory tests were conducted, adding 0.5 ml of
30 % H202 on 500 ml hydrazine solutions. It appeared that the kinetics of the reaction of hydrazine on H202

could be significantly increased by adding a small amount of copper sulfate as a catalyst (Figure 6.

180

160 --- --------------- --------------- --------------- ------------

140 -------------------------- I ------------

120 ---------- --------------- ------------E

.2 100 --- --------------- --- ---------- --

N2H4 + 5 mglkg morpholine + 82 mgtkg 

0 80 - - ------------- ------ ------------o N2H4 + 5 mglkg morpholine 82 mg/kg 

C N2H4 + 5 mg/kg morpholine
60 - ---------- ------ ------------

N2H4 mg/kg morpholine + 1 00 mg/kg NH3
'N,

N2H4 + 5 mglkg morpholine + 50 pglkg CuSO4
4.0 N2H4 mg/kg morpholine I pg/kg CuSO4 ------------

N2H4 + 5 mg/kg morpholine + 500 pglkg CuSO4
20 - - - - - - - - - - - - - - - - - -

- N2H4 mglkg morpholine I 0 pg/kg CuSO4

N2H4 + 5 mg/kg morpholine + 2000 pgtkg CuSO4

0:00 5:00 10:00 15:00 20:00

Time (hours)

Figure 6 Static laboratory tests results

There also seems to be a threshold copper sulfate concentration around 500 pg/kg in the solution to be treated,
above which the kinetics is not enhanced any more. Hence, the optimized quantity Of CUS04 to be added seems
to be around 500 pg/kg, enabling a decrease from 160 to 10 mg/kg N21-14 in less than 4 hours on small volumes.
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EDF on-site feasibility tests

From the laboratory feasibility tests, its seems that the hydrazine used for SGs wet lay-up could be best
eliminated from the liquid wastes by adding hydrogen peroxide directly into the wastes tanks. Hence, EDF
carried out two on-site tests, in Paluel and Flamanville, to optimize this treatment on an industrial scale and on
real wastes representative of those produced after SGs wet lay-up during outages (Figure 7.

In Paluel, the hydrogen peroxide treatment began without any catalyst addition, but copper was initially present in
the wastes 107 pg/kg). The hydrazine concentration decreased from about 300 to 150 mg/kg with the addition
of 580 liters of a 30 % hydrogen peroxide solution in 18 hours. Then, to try to catalyze the reaction, copper
sulfate was added, up to 500 pg/kg (# 200 pg/kg Cu); the kinetics seemed to increase instantly but it soon
slowed down again. Overall, it took about 28 hours and M3 of hydrogen peroxide to treat 120 kg N2H4 

In Flamanville, the hydrogen peroxide treatment started without catalyst (no catalyst added and copper was
below detection limit in the wastes), and the hydrazine concentration remained stable even after 400 liters H202

had been added. The hydrogen peroxide concentration measured in the wastes showed that no reaction
occurred on hydrazine. Then, the hydrogen peroxide addition was stopped and copper sulfate was added, up to
500 pg/kg, as a catalyst; the reaction started instantly. No hydrogen peroxide was added again, but the
hydrazine concentration decreased rapidly from 1 1 0 mg/kg to less than mg/kg in about 3 hours.

350 - I I -
Initial test conditions

Paluel I

Flannanv�ilie� Paluel FlarnanvilleL
300 - - - - - - - - -- - - - - - -- - - - - - Wastes volume 4) 391 520

pH 25'C 9,0 8,4

Temperature C) 16 23

250 - - - - - - Suspended solids (mg/kg) < 2 2

< 1 5'7-1 < Detection LimitE Copper (pg/kg)

C
0

200 -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I - - - - - - - r- - - - - - -- - - - - - - -------

150 I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - -
........... I...

........... ......

>� 100 - - - - - - - L --------
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CuSO4 addition

to 500 pgfkg

0 - i i
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Hydrogen peroxide added volume (liters)

Figure 7 On-site tests results

From these results, it appears that a minimum copper sulfate concentration is needed for hydrazine to react with
hydrogen peroxide in environments representative of steam generators wet lay-up wastes. A copper
concentration of 1 00 pg/kg or 200 pg/kg seems enough to enhance the reaction kinetics; such a low
concentration is consistent with the legal authorization for copper release to the environment.

Corrosion concerns

The corrosion risks associated to the implementation of the hydrogen peroxide treatment in the wastes tanks
was assessed. In EDF plants, wastes systems are composed of various materials stainless steels, carbon or
low alloy steels, cast iron, coated concrete, composites. The study was completed for the following medium pH
between 5.5 and 10.6 at 25 C', redox potential between 20 and 130 mV/SHE (range based on measurements
performed during EDF laboratory and on-site tests), mg/kg C-, 21 mg/kg S04 ., 5.5 mg/kg CU2+ , 8 mg/kg
dissolved 02, 80 mg/kg dissolved H202, at a temperature between 10 and 400C. Overall, it was deduced from



the results that the hydrogen peroxide treatment should not have any significant impact on the materials
corrosion (general corrosion, localized corrosion nor stress corrosion cracking).

Perspectives

The hydrogen peroxide treatment could be used by French nuclear power plants in order to eliminate the
hydrazine from the wastes produced by steam generators wet lay-up during outages, before they are released to
the environment. The treatment could be achieved within about one day, by adding about 700 to 800 liters of
30 % hydrogen peroxide solution to eliminate 1 00 kg hydrazine. Copper sulfate would have to be added if copper
is not present in the wastes the copper concentration in the wastes should be around 100 to 200 pg/kg for the
reaction to be fast enough, which is consistent with the legal authorization for copper release to the environment.
The nuclear power plants would have to adjust the quantity of hydrogen peroxide to add to the wastes to be
treated, based on the quantity of hydrazine to eliminate, in order to avoid any excess of hydrogen peroxide in the
wastes at the end of the treatment, since this species is not allowed to be released to the environment.
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CONCLUSION

An experimental study has been conducted in order to evaluate the efficiency of hydrazine to control materials
corrosion and of nitrogen gas phase to deaerate water. The consequences of lay-up conditions on carbon steel
corrosion has also been studied. The following results have been obtained 

> Under an air gas phase, at room temperature, the reduction of oxygen by hydrazine can occur at a
rate between 021 and 045 mg/kg per hour.

> Under an air gas phase, a hydrazine content greater than 180 mg/kg is needed to reach a significant
deaeration level 02 < 1 mg/kg).

> A nitrogen gas phase leads to a fast and efficient deaeration of the solution with or without hydrazine.
> Under an air gas phase, an initial content of hydrazine between 75 mg/kg and 400 mg/kg induces a

decrease of the general corrosion rate of carbon steel by a factor 3 to 9 compared to the absence of
hydrazine.

> Under a nitrogen gas phase, with or without hydrazine, the general corrosion of carbon steel is very
low.

> The chemical conditions leading to a limited oxygen content (nitrogen gas phase or high hydrazine
content at 400 mg/kg) also lead to limited pitting.

The experimental study of SGs lay-up conditioning on corrosion studied by EDF R&D has confirmed that the
hydrazine concentrations which are nowadays specified in EDF Guidelines are fully justified. Tests have proved
that the amount of hydrazine injected should be proportional to the outage duration for the lay-up to be efficient.
Moreover, the hydrazine concentration at the end of outage should be greater than about 50-100 mg/kg to avoid
all risks of corrosion during lay-up. So, the hydrazine to inject can not be as low as expected.

The use of nitrogen in SGs lay-up is not ready for undertaking at EDF according to security issues, although it is
known that it could reduce significantly the quantity of hydrazine for lay-up and its subsequent release to the
environment.

In the absence of an efficient alternative reagent, hydrazine remains necessary but implies a great care due to
its carcinogenic risks and to its toxicity for aquatic organisms. This choice implies studying a method for
hydrazine elimination before its release to the environment.

The hydrazine elimination from SGs lay-up wastes could be achieved within about one day, by adding about
700 to 800 liters of 30 % hydrogen peroxide solution to eliminate 100 kg hydrazine. Copper sulfate would have to
be added if copper is not present in the wastes the copper concentration in the wastes should be around 1 0 to
200 pg/kg for the reaction to be fast enough, which is consistent with the legal authorization for copper release to
the environment. The nuclear power plants would have to adjust the quantity of hydrogen peroxide to add to the
wastes to be treated, based on the quantity of hydrazine to eliminate, in order to avoid any excess of hydrogen
peroxide in the wastes at the end of the treatment, since this species is not allowed to be released to the
environment. Moreover, the hydrogen peroxide treatment should not have any significant impact on materials
corrosion.
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