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Abstract

In order to study the radiolysis of PWRs primary coolant we irradiated several water samples containing hydrogen

and boric acid in an experimental reactor. It was found that water decomposition to oxygen and to hydrogen peroxide

is a threshold phenomenon depending on the experimental parameters such as the characteristics of the radiation and

the water chemistry. An increase in temperature reduces the extent of water decomposition in presence of hydrogen. On

the other hand, an increase of the boric acid concentration causes a higher decomposition. The minimum amount of

molecular hydrogen used to inhibit the decomposition in our experiments was 0.23 ppm. Experiments with iron(III) and

zinc nitrate dissolved in water showed that, in our conditions, zinc nitrate does not have any in¯uence on water de-

composition whereas iron(III) nitrate causes a greater decomposition. An experiment at pH� 7 (200°C) using 7LiOH

also showed an important formation of oxidizing products. Ó 1999 Elsevier Science B.V. All rights reserved.

PACS: 28.41.Fr

1. Introduction

The radiolysis of the primary coolant water in nu-

clear reactors is often related to corrosion problems. The

interaction between the radiation and water forms mo-

lecular (H2, O2, H2O2) and radical (H, OH, eÿaq, HO2)

species which participate to the general corrosion of the

system

The main reactions taking place during water radiolysis

are reported in Table 1. The stable products of water

radiolysis are molecular hydrogen, oxygen and hydrogen

peroxide. An excess of molecular hydrogen is dissolved

in the primary coolant water of pressurized water reac-

tors (PWR) in order to prevent the accumulation of

oxidant products, such as oxygen and hydrogen perox-

ide, which are responsible for the corrosion of the pri-

mary system [1]. The molecular hydrogen participates to

a chain reaction which recombines H, OH and H2O2

back to water:

H2 �OH! H�H2O �2�

H�H2O2 ! OH�H2O �3�

H2 �H2O2 ! 2H2O �4�
The chain reaction is propagated by the H atom and the

OH radical, therefore the higher their concentration in

water, the more e�cient will be the recombination.

Moreover, in the presence of hydrogen and of su�cient

radical concentration, all traces of oxygen are reduced to

H2O2 and ®nally into water by reactions (2) and (3):

O2 � eÿaq ! Oÿ2 �5�

O2 �H! HO2 �6�

HO2 �HO2 ! H2O2 �O2 �7�
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HO2 �Oÿ2 ! HOÿ2 �O2

H2O2 �H2 ! 2H2O �8�
If the oxygen concentration is too high, all H radicals

are scavenged by reaction (6) which has a much higher

rate constant than reaction (3) which is thus stopped.

Therefore, it is primordial to avoid such oxygen accu-

mulations. The accumulation of hydrogen peroxide is

also to avoid because, although it takes part to the re-

combination mechanism (3) it can be a source of oxygen

by reaction (9) followed by reactions (7) or (8)

H2O2 �OH! HO2 �H2O �9�
Thus, hydrogen peroxide and oxygen are two species

linked to each other and they both inhibit the chain

reaction if their concentration is too high. The mecha-

nism of water radiolysis implies several other reactions

(see Table 1) and it is in¯uenced by the experimental

parameters such as the radiation characteristics, the

temperature, and the chemical composition of the

cooling water. It is very di�cult to foresee, without ex-

perimental data, the overall e�ect of these parameters.

That is why we decided to study the radiolysis of water

samples under di�erent experimental conditions. In this

paper we present the data concerning water radiolysis as

a function of the boric acid concentration. We also

studied the in¯uence of the hydrogen concentration in

water. Water can also contain impurities such as iron

cations coming from the corrosion and nitrate anions

coming from the radiolysis of water containing some

traces of air. We compared the e�ect of iron to the re-

sults obtained with the zinc cation, which is becoming a

very important species for the primary water because it

has been shown to decrease the radioactivity build-up in

the crud [2]. Finally, we irradiated di�erent aqueous

solutions of boric acid at pH� 7 at 200°C, using 7LiOH

as the pH control agent like in PWRs.

2. Experimental

2.1. Preparation of the samples

Triply distilled water is used to prepare the samples

to be irradiated. Each sample contains di�erent

amounts of boric acid. Natural boric acid, ``NBA''

(Aldrich, 99.999%) and 10B-enriched (99.5% of 10B)

Table 1

The reaction scheme of the radiolysis of neutral water. The activation energies (Ea in kJ molesÿ1), the Arrhenius factor frequencies (A

in molesÿ1 dm3 sÿ1) as well as the rate constants (molesÿ1 dm3 sÿ1) are extracted from the Ratesâ database [10]

Reactions A Ea Rate constant

eÿaq + H (+H2O) ® H2 + OHÿ 2.5 ´ 1013 16.3 3.4 ´ 1010

eÿaq + eÿaq (+2H2O) ® H2 + 2OHÿ 5.9 ´ 1013 22 5.5 ´ 109

eÿaq + OH ® OHÿ 3 ´ 1010

eÿaq + H3O� ® H + H2O 8.9 ´ 1012 14.5 2.3 ´ 1010

eÿaq + H2O2 ® OH + OHÿ 7.3 ´ 1011 10.0 1.3 ´ 1010

eÿaq + O2 ® Oÿ2 1.6 ´ 1012 11.0 1.9 ´ 1010

eÿaq + Oÿ2 ® O2ÿ
2 1.3 ´ 1010

eÿaq + H2O ® H + OHÿ 3.6 ´ 108 31.7 1.0 ´ 103

OH + OH ® H2O2 5.5 ´ 109

OH + H2O2 ® H2O + HO2 8.5 ´ 109 14.0 2.7 ´ 107

OH + H2 ® H2O + H 8.3 ´ 1010 19.0 3.9 ´ 107

OH + HO2 ® H2O + O2 1.1 ´ 1010

OH + Oÿ2 ® OHÿ + O2 1.4 ´ 1013 17.6 1.1 ´ 1010

H3O� + OHÿ ® 2H2O 3 ´ 1010

H + H ® H2 5 ´ 109

H + OH®H2O 7.0 ´ 109

H + H2O2 ® H2O + OH 3.7 ´ 1010 16.4 5.0 ´ 107

H + HO2 ® H2O2 2 ´ 1010

H + O2 ® HO2 1.4 ´ 1011 6.2 2.1 ´ 1010

H + OHÿ ® eÿaq+H2O 1.3 ´ 1014 38.4 2.2 ´ 107

HO2 + HO2 ® H2O2 + O2 4.0 ´ 109 20.6 9.8 ´ 105

HO2 + Oÿ2 ® HOÿ2 + O2 9.7 ´ 107

H2O2 + HO2®H2O + O2+OH 0.5

Oÿ2 + H3O� ® HO2 + H2O 5 ´ 1010

Oÿ2 + H2O2 ® OH + OHÿ + O2 0.13

H2O (+H2O) ¢ H3O� + OHÿ pK� 14

H2O2 (+H2O) ¢ H3O� + HOÿ2 pK� 11.7

HO2 (+H2O) ¢ H3O� + Oÿ2 pK� 4.8
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boric acid, ``EBA'' (Eagle Picher GmbH, chemical pu-

rity: 99.94%) were used as received. The pH of the

samples containing NBA varied from 3 to 5.5 whereas

the pH of the samples containing EBA was close to 5.5.

The high temperature pH values were calculated with

the MULTEQâ code at CEA/Fontenay aux Roses.
7LiOH (isotopic enrichment: 99.999%) from Euriso-Top

(minimum chemical purity 99.5%) was used in one ex-

periment to adjust the pH of the samples (pH� 7 at

200°C). Argon (99.9995%, from Air Liquide) is bubbled

in each sample during 10 min and then molecular hy-

drogen (99.9995%, from Air Liquide) is bubbled during

50 min. The amount of gas bubbled is checked by a

¯ow control device. It is veri®ed by mass spectrometry

that each sample is hydrogen-saturated (7.8 ´ 10ÿ4

moles dmÿ3 at 20°C) after this treatment. A cylindrical

quartz ampoule (diameter� 0.008 m and height� 0.1

m) is previously ¯ushed with hydrogen to remove all

traces of air. The ampoule is half-®lled with the solution

and the remaining head-space is ®lled with hydrogen at

atmospheric pressure. The ampoules are immediately

sealed after the ®lling.

2.2. Irradiation facility

All the irradiations took place at the ISIS reactor at

the CEA CE/Saclay. ISIS is an experimental reactor

whose core is composed by enriched UO2 rods. The

®ssion reaction delivers a gamma radiation as well as

fast neutrons. As the core is immerged in a water pool,

part of the fast neutrons are thermalised by elastic col-

lision with the hydrogen atoms of water. The thermal

neutrons, nthermal, are captured by the isotope 10 of bo-

ron, 10B contained in the samples as boric acid, follow-

ing the reaction

10B� nthermal !7 Li�4 He� 2:35 MeV �10�
We will refer to the Li recoils, 7Li, and alpha particles,
4He, as the 10B(n,a)7Li radiation. The mean Linear

Energy Trasfer (LET) of the lithium and helium recoils

is calculated by the program TRIMâ from their kinetic

energy and it is 203 keV lmÿ1. The dose depends on the
10B concentration in water following the relationship

dose rate 10B�n; a�7Li � F I0�1ÿ eÿnrx� 2:35� 106 �11�

where I0 is the initial thermal neutron ¯ux, n is the

number of 10B atoms per m3, r is the thermal neutron

absorption cross section of 10B (3837 barns), x the

thickness of the samples and F is a factor that takes into

account the cylindrical shape of the container.

The samples are irradiated during 60 min in a sample

holder located in the reactor's pool. The temperature of

the irradiation is controlled by a heating device installed

in the sample holder. After the irradiation, the samples

are left about 60 additional hours in the sample holder at

room temperature in order to allow the radioactivity

coming from the oven to decrease. The gamma dose

during the storage is negligible. Table 2 shows the

characteristics of the reactor at the location where the

samples were irradiated, as well as some of the relevant

PWR characteristics. The position of the samples has

been chosen to be in the ®rst periphery of the core such

that the e�ect of the fast neutrons is small (about 10% of

the total neutron ¯ux) compared to the thermal neutrons

and gamma ¯ux.

2.2.1. The temperature control

The temperature of the samples is regulated by a

special sample holder (shown in Fig. 1) designed for this

particular experiment. This water-tight irradiation de-

vice consists of a double-shell stainless steel cylinder

about 6 m long and 0.4 m of outer diameter. The inner

wall includes the heating elements. These are simple

electric resistors as well as ten thermocouples uniformly

distributed along the walls. Half of them are for the heat

control and half are for the heat regulation. Between the

inner and the outer walls a nitrogen jacket at atmo-

spheric pressure ensures the uniform distribution of heat

throughout the oven. The sample holder is made of

aluminum in order to avoid a too strong activation and

too long radioactive decays. The sample holder can host

eight ampoules, four in its upper half and four in its

bottom part. The samples are irradiated at the level of

maximum ¯ux of the reactor. The sample holder also

has a radiobiological protection. Electrical racks are

used to set and monitor the temperature of the oven.

The calibration has been performed using eight ther-

mocouples situated at the location of each ampoule. It

has been checked that are not any axial or cross gradi-

ents of temperature.

Table 2

Characteristics of the radiation at the location of the samples and comparison with the Ringhals PWR reactor [15]

ISIS experiments PWR

Gamma dose rate 8.46 kGy hÿ1 (0.023 W gÿ1) 5 ´ 103 kGy hÿ1 (1.45 W gÿ1)

Thermal neutron ¯uence 1.4 ´ 1015 n mÿ2 sÿ1 2.5 ´ 1018 n mÿ2 sÿ1

Fast neutron ¯uence 1.3 ´ 1014 n mÿ2 sÿ1 7.5 ´ 1018 n mÿ2 sÿ1

Fast neutron dose rate (8.45 ´ 10ÿ5 W gÿ1) (4.85 W gÿ1)

Thermal power MW 0.07 2800

Temperature 30, 100, 200°C from 280 to 320°C
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2.2.2. The dosimetry

The neutron dosimetry was carried by neutron

counting on a cobalt foil. In order to di�erentiate the

fast neutron ¯ux from the thermal and epithermal ¯ux, a

cadmium foil surrounded some of the cobalt detectors.

As cadmium stops all neutrons with an energy lower

than 0.6 eV, the ratio between the cobalt±cadmium de-

tectors and the cobalt detectors gives the ratio between

the fast neutrons and the total neutron ¯ux. This ratio

was 0.09. The gamma dosimetry was carried with a

graphite di�erential calorimeter. The error on both the

neutron and the gamma dosimetry does not exceed 5%.

2.3. Analysis of the samples

The gas phase is extracted with a vacuum Toeppler

pump. The gas are analyzed by mass spectrometry to

dose H2, O2, Ar and N2. None of the samples contained

carbon dioxide after the irradiation. The pressure of gas

in the samples is measured by a high-precision pressure

gauge. The liquid phase is analyzed by the Ghormley

method [3] to dose H2O2. Knowing the dose and the

concentration of O2 and H2O2 (in moles kgÿ1) we can

calculate the experimental yields G(O2) and G(H2O2)

G � concentration=dose �12�
where G is the radiolytic yield in moles Jÿ1 and the dose

is the total dose in Gy. By applying the material balance

we calculate the water decomposition yield (1 mole

Jÿ1� 9.65 ´ 106 molecules (100 eV)ÿ1)

G�ÿH2O� � 2G�O2� � 2G�H2O2� �13�

3. Results and discussion

3.1. The in¯uence of the boric acid concentration

Boric acid is used in the primary water of PWR nu-

clear reactors as a water soluble thermal neutron ab-

sorber. Its concentration is maximum at the beginning

of the fuel life (1500 ppm of natural boron) and it de-

creases to 0 ppm when the fuel is spent out. At the

shutdown for the refueling of the reactor, boric acid is

also injected at high concentration in order to absorb all

the thermal neutrons (10) and stop the ®ssion reaction.

The boric acid concentration is directly linked to the

LET of the radiation by relation (11). An increase of the
10B(n,a)7Li dose causes an increase of the Global LET,

GLET, de®ned as

GLET � LETc � Rc � LETB�n;a�Li � �1ÿ Rc� �14�
where LETc and LETB�n;a�Li are the Linear Energy

Transfer of the gamma radiation and the 10B(n,a)7Li

radiation, respectively, and Rc is the fraction of the total

dose due to the gamma radiation. The GLET is de-

pendent on the ratio between the dose of the 10B(n,a)7Li

radiation and the c radiation, 10B(n,a)7Li/c. The in¯u-

ence of the radiation LET on the mechanism of water

radiolysis in nuclear reactors is studied elsewhere [1,4,5].

Brie¯y, a low LET radiation, such as the gamma radi-

ation (0.23 keV lmÿ1), produces in water more radical

products (eÿaq, H, OH) than molecular products (H2O2,

H2) whereas a high-LET radiation, such as the
10B(n,a)7Li radiation (203 keV lmÿ1), acts in the op-

posite way [6]. The experimental results show that a low

LET radiation helps the recombination mechanism be-

cause of the higher radical concentrations which increase

the length of the chain reaction (4). A high-LET radia-

tion inhibits the recombination mechanism because of

the higher concentration of hydrogen peroxide which

slows down and eventually stops the chain reaction as it

is explained in the introductory part. Schematically, we

can say that a low-LET radiation, like the gamma rays,

favors the recombination of the radiolysis products of

water whereas a high-LET radiation, like alpha rays,

favors the formation of molecular oxygen, hydrogen and

hydrogen peroxide and so it leads to the decomposition

Fig. 1. The ISIS irradiation device located in the pool. The

shaded area represents part of the reactor core's wall. The

electric resistors to heat the samples are not shown for clarity.
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of water. Thus, the extent of water decomposition is not

the same in every part of the coolant circuit, depending

on the local ratio [10B(n,a)7Li + fast neutrons]/c. This

ratio is variable in space because it depends on the dis-

tance from the core and in time because it depends on

the age of the core to which is linked the boric acid

concentration. Fig. 2 shows the e�ect of the 10B con-

centration on water radiolysis at three di�erent tem-

peratures: 30°C, 100°C and 200°C. The radiolytic yield

of oxygen, G(O2) and of hydrogen peroxide, G(H2O2),

formed by water radiolysis are expressed in moles Jÿ1.

As we can see, at room temperature there exists a

threshold in water decomposition as a function of the
10B concentration. At low concentration, O2 and H2O2

do not form in measurable quantities but above the

threshold there is a rapid increase of these products. As

the temperature increases, the threshold is shifted to-

wards a higher 10B concentration and at 200°C it is not

visible in the range of 10B concentration used. The ex-

istence of this threshold and its evolution with the

temperature can be explained by the mechanism of wa-

ter radiolysis in the presence of hydrogen which is de-

tailed elsewhere [1,4,5]. Brie¯y, an increase of the 10B

concentration leads to an increase of the Global LET

because the ratio 10B(n,a)7Li/c increases. An increase of

the LET implies an increase of molecular products

formed by radiolysis and a decrease of the radical

products which has a negative e�ect on the recombina-

tion mechanism. On the other hand, a temperature in-

crease has a bene®cial e�ect on this mechanism because

of three factors ([4] and references therein). First of all,

the radical yields increase and the molecular yields de-

crease with temperature. Moreover, the kinetics of the

chain reaction (2) and (3) is more favored by a tem-

perature increase than that of the reactions leading to

the formation of oxygen and of hydrogen peroxide (9),

(7), (8). Finally, a rise in the temperature increases the

amount of hydrogen dissolved in water because of the

increase of the hydrogen partial pressure in the samples.

For these reasons the decomposition threshold of water

under radiolysis is shifted towards higher 10B concen-

trations when we raised the temperature between 30°C

and 200°C. In Fig. 2, a negative oxygen radiation yield,

G(O2), is observed for some samples containing low 10B

concentrations. These samples contained traces of oxy-

gen coming from an air entry during the ampoule-seal-

ing procedure. We calculated the initial oxygen

concentration from the nitrogen measured by mass

spectroscopy after the irradiation. For these samples we

compared the initial oxygen concentration and the ®nal

concentration after the irradiation and we found that

there had been a net oxygen consumption. This is a di-

rect e�ect of the recombination mechanism in presence

of hydrogen. As a matter of fact, at low LET, which

means low 10B concentration, oxygen is reduced to hy-

drogen peroxide by the radicals through reactions (5)±

(8). Hydrogen peroxide recombines with hydrogen by

the chain reaction (2) and (3) to form water. The nega-

tive oxygen formation yields are then explained at low

LET. Other samples, at higher 10B concentrations,

contained traces of air with but the oxygen yields were

all positive because the radical concentration was not

high enough to reduce the oxygen and the hydrogen

peroxide back to water. These experiments showed that

it is possible to control small increases of oxygen con-

centration in water providing that the LET of the radi-

ation is low enough and that there is su�cient hydrogen

to recombine with the excess of oxygen.

3.1.1. The in¯uence of 10B-EBA

Part of the samples were irradiated using 10B-EBA

(in Fig. 2), and part using NBA. In spite of a 5-fold

Fig. 2. The e�ect of 10B concentration on the water radiolysis

products on G(O2) and G(H2O2) in moles Jÿ1. (¨) 30°C NBA,

(}) 30°C EBA, (m) 100°C NBA, (n) 100°C EBA, (d) 200°C

NBA, (s) 200°C EBA. NBA: Natural Boric Acid (19.8% of
10B), and EBA: Enriched Boric Acid (99.5% of 10B).
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di�erence in the boric acid concentration, the experi-

ments showed the same 10B concentration at the

threshold. Therefore boric acid does not have any

chemical e�ect on the water decomposition but only a

nuclear e�ect due to the radiation issued from the 10B

reaction with thermal neutrons. Thus, 10B-EBA can be

safely used, from the radiolysis point of view, to replace

NBA in PWR reactors.

3.2. The in¯uence of the hydrogen concentration

Hart et al. [7] have found that dissociation of water in

boric acid solutions under reactor irradiation could be

suppressed by initial hydrogen in the coolant. In French

PWRs the hydrogen concentration range is between 20

and 30 cm3 kgÿ1 of water NTP (1.8±2.7 ppm). Hydrogen

is very successful to reduce the corrosion both in PWRs

and in BWRs, nevertheless it presents few drawbacks.

First of all, it is known to enhance the stress corrosion

cracking of the steam generator and to damage the zir-

caloy fuel claddings [8]. Moreover, hydrogen has to be

eliminated from the circuit before the refueling, there-

fore the less hydrogen is dissolved, the shorter will be the

dehydrogenation time, leading to a certain economic

bene®t. The question that arises is: what is the minimum

hydrogen concentration to dissolve in order to avoid

water decomposition? Di�erent concentrations of hy-

drogen were studied at 200°C to ®nd the minimum

amount needed to inhibit water decomposition. In Fig. 3

we show the experimental results obtained at 200°C with

0, 0.23, 1.15 and 4.6 ppm of hydrogen in water. Fig. 3

shows that water decomposes readily in the absence of

hydrogen. On the other hand, the addition of 0.23 ppm

of hydrogen and more inhibits almost completely the

formation of oxygen and of hydrogen peroxide. Another

experiment with low hydrogen concentrations has been

performed at the Belleville French nuclear plant [8]. In

this in-pile experiment, the hydrogen concentration was

lowered to 3.6 cm3 kgÿ1 NTP (0.3 ppm) without any

signi®cant increase of the radiolysis products concen-

tration. Our experimental results, together with theirs,

show that hydrogen can be safely reduced by a factor 2

or 3 in the primary cooling water but it is important to

maintain a comfortable excess to prevent any accidental

accumulation of oxidizing product.

3.3. The in¯uence of zinc nitrate in water

Zinc injection in BWR water has been found to

suppress the 60Co and 58Co incorporation in stainless

steel surface oxide, which reduces their activity build-up

e�ciently [2]. The mechanism of the zinc action has not

been yet fully clari®ed. The usual zinc concentration

added to BWR is around 10 ppb. It is nowadays nec-

essary to study the action of this cation on the mecha-

nism of water radiolysis. We chose the nitrate ion as the

zinc counterion because it can be present as a secondary

product of the radiolysis of water containing some traces

of air or nitrogen. We added 2 ppm of Zn(NO3)2 to our

samples already containing boric acid and hydrogen. We

irradiated these solutions at 30°C. Fig. 4 compares the

water decomposition yield in the absence and in the

presence of 2 ppm of Zn(NO3)2. Both series of samples

are H2-saturated at 20°C. As we can see, the threshold

with Zn(NO3)2 is the same as that of the blank samples.

Therefore, at this concentration of Zn(NO3)2 neither the

nitrate ion, nor the zinc ion seem to have any e�ect on

the recombination mechanism of water.

3.4. The in¯uence of iron nitrate in water

Iron is a typical metallic impurity found in the pri-

mary circuit coming from the corrosion of stainless

steels. The oxidizing reaction on the surface of metals

releases only ferrous ions as the ferric iron release is

thermodynamically unfavorable at high temperature [9]

Fe�s� � 1=2O2�g� � 2H� ! Fe2��aq� �H2O�l� �15�
The ferrous ions are then oxidized into ferric ions either

by water

2Fe2� � 2H� � 1=2O2 ! 2Fe3��aq� �H2O�l� �16�
or by the oxidizing radiolysis products such as OH and

H2O2 and HO2:

Fig. 3. The e�ect of di�erent hydrogen concentrations at 200°C

as a function of the 10B concentration. G()H2O) is calculated

from Eq. (13) and is expressed in moles Jÿ1. 10B-EBA was used

for concentrations higher than 2000 ppm.
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Fe2� �OH! Fe3� �OH
ÿ

k17 � 4:6� 108 molesÿ1 dm3 sÿ1 �17�

Fe2� �HO2 ! Fe3� �HOÿ2
k18 � 1:2� 106 molesÿ1 dm3 sÿ1 �18�

Fe2� �Oÿ2 ! Fe3� �H2O2 � 2OH
ÿ

k19 � 1:0� 107 molesÿ1 dm3 sÿ1 �19�

Fe2� � eaq
ÿ ! products

k20 � 1:6� 108 molesÿ1 dm3 sÿ1 �20�

Fe2� �H! FeH2�

k21 � 7:5� 106 molesÿ1 dm3 sÿ1 �21�

The room temperature rate constants, k, are extracted

from the database Ratesâ [10].

The typical iron concentration in water should not

exceed few ppb [11]. We studied the behavior of water

samples containing hydrogen, boric acid and 2 ppm of

Fe(NO3)3. The samples are irradiated at 30°C. In Fig. 5

we compare the threshold obtained with Fe(NO3)3 to

that of the blank samples. As it appears from Fig. 4,

the nitrate ion does not seem to have any e�ect (at

this concentration) on water radiolysis, therefore the

di�erence between the two thresholds in Fig. 5 is prob-

ably due to the ferric ion. At this concentration, this ion

reacts with the di�erent species formed by water radio-

lysis:

Fig. 5. The e�ect of Fe(NO3)3 at 30°C on the hydrogen per-

oxide and oxygen yields expressed in moles Jÿ1. Solid symbols

are for 2 ppm of Fe(NO3)3 and open symbols are for blank

solutions.

Fig. 4. The e�ect of Zn(NO3)2 at 30°C on the hydrogen per-

oxide and oxygen yields expressed in moles Jÿ1. Solid symbols

are for 2 ppm of Zn(NO3)2 and open symbols are for blank

solutions.
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Fe3� � eaq
ÿ ! Fe2�

k22 � 6� 1010 molesÿ1 dm3 sÿ1 �22�

Fe3� �H! Fe2� �H�

k23 < 2� 106 molesÿ1 dm3 sÿ1 �23�

Fe�OH�2� �O2

ÿ ! Fe�OH�� �O2

k24 � 1:5� 108 molesÿ1 dm3 sÿ1 �24�

Fe3� �HO2 ! Fe2� �H� �O2

k25 � 2� 104 molesÿ1 dm3 sÿ1 �25�
These reactions, together with reactions (17)±(21) scav-

enge part of radicals so that the mechanism of water

recombination is less e�cient. It is therefore important

to keep the ferric and the ferrous ion concentration as

low as possible. It is very di�cult to foresee what will be

the e�ect of these impurities at higher temperature

without experimental data.

3.5. The in¯uence of lithium hydroxide in water

It has been shown that the optimum pH value for

water of the primary circuit is around 7 at 300°C [11].

The pH control agent of most PWRs is lithium hy-

droxide (7LiOH). It has been proved, though, that lith-

ium hydroxide enhances the zircaloy cladding corrosion

and the Stress Corrosion Cracking (SCC) of steam

generator tubes [12]. The maximum lithium concentra-

tion at the beginning of the reactor cycle is about 2.2

ppm. We present here a preliminary result about the

in¯uence of this chemical agent on water radiolysis. Two

series of irradiations were performed at 200°C at con-

stant pH (pH� 7 at 200°C). The pH was ®xed for each

sample by calculation of the suitable 7LiOH concentra-

tion as a function of the boric acid concentration. The

code MULTEQâ was used for these calculations at the

CEA/Fontenay aux Roses. In order to compare the

thresholds of water decomposition in Fig. 3 with that at

constant pH200� 7 we operated in the absence of hy-

drogen, saturating the solution with argon. The results

are shown in Fig. 6. Table 3 shows the di�erent boric

acid and lithium hydroxide concentrations used. As we

can see, at ®xed pH the threshold shifts towards lower
10B concentrations. That is to say that water decomposes

more in the presence of LiOH. There are di�erent pos-

sible interpretations of this experimental result. Besides

an impurity e�ect, which is the most plausible explana-

tion, it is fair to take into consideration a pH e�ect or a

Li� e�ect. Nevertheless, the Li� ion is not likely to play

any role in the mechanism of hydrogen recombination

since it does not react with the radicals formed during

water radiolysis. On the other hand, the pH of the

samples without LiOH is situated between 4 and 5.5

therefore there is not a big pH di�erence between the

solutions irradiated at pH� 7. In this range of pH, the

primary yields do not change [13]. Among all chemical

Fig. 6. The e�ect of 7LiOH on hydrogen peroxide and oxygen

yields in moles Jÿ1. The temperature of the irradiation is 200°C.

The solutions are argon-saturated The LiOH concentrations

were calculated by the code MULTEQâ. Solid symbols are for

the solution at pH� 7 using LiOH and open symbols are for

blank solutions.

Table 3

Boric acid and 7LiOH concentrations in moles kgÿ1 of water in order to achieve a pH� 7 at 200°C. The 7LiOH concentrations were

calculated using the MULTEQâ code at CEA/DTA/SCECF

H3BO3 0.09 0.2 0.3 0.4 0.5 0.6 0.7

7LiOH 1.4 ´ 10ÿ3 8.0 ´ 10ÿ3 2.4 ´ 10ÿ2 8.1 ´ 10ÿ2 1.3 ´ 10ÿ1 1.8 ´ 10ÿ1 2.3 ´ 10ÿ1
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equilibria, the only one that can be a�ected in this range

of pH is reaction 27:

H3O� �OH
ÿ¢H2O pK200� � 11:43 �26�

H2O2¢H� �HO2
ÿ

pK200� � 10:08 �27�

OH¢H� �O
ÿ

pK200� � 10:08 �28�

HO2¢H� �O2
ÿ

pK200� � 5:29 �29�

The high temperature pK values are calculated from

Elliot et al. [14]. An increase in pH involves a greater

fraction of Oÿ2 radical anions which have a particularly

negative e�ect on the recombination mechanism. These

species scavenge the OH radicals to form oxygen fol-

lowing the reaction

OH�O2
ÿ ! OHÿ �O2 �30�

This reaction involves the formation of molecular oxy-

gen which is a chain breaker. However, at the moment,

we cannot explain fully the increased decomposition in

the presence of LiOH by this mechanism. The presence

of impurities (Clÿ, Fÿ, Hg, Na, Pb and Zn) in 7LiOH

which scavenge part of the radicals could explain this

result. Numerical simulations of water radiolysis are

planned.

4. Conclusion

In this paper we showed that the 10B concentration is

one of the key parameters for water radiolysis. An in-

crease of the boric acid concentration leads to a higher
10B(n,a)7Li dose, which has a negative impact on the

mechanism of water recombination with hydrogen. Thus

water is more exposed to decomposition by radiolysis at

the beginning of the fuel cycle, when the boric acid

concentration is maximum. Prior to the shut down op-

erations, boric acid is also injected to stop the ®ssion

reaction, therefore at this moment too, water is more

likely to be radiolytically decomposed due to the high

dose of 10B(n,a)7Li radiation. On the other hand, water

decomposition is independent of the boric acid concen-

tration for the same amount of 10B: 10B-EBA can be

used without any consequences on water radiolysis.

Concerning the hydrogen concentration used to avoid

water radiolysis, previous experiments have shown that

the actual concentration used in PWR reactors is largely

in excess. Our experiments con®rm these results. On the

other hand, it is necessary to keep the impurity level as

low as possible, especially the iron(III) concentration, in

order to avoid any interference with the recombination

mechanism. The nitrate ion (NOÿ3 ) and the zinc cation

(Zn2�) do not seem to be critical parameters at the

concentrations studied. The LiOH base, used in PWR to

control the pH of water, seems to have a negative e�ect

on water decomposition, although we cannot fully ex-

plain the origin of this result. In this case, the utilization

of 10B-EBA is preferable to NBA because it can allow to

dissolve a lower amount of LiOH to control the pH of

water.
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