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Abstract

The release behavior of bred tritium to the blanket purge gas is mainly controlled by such bulk phenomena as tritium

forming reaction, diffusion of tritium in grain, interaction of tritium with irradiation defects, and absorption together

with such surface phenomena as adsorption, isotope exchange reaction between molecular form hydrogen in purge gas

and tritium on grain surface (isotope exchange reaction 1), isotope exchange reaction between water vapor and tritium

on grain surface (isotope exchange reaction 2), and water formation reaction at addition of hydrogen. Following the

observation of the present authors that the isotope exchange reaction 2 is much faster than the isotope exchange reac-

tion 1, the release curve of bred tritium obtained at purge with humidified gas was used for estimation of the effective

diffusivity of bred tritium in LiAlO2. Then, the effective diffusivity of tritium in grain of LiAlO2 is obtained as

DT = 2.5 · 10�7exp(�110 [kJ]/RT) [m2/s]. This equation gives the larger diffusivity than any other diffusivity presented

so far because the mass transfer resistance at the grain surface is expected to be eliminated in the estimation procedure

of this study.

� 2004 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 28.52.Lf
1. Introduction

It is required to develop an efficient tritium fueling

cycle keeping the over-all tritium breeding ratio greater

than 1.0 and a reliable tritium confinement system

assuring the radiation safety of tritium in construction
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of the D–T fusion reactor. The blanket is the place

where the tritium recovery system has contact with the

cooling system for electricity generation at the elevated

temperature. Then, understanding of release behavior

of bred tritium is important for design of efficient

blanket to recover bred tritium with minimum per-

meation loss. Tritium release behavior in the breeding

blanket is discussed in this paper targeting at the diffu-

sivity of bred tritium in LiAlO2 grain because discrep-

ancy in the reported values for tritium diffusivity in

LiAlO2 so far is so large to design a blanket tritium

system.
ed.

mailto:nishikaw@nucl.kyushu-u.ac.jp 


Dry He purge

T

LiOH

LiOT

H2

HT
(LiOT+H2

LiOH+HT)

T2O
(2LiOT→Li2O+T2O)

HTO
(LiOT+LiOH

Li2O+HTO)

H2O

HTO
(LiOT+H2O

LiOH+HTO)

6Li(n, α)T
7Li(n, n*α)T

LiOT
LiOT

He

Hydrogen purgeVapor purge

Neutron

Breeder
pebble

H2O

Heat

T

defects
T

SOLID BREEDER GRAIN

→
→

→

Fig. 1. Conceptual figure of tritium transfer steps from solid

breeder material.
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It seems to be taken as the common recognition to

add about 1000 ppm of hydrogen to the blanket purge

gas probably for recovery of tritium as HT form, and

the recovery method of the bred tritium is discussed so

far mostly based on this recognition, though the rea-

son has not been clearly explained. It has been re-

ported by the present authors that water vapor is

generated from various solid breeder materials at

introduction of hydrogen to the purge gas at the ele-

vated temperature [1–3]. It has been also reported by

the present authors that the isotope exchange reaction

between tritium on the grain surface of breeder mate-

rial and water vapor in the purge gas, named as the

isotope exchange reaction 2 by the present authors,

is much faster than desorption reaction of water from

grain surface or isotope exchange reaction between tri-

tium on grain surface and hydrogen in gas phase

(named as the isotope exchange reaction 1) [4–6].

Then, use of the tritium release curve obtained at

purge using purge gas with hydrogen for estimation

of diffusivity may not exclude the effect due to mass

transfer resistances on the grain surface.

In this study, change of release behavior of bred tri-

tium from LiAlO2 with change of purge gas composition

was compared using the thermal release after irradiation

method, where neutron irradiation was performed at

Japan Research Reactor-3 (JRR-3) in Japan Atomic

Energy Research Institute (JAERI) or the Kyoto Uni-

versity Research Reactor (KUR reactor) in Kyoto Uni-

versity. The effective diffusivity of tritium in LiAlO2

grain was quantified using the release curve obtained

at purge using the humidified nitrogen.
2. Preparatory consideration

In order to understand the tritium behavior in a blan-

ket system packed with sintered pebbles of micro crystal

grains of ceramic breeder material, it is necessary to

know the contribution of such tritium transfer steps as

(1) tritium formation reaction in crystal grain, (2) diffu-

sion of tritium in crystal grain to the grain surface, (3)

interaction of migrating tritium with irradiation defects

formed in crystal grain, (4) absorption of tritium into

bulk of crystal grain, (5) adsorption or desorption of tri-

tium on grain surface, (6) isotope exchange reaction be-

tween molecular form hydrogen, H2, in the gas stream

and tritium on grain surface (isotope exchange reaction

1), (7) isotope exchange reaction between water vapor,

H2O, in the gas stream and tritium on grain surface (iso-

tope exchange reaction 2), (8) water formation reaction

on grain surface at addition of H2 to the blanket purge

gas especially at high temperature, (9) transfer of hydro-

gen isotopes and water through pores of the sintered

pebble, and (10) transfer of hydrogen isotopes and water

through boundary layer formed on the surface of a sin-
tered pebbles to the gas stream. The tritium migration

model from grain of solid breeder material to the blan-

ket purge gas following the above consideration is con-

ceptually shown in Fig. 1.

Steps (1)–(3) decide the diffusion inventory of tritium

which corresponds to the amount of tritium in the bulk

of crystal grains when no absorption occurs. These steps

also give the effective diffusivity of bred tritium if the

mass transfer resistance due to reactions on the grain

surface is eliminated from the tritium release curve. Step

(5) decides the absorption inventory due to absorption

of water vapor or molecular form hydrogen into the

bulk of grain. The present authors have observed that

water vapor is absorbed into Li2O at the higher blanket

temperature though Li2TiO3, LiAlO2, Li2ZrO3 and

Li4SiO4 have no detectable absorption capacity of water

or molecular form hydrogen. Steps (4), (6), (7) and (8)

decide the surface inventory of tritium which corre-

sponds to the amount of tritium on the surface of crystal

grains. These reactions compete at the grain surface also

to decide the chemical form of tritium released into the

purge gas. Then, it can be said that the amount of tri-

tium permeable from blanket system to coolant of elec-

tricity generation system is controlled by steps (4), (6),

(7) and (8). Step (9) decides the tritium inventory in

micro pores of the sintered pebbles. Step (10) decides

the tritium inventory under diffusion through the

boundary layer formed around the sintered pebbles.

The experimental observations about the tritium inven-

tory so far indicate that effect of steps (9) and (10) are

negligible [4,5].

It must be kept in mind that the same amount of oxy-

gen as bred tritium is also liberated from the breeder

materials to make water with hydrogen added to the

blanket purge gas.

Above considerations indicate that quantification of

the surface phenomena is required to make quantification

of the bulk phenomena from the tritium release curve.
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3. Experimental

Release curves of bred tritium from LiAlO2 (75.1% of

theoretical density, grain size 10 lm, pebble size 4 mm,

made by JAERI) were obtained applying the out-pile

temperature programmed desorption method using the

experimental apparatus of which schematic diagram is

shown in Fig. 2. A 0.4–1 g sample of breeder particles

contained in a quartz tube filled with helium gas was

irradiated with the thermal neutron at JRR-3 reactor

in JAERI or at KUR reactor in Kyoto University.

The flux of thermal neutron was 4.0 · 1013 and 1.6–

2.8 · 1013 n/cm2s in JRR-3 and KUR, respectively,

and the irradiation time was varied from 3 to 100 min.

The irradiated sample was purged by dry N2 gas, N2

gas with hydrogen in various concentrations or N2 gas

with water vapor in various concentrations, and the tem-

perature of the sample bed was changed linearly from

room temperature to 1073 K with the rising rate of

2.5, 5 or 10 K/min. The flow rate of the purge gas was

100 STP cm3/min. The release behavior of total tritium,

HT and HTO, was measured using the first 50 cc ioniza-

tion chamber connected to the experimental apparatus

shown in Fig. 2 where humidified N2 gas was introduced

to the purge gas at the inlet of the ionization chamber to

diminish the memory effect following the result reported

elsewhere [7–9]. The release behavior of tritium as the

HT form was followed by the second ionization cham-

ber placed after the water bubbler.

After the purging procedure of each sample was fin-

ished, purge of the apparatus using the humidified N2

gas was performed to estimate the amount of tritium

trapped to the surface of piping between outlet of sam-

ple bed and inlet of first ionization chamber. This

amount of tritium contamination is considered to be

negligible at the case where the bred tritium is released

to the purge gas in the HT form because the trapping

rate of tritium to the piping surface through the isotope
10000ppm
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Fig. 2. Schematic diagram of experimental apparatus having

two ionization chambers.
exchange reaction 1 is very slow as reported by the pre-

sent authors [10,11].
4. Results and discussion

Example of the release curves of total tritium and tri-

tium of HT form observed for LiAlO2 at purge by dry

N2 gas, N2 gas with hydrogen and N2 gas with water va-

por are compared in Figs. 3–5, respectively. It can been

seen from comparison of these figures that the fastest tri-

tium release is observed when the purge gas with water

vapor is applied and a little slower release is observed

when the purge gas with hydrogen is applied and much

slower release is obtained in the case of the purge by dry

gas, though the purge by hydrogen gives much slower re-

lease curve similar to the purge by dry gas at tritium re-

lease from Li4SiO4, Li2TiO3 and Li2ZrO3 as reported by

the present authors [12,13]. It is mentioned in the previ-

ous report by the present authors about the tritium

inventory in a LiAlO2 blanket that LiAlO2 has a rather

large isotope exchange capacity other than the adsorp-

tion capacity on the grain surface [4]. It is supposed in

this study that dilution of tritium with hydrogen of the

isotope exchange capacity at the grain surface makes

the release of bred tritium slower as shown by Fig. 3.

It can be seen from Fig. 4 that a majority of the bred

tritium is released in the HT form from LiAlO2 at

purge with hydrogen though almost all tritium is re-

leased in the HTO form from Li4SiO4, Li2TiO3 and

Li2ZrO3 as reported in the previous paper where the

same experimental procedure was taken as that taken

in this study [14].

The reactions considered to occur on the grain sur-

face of solid breeder materials at tritium release are

listed in Table 1 for various temperature regions under

various purge gas conditions. It is considered by the pre-

sent authors that the competition of water desorption
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Fig. 3. Tritium release curve from LiAlO2 observed at purge

using dry N2 gas.
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Fig. 4. Tritium release curve from LiAlO2 observed at purge

using N2 with 10000 ppm hydrogen.
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Fig. 5. Tritium release curve from LiAlO2 observed at purge

using N2 with 10000 ppm water vapor.

Table 1

Comparison of surface reactions on grain of solid breeder materials r

Dry purge gas Purge

�573 K Adsorption/desorption Adsor

573–773 K Adsorption/desorption Adsor

Water

Isotop

Isotop

773–973 K Adsorption/desorption Adsor

Water

Isotop

Isotop

Surfac

�973 K Adsorption/desorption Adsor

Water

Isotop

Isotop

Surfac
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reaction which releases tritium as HTO, isotope ex-

change reaction 1 which releases HT and isotope ex-

change reaction 2 which releases HTO decides the

ratio of HTO to HT. Most bred tritium is released in

the HTO form at the lower temperature than 600 K even

when hydrogen is applied to the purge gas because the

isotope exchange reaction 1 is much slower than the

desorption reaction or the isotope exchange reaction 2

at the lower temperature range [4,5]. In the case of LiA-

lO2, however, release of bred tritium begins at high tem-

perature due to small diffusivity. Then, the isotope

exchange reaction 1 becomes effective to liberate more

tritium in the form of HT as discussed in the previous

paper [14].

It is shown in Figs. 3 and 4 that some tritium is

quickly liberated soon after switch of the purge gas from

N2 or N2 with hydrogen to humidified N2 after the purg-

ing procedure of irradiated sample by N2 or N2 with

hydrogen is finished. Tritium release of this manner is

not observed when purge of the irradiated sample is per-

formed using the humidified purge gas as shown in Fig.

5. Accordingly, it is considered by the present authors

that the tritium trapped to the piping surface between

sample bed and the first ionization chamber through

the isotope exchange reaction 2 between water on piping

surface and HTO in purge gas is liberated when the

humidified gas with no tritium is applied to the piping

system. In the case of hydrogen purge to LiAlO2, the

amount of tritium trapped to the piping surface becomes

smaller than the case of dry N2 purge in Fig. 3 as com-

pared with and Fig. 4. It is considered that the portion
elated to release of bred tritium
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of tritium converted to the HT form increases and water

from water formation reaction decreases the HTO/H2O

ratio at addition of hydrogen to the purge gas because

tritium release from LiAlO2 occurs at high temperature.

Then, tritium trapped to the piping surface at room tem-

perature through the isotope exchange reaction 2 be-

comes smaller.

The isotope exchange reaction 1 gives almost no con-

tribution at the low temperature even when 1000–10000

ppm of hydrogen is added to the purge gas because its

reaction rate observed for Li2TiO3, Li4SiO4, Li2ZrO3,

LiAlO2 or Li2O is so slow at the temperature lower than

600 K [10,11]. On the contrary, the isotope exchange

reaction 2 works effectively to remove tritium from the

grain surface as HTO even when only a small amount

of water vapor is included in the purge gas because its

reaction rate is large even at the room temperature [8].

At the same time, tritium trapped on the grain surface

is released as the form of HTO through desorption reac-

tion according to the adsorption isotherm of physically

adsorbed water. Accordingly, at the lower temperature

than 600 K the main chemical form of released tritium

to the purge gas is considered to be HTO. At the higher

temperature of breeder bed, the composition of HT is

supposed to increase because the reaction heat of the

isotope exchange reaction 1, 120–170 kJ/mol, is much

larger than that of the isotope exchange reaction 2, al-

most no temperature dependency [8,10,11]. The water

formation reaction, however, becomes vigorous on the

grain surface at the higher temperature than 750 K to

supply water to the purge gas. This phenomenon

makes the HTO composition larger through increase

of water vapor to accelerate the isotope exchange

reaction 2.

Observations above indicate that the mass transfer

resistance due to reactions on the grain surface becomes

smallest when the humidified purge gas is applied. Num-

ber of surface reactions required to be taken into ac-

count in model formation for quantification of release

curve of bred tritium is also smaller in the case when

the humidified purge gas is applied. Then, it is recom-

mended to use the release curve obtained at purge by

water vapor for estimation of tritium diffusivity by curve

fitting method where the isotope exchange reaction 2

and desorption give the contribution as the surface phe-

nomena to the overall mass transfer resistance at release

of bred tritium to the purge gas. Comparison of the fit-

ting curve with the observed release curve is shown in

Fig. 6 for the case where an irradiated LiAlO2 sample

was purged by N2 gas with 10000 ppm water vapor.

The sample irradiated only for 3 min was taken for

the fitting object in this figure expecting that irradia-

tion for 3 min did not create enough defects to give

effect on tritium diffusion. The modified method [15]

of the way proposed by Beloglazov et al. for Li2ZrO3

[12] was applied in this study taking the isotope ex-
change capacity on the grain surface and a good fit-

ting was obtained as shown in Fig. 6. Then, the

following equation is obtained to represent the effective

diffusivity of bred tritium in crystal grain of LiAlO2 in

this study.

DT ¼ 2:5� 10�7 expð�110 ½kJ�=RT Þ ðm2=sÞ: ð1Þ

DT is called the effective diffusivity because this parame-

ter represents the whole migration behavior in bulk of

the grain.

This equation gives the larger diffusivity than any

other diffusivity presented so far by various authors

[16–21] as compared in Fig. 7 because the mass transfer

resistance at the grain surface is expected to be elimi-

nated in the estimation procedure of this study. Other

diffusivities compared in this figure may include the ef-

fect of surface reactions because they were mainly esti-

mated from the release curve obtained at 1000 ppm

hydrogen purge considering that diffusion in LiAlO2

grain control the tritium release.

The tritium release curve estimated for the case when

diffusion is hypothetically considered to be the rate
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controlling step is also shown in Fig. 6 where the diffu-

sivity obtained in this study is used. Comparison of

two estimated curves in Fig. 6 shows difference in shape

and initiation time of release, and these differences imply

that effect of surface phenomena cannot be ignored

even at the case where the purge gas with water vapor

is applied to LiAlO2 which is believed to have the much

smaller diffusivity than Li2TiO3, Li2ZrO3, Li4SiO4 or

Li2O.

Comparison of estimated tritium release curves with

observed values are shown in Fig. 8 where the rising rate

of temperature was varied at release of bred tritium from

LiAlO2 irradiated for 100 min. The estimated release

curve using the diffusivity shown by Eq. (1) gives satis-

factory agreement for each case. This comparison also

implies that the irradiation time within 100 min does

not give remarkable difference in tritium migration

behavior through LiAlO2 grain.

It is necessary to keep the over-all tritium breeding

ratio larger than 1.0 for development of a D–T fusion

reactor having the self sustained fuel cycle. From this

viewpoint, tritium bred in the blanket must be recovered

with high efficiency. Then, understanding about the

chemical composition of the bred tritium released to

the blanket purge gas is important for design of the

recovery system and for estimation of tritium permea-

tion to the outer region of the fuel system. Experimental

results of this study indicate that further quantitative

discussion about the chemical composition of the bred

tritium is required because it is revealed in this study

that not a few portion of bred tritium can be released

from LiAlO2 as the HTO form even when the purge

gas with hydrogen is applied.
5. Conclusions

The release behavior of bred tritium from LiAlO2

was discussed applying the out-pile temperature pro-
grammed desorption method and the following conclu-

sions were obtained.

1. Mass transfer resistance due to the surface phenom-

ena on grain gives profound effect on the release

behavior of tritium and this effect becomes small

when water vapor is added to the purge gas.

2. The equation for the effective diffusivity of tritium in

the LiAlO2 grain is obtained as follows applying the

curve fitting method to the release curve obtained at

purge by humidified nitrogen. Isotope exchange reac-

tion 2 and desorption reaction at grain surface are

taken into account together with diffusion in bulk

of grain in this estimation.

DT ¼ 2:5� 10�7 expð�110 ½kJ�=RT Þ ðm2=sÞ: ð2Þ

This equation gives the larger diffusivity than any

other diffusivity presented so far by various authors

because the mass transfer resistance at the grain sur-

face is eliminated in this estimation.

3. Not a few portion of bred tritium is released to the

purge gas in the form of HTO from a LiAlO2 bed

even when hydrogen is added to the purge gas. This

observation implies that it is necessary to have a bred

tritium recovery system effective for both tritium in

HT and HTO form.
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