
FRO301234
*DE01�26�4'602+

SECONDARY WATER TREATMENT OPTIMIZATION IN FRENCH PWRs:
RECENT WAYS OF INVESTIGATION POLICY

L. MILLET, F. SERRES - ELECTRICITE DE FRANCE - GROUPE DES LABORATOIRES
D. VERMEEREN - ELECTRICITE DE FRANCE - GROUPE INGENIERIE PROCESS

D. MOREAUX - ELECTRICITE DE FRANCE - GROUPE ENVIRONNEMENT

SUMMARY

In a first part, this paper describes the ways of investigation recently carried out by EDF to try to optimise the
secondary water treatment: Ethanolamine and Carbohydrazide studies.

The possibility of using ethanolamine (ETA) in replacement of morpholine and ammonia has been studied in
1998 and 1999 by means of a theoretical approach and a test on the unit 2 of Saint-Alban. After a test with ETA
treatment during one fuel cycle, it appears that this is a viable alternative to morpholine. The main advantages of
ETA versus morpholine are a lower release of nitrogen compounds to the environment, due to a higher alkalinity
and thus a lower molar concentration, a better protection of SG internals and IVISR drains to Flow Assisted
Corrosion, due to a lower partition coefficient and thus a higher concentration in liquid phase, a lower generation
of organic acids, due to a higher thermal stability and a trend to slightly limit insoluble ferric iron proportion in
steam generators. The main disadvantages of ETA versus morpholine are a lower protection of feedwater train
against copper corrosion and against Flow Assisted Corrosion.

Because of the carcinogenic properties of hydrazine with regard to human health and of its noxious effects with
regard to aquatic environment, EDF studied in 1999 and 2000 the possibility to use carbohydrazide (CBH in
replacement of hydrazine by means of tests in laboratory, in the context of SG conditioning during plant lay-up.
The conclusions are that using CBH in replacement of hydrazine does not seem to present any interest. Indeed,
it appears necessary to use a CBH mass content around 20 times higher than hydrazine to get a dissolved
oxygen reduction rate equivalent to the usual hydrazine conditioning. Thus, the use of CBH would induce an over
cost and would also lead to release a weight concentration 20 times higher in the environment. The perspective
of using CBH for conditioning the secondary circuit during operation does not seem of interest anymore because
it mainly decomposes versus temperature in hydrazine and ammonia. In addition, in absence of comprehensive
studies, CBH carcinogenic innocuousness has not been proved.

In a second part, this paper presents the secondary water treatment policy established in 2000 to reach the
best compromise to minimize the several types of corrosion of PWRs materials, to limit waste impacts on the
environment, to protect workers health and to reduce operation and maintenance costs.

Concerning the pH amine control, EDF recommends using morpholine and maintaining the feedwater pH at
25'C in the specified pH range [9.1 - 9.3] for plants with copper alloys and in the specified pH range [9.6 - 9.8]
for plants without copper alloys. But if Flow-Assisted Corrosion is observed in wet steam areas, EDF is planning
to switch from morpholine to ETA conditioning in order to mitigate it.

Concerning the reducing reagent, EDF recommends using the adequate hydrazine content depending on the
presence or not of copper alloys. The specified target value is higher than 10 ppb for plants with copper alloys
and is between 50 ppb and 1 00 ppb for units without copper alloys.

The additional use of boric acid is strictly limited to steam generators with 600 MA tubes and only in the case of
significant corrosion, to try to mitigate secondary side corrosion of SG tubing.



1. INTRODUCTION

In French nuclear power plants, the secondary water conditioning is essentially based on the use of a volatile
amine and a reducing reagent. The additional use of a corrosion inhibitor is limited to units with secondary side
corrosion of Alloy 600 MA SG tubes.

The main aim of secondary water treatment optimisation is to achieve the best compromise as follows:

• to minimize the different types of corrosion of the different PWRs materials (copper corrosion, flow assisted
corrosion, SG fouling and secondary side corrosion),

• to reduce operation and maintenance costs (short term and long term),

• to minimise the impacts on the environment,

• to protect workers health.

In a first part, this paper describes the studies recently carried out to try to optimise the secondary water
treatment in French PWRs. They concern the possibility to use ethanolamine (ETA) in replacement of
morpholine and ammonia and the possibility to use carbohydrazide (CBH) in replacement of hydrazine.

In a second part, this paper presents the French secondary water treatment policy established in 2000, which is
depending on the presence or not of copper alloys.

2. ETHANOLAMINE STUDY

2.1. Context

Up to 1983, EDF made the choice of conditioning the secondary water circuit of PWRs units with ammonia since
it is easy to implement, with a long experience, known characteristics, absence of decomposition products and
low cost. pH in final feedwater was maintained at 92 at room temperature to avoid ammonia corrosion of copper
alloys tube bundles of condensers and low-pressure reheaters.

In 1983, EDF took the decision to switch all the units with copper alloys to morpholine treatment to get a better
protection of carbon steel materials against flow accelerated corrosion. For units with copper alloys, pH in final
feedwater was maintained at .2 at room temperature to avoid ammonia corrosion of condensers and low-
pressure reheaters. Concerning units without copper alloys, EDF has recommended to use morpholine
treatment and to aim a pH around 96 at room temperature in final feedwater to limit the risk of flow accelerated
corrosion and to minimize the transport of corrosion products from feedwater plant to SG [1 ].

As of January 2002, morpholine treatment at pH 96 is implemented on 28 French units without copper alloys,
morpholine treatment at pH 92 is used on 22 units still having copper alloys and ammonia treatment at pH 97 is
still applied in sea water cooled units without copper alloys.

In 1998 and 1999, EDF has performed a test with ethanolamine (ETA) treatment, largely used in other countries,
on the unit 2 of Saint-Alban during one fuel cycle, to determine if its use could present an interest for French
plants with regard to morpholine and ammonia 2].

2.2. Instrumentation

The unit 2 of Saint-Alban (SAL 2) has copper alloys and usually operates with a morpholine treatment at pH 92,
with a mean hydrazine concentration of 10 ppb and a mean ammonia concentration of 0.1 ppm.

During the test, SAL 2 was specially instrumented at feedwater (FW), steam generator blowdown (SGBD),
moisture separator reheater system (MSRS) drains and main steam system (IVISS) levels.

A comparison of ETA and morpholine treatments at pH 92 was done with regard to different secondary system
physical and chemical parameters pH, arnine partition, cationic conductivity, dissolved copper content,
quantities and composition of total suspended solids, SGBD cationic resins efficiency, global operating cost and
releases in environment.
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2.3. Effect of Amines; on cycle pHt - Relationship with flow assisted corrosion rate

A comparison of morpholine and ETA concerning average amine concentrations, average pH at temperature
(pHt) calculated with Multeq code and average soluble iron concentration at temperature ([Fe' ]t) calculated with
Sweeton&Baes relation, at feedwater, steam generator blowdown and moisture separator drains levels, is shown
in table .

Then a relationship has been established with the flow assisted corrosion rate of carbon steel, directly related to
the pHt of liquid plant streams. The highest the pHt, the lowest the iron solubility and the lowest the flow assisted
corrosion rate.

Morpholine pH control ETA pH control

FW Amine (ppm) 4.9 (pH25-C 920) 0.8 (pH25-C 920)

FW pHt(Multeq) 6.2 6.0

FW [Fe 2+]t (ppb) 1.5 2.4

SGBD Amine (ppm) 4.3 2.1

SG BID pHt (Mu lteq) 5.9 6.0

SGBID [Fe 2+]t (ppb) 1.4 1.1

MSRS Amine (ppm) 5.5 3.8

MSRS pHt(Multeq) 6.5 6.7

MSRS [Fe 2+ ]t (ppb) 2.5 1.5

Table 1 : Arnine partition, pHt and [Fe 2+]t in SAL 2 secondary system

The pHt achieved in the moisture separator drains and in steam generator blowdown is higher with ETA than
with Morpholine. So a better protection of SG internals and MSRS drains to flow assisted corrosion is expected
with ETA, due to the lower partition coefficient and thus a higher concentration in liquid phase.

The feedwater pHt however, is slightly higher with Morpholine than with ETA. So a lower protection of feedwater
train against flow assisted corrosion is expected with ETA.

2.4. Effect of Amines on cycle insoluble Iron - Potential relationship with SG fouling

A comparison of morpholine and ETA concerning average insoluble iron concentration and composition
(Mossbauer spectroscopy method), at feedwater, steam generator blowdown and moisture separator drains
levels, is shown in table 2 below.

Morpholine pH control ETA pH control

FW insoluble Iron (ppb) 3 5

FW Magnetite 61 67

FW Hematite other ferric oxides 38 33

SGBD insoluble Iron (ppb) 4 1 1

SGBID Magnetite 82 37

SGBD Hematite + other ferric oxides 14 10

MSRS insoluble Iron (ppb) 2.6 1.3

MSRS Magnetite 55 79

MRS Hematite + other ferric oxides 45 21

Table 2 Insoluble iron concentration & composition in SAL 2 secondary system

At FW level, both ETA and morpholine treatments lead to equivalent insoluble iron concentrations. But, the pHt
achieved in feedwater is slightly higher with Morpholine than with ETA (Table 1). So, given the other parameters,
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a slightly lower quantity of sludge is expected in steam generators with Morpholine, due to a lower solubility of
iron in feedwater train.

On the contrary, the iron oxide proportion under the ferric form (Fe 3), considered to contribute to enhancing
secondary side corrosion of SG tubes, is sligthly lower with ETA than with Morpholine in steam generator
blowdown as well as in feedwater train or in moisture separator drains, for equivalent hydrazine (=10 ppb) and
oxygen ( 2 ppb) concentrations in feedwater train. So a lower noxiousness of iron oxides is expected with ETA,
due to a lower oxidation level.

Both ETA and morpholine treatments lead to equivalent insoluble iron concentrations at MRS levels. On the
contrary, ETA leads to a higher insoluble iron concentration at SGBD level.

It seems that a given amine used for pH control can have two effects, sometimes contradictory, with regard to
SG fouling. On one hand, according to surface chemistry and loop studies, a specific amine may have an
influence on the tube bundle deposition and lead to a more or less important deposition rate 3]. On the other
hand, the same specific amine may lead to obtain a more or less elevated pHt in feedwater and thus to a more
or less elevated corrosion rate of carbon steel, which is a key factor for SG fouling.

2.5. Effect of Arnines on cycle dissolved Copper - Relationship with copper corrosion rate

The table 3 below shows a comparison of morpholine and ETA concerning the soluble copper concentration at
feedwater level. Then a relationship has been established with the copper corrosion rate.

Morpholine pH control ETA pH control

FW soluble Copper (ppb) < 03 < 

Table 3 soluble copper concentration in SAL 2 feedwater plant

The feedwater soluble copper content is slightly higher with ETA than with Morpholine. Therefore, both ETA and
morpholine treatment lead to acceptable soluble copper concentrations with regard to the secondary water
chemistry specifications (FW target value < 2 ppb). So a good protection of feedwater train against copper
corrosion is expected with either a morpholine or an ETA conditioning.

2.6. Effect of Amines on cycle cationic conductivity - Relationship with organic acid production

A comparison of morpholine and ETA concerning average cationic conductivity (CC), at feedwater, steam
generator blowdown, main steam system and moisture separator drains levels, is shown in table 4 below. Then
a relationship has been established with organic acid production, due to the thermal decomposition of organic
arnines.

Morpholine pH control ETA pH control

FW CC ([tS/cm) 0.18 0.12

SGBD CC (gS/cm) 0.36 0.28

MSS CC gs/cm) 0.13 0.12

MSRS CC (RS/cm) 0.64 1 0.47

Table 4 Cationic conductivity at room temperature in SAL 2 secondary system

Decreases in cationic conductivity are systematically observed in FW, SGBD, MSS and MSRS samples after
conversion from morpholine to ETA pH control for an equivalent oxygen concentration ( 2 ppb) and for an
equivalent anionic pollution during the tests.

So ETA thermal stability appears to be superior to morpholine since it seems to produce a lower proportion of
organic acids.

Therefore, both ETA and morpholine treatments lead to acceptable cationic conductivities with regard to the
secondary water chemistry specifications (SGBD target value < 0.5 ltS/cm - MSS target value < 0.2 gS/cm).
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2.7. Effect of Amines on SGBD cationic resins lifetime - Relationship with operating costs

EDF PWRs have recirculating steam generators and blowdown demineralizers. They use qualified nuclear grade
resins only and do not regenerate them to avoid any risk of contamination in secondary system as well as in
nuclear auxiliary or primary systems 4].

0
SGBID resins are maintained in operation after exhaustion with the conditioning reagent and are replaced when
sodium leakage from SGBD dernineralizers is higher than 2 ppb.

A comparison of morpholine and ETA concerning resins lifetime in hydrogen and amine forms is shown in table
5 below. Then a relationship with operating costs has been established according to the fact that since ion
exchange resins from SGBD systems have been considered as radioactive waste, efforts are more and more
important to reduce the frequency of replacement and to get significant cost savings.

Morpholine ETA

Lifetime of macroporous or gel cationic resins in hydrogen form (months) 2 3.5

Total lifetime of macroporous cationic resins converted to the amine form (months) 14 14

Total lifetime of gel cationic resins converted to the amine form (months) < 10 8

Table 5: Lifetime of SAL 2 SGBD cationic resins

The lifetime of cationic resins in hydrogen form is higher with ETA than with morpholine. On the contrary, the
global lifetime of cationic resins is equivalent for both amines.

Global lifetime however, is higher with macroporous resins than with gel resins with either a ETA or a morpholine
treatment. So, the use of macroporous resins with regard to gel resins contributes to reduce operating costs.

2.8. Effect of Amines on releases to the environment

ETA seems to be a viable option, as compared to morpholine, with regard to environment impact and human
health. The mass of amine releases to the environment is around twice as low with ETA as with morpholine. It is
due to a higher alkalinity and thus a lower molar concentration of ETA in feedwater.

The use of morpholine and ETA for the secondary system conditioning complies with the environment
protection.

The use of morpholine is already permitted by the release licenses. Authorisations for ETA release is going to be
requested for all the future license renewals and EDF expects to obtain authorisations for two plants in 2002.

2.9. Effect of Amines on global operating cost

Operating costs induced at SAL 2 by amines and resins purchase and by resins incineration treatment have
been estimated equivalent for the both conditionings since the resins global lifetime is the same with either ETA
or morpholine treatment. It is important to note that using macroporous resins with regard to gel resins
contributes to reduce operating costs.

3. CARBOHYDRAZIDE STUDY

3.1. Context

Hydrazine has been used as a reducing reagent in French PWRs secondary circuit since the commissioning of
the units. It is used for SG wet lay-up conditioning and for secondary system conditioning during normal
operation. Its role is to maintain an environment reducing enough in the secondary circuit in order to try to
minimise the occurrence and progression of secondary side degradation of SG tubing.

Although, because of the carcinogenic properties of this compound with regard to human health and of the
noxious effects with regard to aquatic environment, EDF took the decision to search for an alternative product to
hydrazine of same or better efficiency and of minor toxicity.
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A preliminary survey of international literature made in 1997 by EDF-R&D showed that carbohydrazide
(N2H3)2CO could constitute an interesting alternative to hydrazine N2H4. But it seemed that the experimental
results concerning both the efficiency of carbohydrazide for the reduction of oxygen, iron and copper oxides, and
its effect on cationic conductivity were relatively controversial [5].

For this reason, EDF has decided to perform a more comprehensive study in the perspective to replace
hydrazine by carbohydrazide, during lay-up and, possibly, as a conditioning reagent for the secondary coolant
circuit. The chosen method was as follows 

• To examine carbohydrazide toxicity with regard to regular actions,

• To perform a complementary bibliographical study and an international feedback,

• To carry out laboratory experiments to evaluate carbohydrazide potentialities.

3.2. Carbohydrazide toxicity examination

On the basis of the bibliographical researches done by the EDF Work Health Department and of complementary
information given by the supplier, it doesn't seem to exist any study giving conclusions about carbohydrazide
carcinogenic character.

So, although international safety organisations do not list carbohydrazide as a carcinogenic compound, its
innocuousness about cancer remains to be demonstrated. And carbohydrazide can not be considered as less
noxious than hydrazine with regard to human health.

Concerning the environmental impact, first ecological-toxicological results performed by a French laboratory
showed that carbohydrazide 12.5 % was less noxious than hydrazine 35 % with regard to daphnias : commercial
products concentration necessary to immobilise 50 % of daphnias after 48 hours of experimentation are
respectively 167 mg/I of carbohydrazide and 045 mg1I of hydrazine.

3.3. Bibliographical research

The additional bibliographical research did not lead to comprehensive studies about carbohydrazide
carcinogenic properties. It showed that carbohydrazide reactional mechanisms depending on temperature are
poorly known with a few quantitative data and contradictory results.

3.4. Laboratory tests

EDF performed investigations about a quantification method for carbohydrazide, pH variation as a function of
carbohydrazide contents, thermal stability of carbohydrazide and comparative reducing strength between
hydrazine and carbohydrazide.

The tests have been performed in the context of replacing hydrazine by carbohydrazide during SG lay-up. At the
present time, when shutdowns are longer than month, SGs are conditioned either with a mixed conditioning
(100 ppm ammonia 200 ppm hydrazine) in a specified pH25-c range 10.4 - 10.6] or with an all hydrazine
conditioning 400 ppm) in a specified pH25-c range 9.8 - 10.2].

3.4. I- Quantification method

A quantification method has been developed from the spectrometric method recommended by the supplier. The
analytical method, developed at EDF is based on visible spectrometry and can be used to determine
carbohydrazide concentration ranging from 0003 ppm to 1.5 ppm even in the presence of hydrazine, ammonia,
morpholine, ethanolamine and boric acid. Higher carbohydrazide concentrations required preliminary dilutions of
the samples to perform the experimental studies.

A fidelity study have been done in the scope of carbohydrazide used in PWR plants:

• Low concentration level from 30 to 300 ppb (relative reproducibility 11.5

• High concentration level from 50 to 1500 ppb (relative reproducibility 36

Quantitative analytical method allowed detecting about 04% of hydrazine and traces of copper and ammonia in
commercial carbohydrazide (CBH) solution at 12.5 % (Tables 6 & 7).
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NH4 +(ppb) N2H4 (PPM) Cu (ppb)

Commercial CBH solution at 12.5% 90 435 2.1

Molar CBH solution prepared with commercial CBH at 97% 275 8 2.0

Table 6 Comparison of two different carbohydrazide solutions on the basis of their chemical analysis results

NH4+/CBH (%) N2H4/CBH (%) Cu/CBH (%)

Commercial CBH solution at 12.5% 7 1 0-5 0.37 0.2 10-5

Molar CBH solution prepared with commercial CBH at 97% 30 10-6 0.009 0.2 110-5

Table 7 Comparison of two different carbohydrazide solutions on the basis of the impurities/CBH ratios

3.4.2- pH variations of respectively carbohydrazide and hydrazine aqueous solutions

Laboratory tests performed at EDF have confirmed bibliographical study according to which carbohydrazide was
a too weak base to obtain a pH at 250C higher than . As a consequence, carbohydrazide must be associated
with a strong base for SG lay-up conditioning to get the pH target value recommended by chemical
specifications.

A mixed conditioning resulting from addition of a stronger base like ammonia or ethanolamine to carbohydrazide
is necessary to obtain a pH target value of 10.5 at 250C. According to tests carried out at EDF, an addition of
100 ppm of ammonia to carbohydrazide aqueous solutions is sufficient to obtain the required pH for wet lay-up.

The following table gathers the pH measured on carbohydrazide aqueous solutions at 25 C and after 20
minutes and 240 minutes heating at 60 C.

Carbohydrazide concentration (ppm) pH at 250C pH at 600C 20') pH at 60'C 240')

0.05 6.7 6.7 6.8

0.1 6.7 6.8 6.9

200 7.0 6.8 7.4

400 7.4 7.1 7.6

800 8.8 7.5 7.8

5000 1 9.0 7.4 Not measured

Table 8 : pH of carbohydrazide solutions at 25'C and 600C

In almost all the cases the measured pH of solutions heated at 600C during 4 hours were higher than the initial
pH, measured at room temperature (250C). The most likely hypothesis could be, as suggested by the
bibliographical study, a phenomenon of auto-oxidation of carbohydrazide in presence of copper 1, which would
contribute to generate hydrazine and to increase the pH.

The following table 9 gathers the measured pH of hydrazine aqueous solutions in the same experimental
conditions 25 C then heated at 60 C during 20 minutes and then 240 minutes).

hydrazine concentration (ppm) pH at 250C pH at 600C 20') pH at 600C 240')

0.1 7.2 7.4 7.2

200 10.1 9.1 8.8

400 1 10. 9.2 .9

5000 1 10.9 9.8 9.7

Table 9: pH of hydrazine solutions at 25'C and 60'C

After a four-hour heating at 60 'C a pH decrease is measured in all the aqueous solutions of hydrazine. These
decays are possibly due to a slight thermal degradation of hydrazine.
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3.4.3- Examination of the carbohydrazide stability

Thermal stability of carbohydrazide aqueous solutions has been studied in order to know the behaviour of this
compound as a function of time, at room temperature and under operating conditions (wet lay up of SG and
secondary conditioning).

Carbohydrazide stability at room tempera

The commercial carbohydrazide solution at 12.5 was stable at room temperature if kept in a closed flask. In
case of open storage, the concentration of the same solution decreased of about 30% in two weeks.

Carbohydrazide stability between 25'C and 200'C

The behaviour of carbohydrazide aqueous solution as a function of temperature and its thermal degradation
compounds are shown in Figure .

The tests about thermal stability, performed in a temperature range from 250C to 2000C, have shown that
carbohydrazide concentration decreased versus temperature. After a 6-hour heating at 2000C the resulting
carbohydrazide concentration of the solution was only 03% of the initial concentration. The major part of the
carbohydrazide was degraded in hydrazine (about 50%) and in ammonia (about 30 %).
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$ carbohydrazide --M-hydrazine A ammonia
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Figure 1 : Nitrogen mass distribution after thermal stability study of a carbohydrazide solution

In the same time, hydrazine concentration of the same solution (initially equal to ppm) regularly increased until
the temperature reached 180'C/6 hours (maximum hydrazine concentration : 180 ppm) ; at higher temperatures,
a decrease occurred and the hydrazine concentration fell to 140 ppm at 200'C, probably because of a thermal
degradation. Ammonia concentration regularly increased until the temperature reached 200'C/6hours (maximum
ammonia concentration about 80 ppm). The other compounds (different from carbohydrazide, hydrazine and
ammonia) have not been studied any further.

The satisfying thermal stability of aqueous carbohydrazide solutions in a range of temperature from 25'C to 60'C
allows to foresee the possible use of this compound for wet lay-up. Therefore, in order to avoid occurrence of
oxidation reactions, it would be judicious to keep an inert gas blanket in the steam generators.

A great decay of carbohydrazide concentration occurred at higher temperatures (above 125'C) since it was
degraded into several nitrogen compounds (especially into hydrazine). So the use of carbohydrazide does not
seem very interesting during the normal operation for conditioning the secondary circuit.
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3.3.4- Study about innocuousness with regard to materials

The study about effects of carbohydrazide and hydrazine, for an equivalent mass concentration 400 ppm) on
carbon steel (A42) and low alloy steel (18MND5) steam generator materials, showed a higher corrosion kinetics
with carbohydrazide than with hydrazine (about 6 times faster). This phenomenon could be explained by the
different pH at 25 'C of the two solutions pH 10.3 for hydrazine and pH 74 for carbohydrazide.

These results are contradictory with other literature results 6] 7].

3.3.5- Study about comparative reducing strength between hydrazine and carbohydrazide

Compared reducing strength of carbohydrazide and hydrazine with regard to reduction of dissolved oxygen has
been examined by the means of measurement of the following parameters 

• initial and final concentrations of carbohydrazide, hydrazine and dissolved oxygen,

• initial pH and initial redox potential of aqueous solutions of the different reducing compounds
(carbohydrazide, hydrazine and carbohydrazide + ammonia) at different levels of concentration.

To perform these tests, the different solutions of carbohydrazide and of hydrazine were introduced in a small
"test loop" composed of a reactor and a pump. Therefore, the tests were performed in a static mode.

The air tightness of the system was achieved by grease applied on the junctions and the reactor was maintained
under gaseous nitrogen circulation (N2>99-5%) to keep an inert atmosphere. The water medium wasn't
degassed before the tests. This explains why the initial dissolved oxygen concentration was almost the same
than in air-saturated water 02 concentration ranged from 57 to 67 ppm).

The initial redox: potential measurements have been done in a static mode with a couple of Ag/AgCl/KCl and
platinum electrodes and all the tests relative to this study have been performed at 250C. The results are shown
in table 1 0.

Reducing reagent concentration Dissolved 02 Decrease of
(ppm) concentration (ppb) dissolved 02 N

Initial Final Initial Final After I After 10 Initial redox Initial
hour hours potential mV) pH

Hydrazine (259)-- 228 1 6500 1 12 100 -170 10.1

CBH (690)" 614 6400 146 6 to 9 48 to 64 -80 8.8

CBH 690) **+ NH40H 100) 6700 320 9 66 -40 10.5

CBH (5000)... 4876 6600 170 1 28 1 87 -130 9.0
*not measured - *259 ppm of hydrazine corresponds to the same molar concentration as 690 pprn of carbohydrazide (about 8mmol/1)

5000 ppm of carbohydrazide corresponds to about 55 mmoill.
Table 10 Mean values of all the measured parameters during redox tests

As already shown by the pH measurement study (see 34.2), the above results confirm that carbohydrazide is
a too weak base to obtain the required pH for the SG lay-up. By addition of 100 ppm ammonia in a 690 ppm
carbohydrazide aqueous solution, the required pH can be obtained (10,5 at 250C). These experimental results
agree with the information given by the carbohydrazide supplier.

The above comparative tests, respectively performed in hydrazine and carbohydrazide medium allow to
conclude that, at room temperature and at a given molar concentration (# 8 mmol per litre), the carbohydrazide
redox potential (ECBH - MV) is largely higher than the hydrazine one (EHZ - 170 mV).

The redox potential of a carbohydrazide aqueous solution containing 55 mmol per litre is equal to 130 mV.
Such a high carbohydrazide concentration does not allow to reach the redox potential of an aqueous solution
containing mmol per litre of hydrazine (- 170 mV, though the molar concentration is 7 times lower). So, it has
been considered that an equivalent reducing strength could be obtained for a carbohydrazide weight content at
least 20 times more important than hydrazine (CBH 5000 ppm/N2H4 250 ppm).

9



The comparison between the carbohydrazide aqueous solution and the mixed carbohydrazide/ammonia
aqueous solution shows that, for a given carbohydrazide concentration (here of 8 mmol per litre), addition of
100 ppm of ammonia, necessary to obtain a higher pH >10), largely increases the redox potential of the solution
from - 0 mV (carbohydrazide solution) to - 40 mV (carbohydrazide/ammonia solution).

In the same experimental conditions, the redox potential of the solutions depends both on the nature of the
reducing compound (hydrazine or carbohydrazide) and on its concentration. The results of the tests, and
especially the comparison of the initial and final concentrations of dissolved oxygen, allow to compare the
reducing strength of the different aqueous solutions. This comparison leads to the following classification,
established from the highest reducing strength to the smallest one N2H4 (#8 mmol/1 > CBH (#55 mmol/1 >
CBH (#8 mmol/1 > CBH (#8 mmol/1) + NH40H 100 ppm).

4. SECONDARY WATER TREATMENT POLICY AT ELECTRICITt DE FRANCE

4.1 Choice of amines and target pH range

4. 1. I- Plants with copper alloys 23 units)

In order to minimise both copper corrosion (due to ammonia) and flow-accelerated corrosion of carbon steels in
high temperature areas, and more particularly in wet steam areas, EDF recommends using morpholine as the
pH reagent and maintaining the feedwater pH at 250C in the range 9.1 - 93].

The hydrazine concentration must not be too low in order to mitigate oxygen effects > 10 ppb) nor too high in
order to minimise ammonia formation.

4.1.2- Plants without copper alloys 35 units)

In this case, the use of morpholine as the secondary water amine is also recommended to minimise flow-
accelerated corrosion of carbon steels in high temperature areas, and more particularly in wet steam areas. But,
in order to reach the specified high pH range 9.6 - 98], ammonia addition may be required (particularly since
the hydrazine concentration has been reduced less than 100 ppb , even less than 50 ppb, in case of flow-
accelerated corrosion of the upper tube plates).

4.1.3- ETA conditioning

At the present time, ETA has been tested on plant during fuel cycle only but is not used in EDF's plants. If
flow-assisted corrosion occurs in wet steam areas, EDF would consider switching from morpholine to ETA
conditioning in order to mitigate it.

4.2. Reducing reagent - hydrazine

A study concerning the influence of hydrazine on Flow Assisted Corrosion, carried out by EDF-R&D at 2350C
has shown that hydrazine could enhance the FAC process for hydrazine concentrations in the range from to
150 pg/kg with an average FAC accelerating factor of 2 for an hydrazine concentration of 150 pg/kg [8].

The presence of hydrazine could modify the FAC rate via its ability to reduce the formed magnetite layers,
probably affecting the oxide porosity. EDF has judged that increasing the hydrazine content over 1 00 pg/kg could
have a deleterious effect enhancing degradations by FAC of steel tubing in secondary circuit and in internal
structures.

On the other hand, a reducing environment in the secondary side of steam generators is considered necessary
to try to minimize occurrence and progression of IGA/SCC of Alloy 600 tubing, which is the main secondary side
degradation of PWRs steam generator tubing. Several studies in Japan 9] and Sweden 11 0] have demonstrated
the influence of the electrochemical potential (ECP) on IGA/SCC and the relation between hydrazine content and
ECP.

Thus, in order to find the best compromise to protect Alloy 600 tubing against IGA/SCC and to minimise flow
accelerated corrosion risk (and sludge amount in steam generators), chemical waste and dangerous handling,
EDF policy concerning this reagent is to limit the hydrazine concentration in the secondary water as far as
possible. At the present time, the hydrazine target value is between 50 and 100 ppb for units without copper
alloys.
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Studies are being carried out to find an other reducing agent. But, the main difficulty is to find one with reducing
properties as good as hydrazine.

4.3. Corrosion inhibitor - Boric acid

In order to try to mitigate the secondary side corrosion of SG tubing, EDF recommends boric acid addition in the
secondary coolant to create a passive film and to neutralize caustic environment in crevices where concentration
process occurs due to low flow. But the use of boric acid is strictly limited to steam generators with 600 MA tubes
and only in the case of significant corrosion.

At the present time, 11 units under morpholine treatment are also treated with boric acid addition in the
secondary system.

6. NEW PERSPECTIVES

Several elements are able to improve in a near future the secondary water treatment policy as follows

• Studies concerning the potential impact of organic species generated by amines on SG tubing IGA/SCC
could lead EDF to replace morpholine, today implemented on 50 of the 58 French PWRs units, by an
alternative amine (as ETA for example),

• Studies concerning the potential impact of hot and cold shutdowns and of hydrazine content in presence of
sulphates on SG tubing IGAJSCC could lead to optimise hydrazine concentration during shutdown and
operation,

• Studies concerning the relationship between the amine for pH control and a possible shift in zeta potential
and the SG tubing fouling rate may also lead EDF to optimise the amine for pH control,

• Non destructive controls results carried out in PWRs secondary circuits,

• Other requirements such as regulation on reagents use because of their toxicity in regard to environment
and human health.

6. CONCLUSION

6.1 Ethanolarnine study

After a test with ethanolamine (ETA) treatment on unit during one fuel cycle, it appears that this is a viable
alternative to morpholine.

The main advantages of ETA versus morpholine are a lower release of nitrogen compounds to the environment
with ETA, due to a higher alkalinity and thus a lower molar concentration, a better protection of SG internals and
MSR drains to Flow Assisted Corrosion, due to the lower partition coefficient and thus a higher concentration in
liquid phase, a lower generation of organic acids, due to the higher thermal stability and a trend to slightly limit
insoluble ferric iron proportion in steam generators.

The main disadvantages of ETA versus morpholine are a lower protection of feedwater train against copper
corrosion and Flow Assisted Corrosion.

6.2. Carbohydrazide study

The use of carbohydrazide in replacement of hydrazine doesn't seem to present any technical-economical
interest for steam generators wet lay-up or for the secondary circuit conditioning.

On a technical point of view, carbohydrazide is less efficient than hydrazine because it leads, for a same molar
content, to a lower pH and a lower reducing strength at 250C. An equivalent reducing strength has been obtained
for a carbohydrazide weight content 20 times more important than hydrazine (CBH 5000 ppm/N2H4 250 ppm).
Concerning the use of carbohydrazide for the secondary water treatment during operation, it does not seem of
interest anymore because it mainly decomposes at 200'C in hydrazine and ammonia.



With regard to human health, carbohydrazide carcinogenic properties were not demonstrated, due to the
absence of complete studies. Concerning ecological-toxicity, carbohydrazide seems to be less noxious than
hydrazine but its use will lead to release a weight concentration 20 times higher in the environment.

According to laboratory results, the decision has been taken not to test SG conditioning with CBH during a
shutdown or an operating cycle.

6.3. Secondary water policy

The secondary water conditioning in French nuclear plants is essentially based on the use of a volatile amine
and a reducing reagent. The complementary use of a corrosion inhibitor is strictly limited to steam generators
with 600 MA tubes and only in the case of significant corrosion, to try to mitigate IGA/SCC of SG tubing.

Concerning the pH amine control, EDF recommends using morpholine and maintaining the feedwater pH at
250C in the specified pH range 9.1 - 93] for plants with copper alloys and in the specified pH range 9.6 - 98]
for plants without copper alloys. But if flow-assisted corrosion is occuring in wet steam areas, EDF is planning to
switch from morpholine conditioning to ETA conditioning in order to mitigate it.

Concerning the reducing reagent, EDF recommends using the adequate hydrazine content depending on the
presence or not of copper alloys. The specified target value is higher than 10 ppb for plants with copper alloys
and is between 50 ppb and 1 00 ppb for units without copper alloys.
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