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ABSTRACT

The rate of self-radiation oxidation of tritium has been studied
in atmospheres of oxygen and air by direct analysis of products as a
function of time.

Second-order dependence on tritium concentration wag observed below
1 mc/ml. Rate constants were determined to be 1.2 x 1073 ml/mec-hr in
oxygen and 0.62 x 10~3 ml/me-hr in dry air.

The reaction rate was found to be independent of oxygen concentra-
tion and surface area at constant total pressures above 100 mm but to
drop off sharply below this value.

The rate in oxygen is increased threefold in the presence of water
vapor. The rate in atmospheric air, although poorly reproducible, is
essentially the same as in dry air.




SUMMARY

The Problem

The radiation hazard to personnel from an accidental release of
tritium gas increases with time because of the spontaneous conversion of
tritium to tritium oxide. The latter is much more rapidly absorbed by
the body because of its greater solubility. Knowledge of the rate of
oxidation is necessary to permit a realistic evaluation of the danger
at any time after such an accident.

The Findings

The rate of oxide production has been found to vary as the square
of the tritium concentration in the region of practical interest, below
1 mc/ml. The observed rate in dry air is relatively slow, being only
1.5 % per day at the above concentration. Although the rate was found
to be twice as great in pure oxygen and about six times as great in
moisture-containing oxygen, the normal constituents of breathing atmos-
pheres were not found to exert any large effect on the reaction rate.
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INTRODUCTION

It has been shown by Pinson and Iengham (Ref. 1) that the radia-
tion health hazard presented by tritium oxide vapor in the atmosphere
is at least 1000 times that presented by molecular tritium at equiva-
lent concentrations because of the much more rapid absorption of the
oxide into the body. Thus, initial estimetes of the perscnnel hazard
based on the often-used convention that a1l tritium is present as the
oxide may be several orders of magnitude too high in the event of an
accidental release of pure tritium gas. The concentration of oxide in
the atmosphere does increase slowly with time after such a spill, how-
ever, .ince the tritium is oxidized in the atmosphere under the infliu-
ence of its own B-radistion. Therefore, an accurate evaluation of the
danger at any time after such a release can be made only 1f the rate of
self-oxidation is knowm.

The oxidation of isotopes of hydrogen in the presence of various
radiations has been the subject of a number of investigations, includ-
ing an extensive series by Lind {Ref. 2) who studied the oxidation of
hydrogen and deuterium in oxygern by irradiation with Q-particles from
radon. These and other studies of radiation chemical <ffects in gzases
also are discussed in a moncgraph by Lind (Ref. 3).

The self-oxidation of tritium in oxygen was studicd by Dorfman and
Hermer (Ref. 4). The rate of reaction was followed by direct measure-
ment of pressure change assuming To0 as the end product, and was found
to be directly preporticnal to tritium coacentration and independent of
oxygen concentration. A first-order rate constant of 1.19 X 10'u min-1
was reported, correspondiny tc e halif-life of 97 hr. This rate was ob-
served over a concentration range betweer 94 and 324 millicuries/milliliter
of' tritium.

In the investigation described in this report it was desired to ex-
tend the existing knowledge of the self-oxidation rate of tritium to low
initial tritium concentrations - conditions corresponding more nearly to
an applied situaticon. Specific questions or problems tc be examined were:
Does the reported reie constant remain valid at concentrations of tritium
below 1 me/ml? What effects result from the introduction of nitrogen,
water vapor, and other atmospheric constituents?




The direct exchange of tritium with water vepor has already been
investigated by Yeng end Gevantman (Ref. 5). The relation of this work
to the oxidation studies was of particular interest as water vapor is
invaeriably present in atmospheric air.

EXPERIMENTAL

Experimental Approach

Because of the low concentration of tritium to be studied (below
1 mm) it was not possible to follow the progress of the reaction by
direct measurement of pressure change or other physical property. It
was necessary to analyze the reaction mixture for condensable product
formed at suitable time intervals. Methods were devised for separating
unreacted tritium from the tritium oxide product, which was then deter-
mined by liquid scintillation counting. Details of the preparation and
analysis of reaction mixtures are given in the following sections.

Apparatus and Procedure

Tritium-Dispensing System. Requirements for a suitable tritium-dispens-
ing system were: storage away from air and stopcock grease; convenient
wilthdrawal; meximur safety.

The pipetting system devised to meet these requirements is illus-
trated in Fig. 1. The pipette is basically a miniature Toepler pump
calibrated for volume and provided with a manometer tube for simultane-
ous pressure measurement. A conventional break-seal ampoule containing
the tritium is sealed into position, and the system is evacuated with
the mercury lowered out of the manometer tube end pipette. The level
is then raised to seal off the ampoule at the sintered disc, after which
the break-seal is broken. Tritium gas now can be withdrawn by lowering
the mercury level, the desired pressure and volume being read on the
manometer and pipette. The sintered disc in the delivery line prevents
mercury from being driven over accidentally. After each withdrawal,
the supply ampoule is again sealed off with mercury at the sintered disc,
preventing the tritium from remaining in contact with stopcock grease
and minimizing the danger of a possible leak.

The tritium was purchased from the Oak Ridge National laboratory,
Osk Ridge, Tennessee in a purity of 99 % (min.) and used without further
purification except for passage through a liquid-nitrogen-cooled U-tube
before use.
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Ges-Handling Apparatus. Gas-handling apparatus used for these experi-
ments were of conventional design. Vacuum was provided by a two-stage
mercury diffusion pump with a Welch Duo Seal mechanical forepump. Pres-
sures below 10-° mm, read on a Veeco Type RG-2A ionization gauge, were
reached under working conditions.

A small furnace containing a copper-oxide~filled tube was incor-
porated in the vacuum system and was kept at 450°C to allow excess gase-
ous tritium to be disposed of by conversion to the oxide which was frozen
out in liquid nitrogen.

Al]l stopcocks were lubricated with Apiezon N grease.
Tritium Counting. Suiteble aliquots of the tritium oxide solutions to

be analyzed were pipetted into 18 ml of a scintillant solution contain-
ing (per liter):

230 ml absolute ethanol

770 ml toluene

4 g 2,5 diphenyloxazole (PPO)

15 mg 1,4-bis-2 (5-phenyloxazolyl)-benzene (POPOP).

The scintillant solution was calibrated ageinst Naticnal Bureau of
Standards standard tritiated water and yielded counting efficiencies
between 6 and 8 4. The counting was done on the Packard Tri-Carb liquid
scintillation spectrometer.

Initial Experiments .

Initial exploratory experiments were conducted in the apparatus
illustrated in Fig. 2. Mixtures of tritium and air or oxygen were pre-
pared in the single 1-7 reaction bulb. At suitable time intervals,
small samples of the reaction mixture were withdrawn into one of the
sampling bulbs. Unreacted tritium was separated from the tritium oxide
product by freezing the latter in liquid nitrogen and pumping off the
remaining gases. The residue was diluted and analyzed.

The results of these preliminary experiments gave strong evidence
that the self-oxidation reaction at the concentrations studied was much
slower than predicted from a simple extrapolation of the Dorfman and
Hemmer data. The precision of the results was inadequate for quantita-
tive rate determination, however, partly because of adsorption of tritium
on the walls of the sampling manifold, which caused cross-contamination
between samples. The withdrawal of samples from the main reaction ves-
sel itself undoubtedly was affected by surface adsorption, so a revised
method was used in subsequent experiments.
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Revised Procedure

To eliminate the errors which seemed to be inherent in the "single
bulb” method, a technique was empioyed which involved the simultaneous
preparation of reaction mixtures in separate bulbs, five 250-ml bulbs
being used for a single run. At appropriate time intervals, the con-
tents of an entire bulb were teken for analysis. This procedure allo-
wed the inner surface of the reaction vessel to be rinsed with water;
thereby minimizing the effects of adsorption.

Before use, the reaction buylcs were bolled with nitric acid, rinsed,
and pumped down to at least 10-° mm. It was found that soaking in water
for about 48 hr, followed by the above procedure, made them re-usable
after a run. In the case of used bulbs, & preliminary boiling with
benzene was found to be helpful in removing stopcock grease before the
nitric acid treatment. wring the pumping, the bulbs were not baked
out since this mede subsequent decontamination more difficult and, per-
haps, interfered with the quantitetive recovery of product.

The apparatus used is illustreted in Fig. 3. A typical run was
started by measuring out the desired smount of tritium in the tritium
pipette. The gas was then expsnded through a liguid-nitrogen-cooled
U-tube into the five previously evacuated bulbs. The amount of tritium
in each bulb was calculated from the known volumes of the bulbs and
manifold system. Oxygern, air, or other atmosphere was then added to
complete the reaction mixture, and the bulbs were set aside to react at
room temperature.

In the runs made to establish dependence on tritium concentration,
the first bulb was usually sarpled in about 2 hr, the remainder at in-
tervals of 12 to 48 hr, depending on *he expected rate. This scheme
was varied in subsequent runs according to the parameter under study.

In some cases, for example, it was desirable to vary the gas composition
from one bulb to snother and samplie a1l the bulbe at once. The sampling
procedure itself consisted of the following steps:

» Add 15 mi water, shoke 10 min.

Freeze 20 min in liquid nitrogen, pump down to 103 wm.
Thaw, add 1/2 atm of hydrogen, shake 10 min.

+ Freeze 10 min, pump down to 5 xglo's mm.

Thaw, refreeze, pump +» 1 x 20- mn.

U1 W O

The remaining water was then diluted by an apprcpriate factor and
counted.
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Treatment of Data

The results of the analysis yielded amounts of tritium oxide formed
as a function of time. These were converted to percent of reaction,
using the initial concentration previously calculated. The total amount
of reaction was kept below 5 %. Since the rate of reaction is nearly
congtant, regardless of order, over the first few percent, the conven-
tional initial-rate epproximation was made:

a(r
_ 100 2)
slope = =~ TTETE [ 3t ] .

where (T.) is the tritium concentration and t is the time. The subscript
"o" indicates initial conditions. Substitution into the differential
form of the first order equation,

d(Te)

Rate = = —+— = k; (T2),

allows the formal first-order rate constant, kl’ to be calculated as:

k. = slope
1~ 100

In the general case, k; may be found to be independent of reactant
concentration, in which case the reaction is truly first-order; or a
dependence of kj on one or more reactants may be found, in which case
a more complicated situation would exist. In formulating a final rate
expression, it is necessary also to distinguish between two cases: (a)
where initial rate only 1s being described as a function of varying
initial concentrations, and (b) where a general expression describing °
the behavior of the system over an extended run is being considered.

RESULTS AND DISCUSSION

Dependence on Tritium Concentration

The formal first-crder rate constants, calculated as ebove, for the
self-oxidation of tritium in oxygen and in air are shown in Fig. 4 as a
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function of initial tritium concentration. Total pressure was TOO mm
in all cases. The "constant" kj is seen itself to vary directly as the
initial tritium concentration,

ky = ky (Tp),

where ko, the second order constant, is a true constant. Thus the cor-
rect expression for the initial rate is

An expression 1s needed for the rate of an individual run over an
extended period of time. The most simple equation which might be pro-
posed would be of the form:

d.(TE)
R= - =g = ¥ (T)(T)

where one of the tritium terms remains as initial concentration because

it simply represents the radiation intensity and tlmis is not consumed in
the normal sense during the reaction. This equation has not been veri-

fied in the case of the oxidation reaction, but has given a good fit in

the case of water exchange (Ref. 6).

The experimentally observed second-order rate constant with oxygen
1s 1.2 x 10~3 ml/mc hr; with dry air it is 0.62 x 10-3 ml/mc hr.

The results obtained by Dorfman and Hemmer (Ref. 4) are also inclu-
ded in Fig. L4, and it may be observed that our results can be extrapolated
to meet theirs. The extrapolation would involve & rather abrupt transi-

tion from second to first order. It seems more likely that the Dorfman
and Hemmer points are actually in an intermediate region, the upward
slope of the curve bheing masked by experimental error.

Dependence on Oxygen Concentration

The decreased reaction rate in air suggests the possibility of a
dependence of the rate on oxygen concentration. This possibility was
investigated by studying the rate under varying oxygen concentrations.
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The results of a typical run are given in Table 1. The reaction mixtures
were all brought up to 700 mm with nitrogen to be sure that essentially
all the B-particles from the tritium were absorbed in the gas phase.
There is no obvious trend in the rates, and the average compares well
with the results predicted from Fig. 4, for a tritium concentration of
0.259 mc/ml in an air atmosphere. It is concluded that the reaction is
independent of oxygen concentration as such and that the decreased rate
in air is due to the behavior of the nitrogen itself.

TABLE 1

BEffect of Variation of Oxygen Pressure on the Self-Oxidation of
Tritium. (Initial Tritium: 0.259 mc/ml; Diluent: Tank Nitrogen;
Total Pressure: 700 mm.)

P

Sample Oxygen (mm) Time (hr) Percent ky
No. Reaction
I
1 0.0 145.5 2.96 2,03 ¥ 10 " hr
3 6.2 146.3 2.38 1.63
4 4y .8 146.8 2.99 2.04
5 123.8 k5.7 2.12 1.46
6 348.8 6.2 3.30 2.26
Average: 1.88 x 10-# nr-1

It is seen from Table 1 that the rate was undiminished even when
no oxygen wes intentionally added. Since some oxygen undoubtedly was
present in the tank nitrogen, this point was further investigated by
studying the behavior of tritium diluted with (a) reegent grade helium,
and (b) commercial helium purified by being passed through & charcoal
colum at liquid nitrogen temperature. Helium was used instead of nitro-
gen because it is more easily purified and to eliminate the possibility
of a reaction between tritium and nitrogen. Again, there was no decre-
ase in the rate. The tritium evidently is capable of reacting with
extremely small concentrations of oxidant. It must be pointed out that
stoichiometry 1s easily accounted for, since under the conditions of ~
these experiments, 0.005 % of oxygen in the inert gas is sufficient to
give the observed results. The implications of this observation with
respect to mechanism will be discussed in more detail in a later section.




Oxidation in the Presence of Water

Since water vapor is invariebly present in atmespheric air it is
important to esteblish the relation between the self-oxidation and water
exchange reactions under conditions where both may occur simultaneously.
The second-order rate constant, 1.7 x 103 ml/mc hr, reported by Yang
and Gevantman, for the water exchange reaction is close to the value
1.2 x 103 ml/mc hr reported here for the self-oxidation in oxygern:

This agreement, as well as the persistence of the oxidation reaction in
the purest available inert gases, led to the possibility that in the
preceding studies the two reactions were actually teking place simul-
taneously or even that they might be identical. Because cof this ques-
tion it was necessary tc study the oxidation and water exchange reac-
tions, each under such conditions that the cther was least likely to
interfere.

To eliminate water as completely as possible from the tritium-
oxygen reaction mixtures, the latter were prepared in bults cf fused
quartz which had previously been baked for 4 hr at 106 mm and 500°C.
The product was recovered in the normal manner and the rate corresponded
exactly with that measured in unbaked Pyrex bulbs.

Because of the difficulty previously ncted in preparing completely
oxygen-free inert gases, the water exchange reaction was re-examined in
the presence of water vapor elone (Ref. 6). To obtein a vapor pressure
high enough tc insure that essentially all the tritium B-energy was
absorbed in the gas phase, the reaction was run at 85°C and enough water
was added to give 400 mm pressure. This procedure was justified by the
observation of Schiflett and Lind (Ref. 7) that the radiation chemical
oxidation of hydrogen has a very small temperature ccefficient in this
temperature region. The water used was degassed thoroughly and the
bulbs were sealed to eliminate stopcocks. A blank containing only
tritium was included in the series to check the possibility of oxidation
being caused by the sealing-off operation. None was observed. The
exchange rate measured under these conditions duplicated that of Yang
and Gevantman satisfactorily.

The above results indicate that the oxidation and water exchange
reactions proceed independently of each other and are in fact distinct,
the similarity in the rates being due tc similar rate-determining steps
in their respective mechanisms. The possibility of complications aris-
ing when tritium reacts with an atmosphere containing water and oxygen
thus made it desirable to study this reaction directly.

Mixtures of tritium,water, and oxygen were first prepared in Pyrex
bulbs using the multiple bulbs technique. A rate approximately twice
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that in dry oxygen was measured, but precision was not satisfactory.
The experiment was repeated by Smith (Ref. 6) using the single bulb
procedure of Yang and Gevantman. A second-order rate constant of .3 x
10-3 ml/mc hr was obtained. This is approximately three times the rate
of self-oxidation in dry oxysen.

Oxidation in Atmospheric Air

Because of the demonstrated acceleration of the self-oxidation
reaction in atmospheres containing both oxygen and water, it was con-
sidered desirable to study the conversion of tritium to tritium oxide
in actual breathing atmospheres, in case other minor components might
also influence the reaction rate. Samples of breathing atmospheres
were taken from spaces typical of those where tritium contamination
might occur. Mixtures of tritium and these samples were studied through
the same techniques as in the case of oxygen or dry air. There was a
marked scatter in the results as might be expected from the many consti-
tuents undoubtedly present in the atmospheric samples, and it was not
possible to derive precise rate constants. It was determined, however,
that the rate of self-oxidation was approximately the same as in dry
air. Although these gases did contain moisture, the similarity to dry
air is possibly due to a compensating effect of substances which might
act as inhibitors.

Further Experiments

Additional experiments were conducted in an effort to provide the
basis for a coherent mechanism correlating the above observations.

The effect of surface area was studied by carrying out the reaction
of tritium and oxygen in bulbs whose surface area was increased. Two
bulbs of 500-ml capacity were indented over their entire surface to give
a threefold increase in surface-to-volume ratio. Comparison with the
results of a reaction run in an unindented 500-ml bulb showed no signi-
ficant effect due to the increased surface.

The effect of change in total pressure was studied by preparing
mixtures of tritium and cxygen containing oxygen at pressures between
5 and 700 mm without an inert gas diluvent. A bulb containing tritium
alone was included in the series as a blank. At 100 mm pressure and
above, the rate was essentially constant; at 20 mm the rate was reduced

to 10 % of the maximum value; and at 5 mm it was reduced to 0.5 %, which
was the same as the background observed in the blank.

The P-energy absorbed by tritiated gases in spherical vessels as
a function of vessel size and absorption coefficient of the gas has

13




been calculated by Meuller (Ref. 8). According to these calculations,
the energy absorbed in oxygen at 20 and 5 mm is 55 and 21 %, respect-
ively, of the total. Our observation of a considerably more rapid drop-
off in the rate with decreasing pressure indicates that the effect is
not due entirely to the decrease in absorbed energy. An inhibiting
action, such as chain termination at the walls of the container, is
indicated.

Mechenisn

Although it is difficult to formulate an over-all mechanism to
correlate the experimental observations, it is possible to interpret
the latter in terms of some of the elementary steps proposed for radia-
tion-induced reactions.

It is consistent with all available evidence to assume that the
primary step in the self-oxidation reaction is ionization of the gases
by the tritium B-radiation. In the presence of a large excess of inert
gas, M, the principal process must be

Mo M+ e

Possibilities such as radiolysis of the surface or surface-bound materi-
als are eliminated by the observed independence of surface aresa and the
drop-off in rate at low pressures. The agreement between previous in-
vestigations using tritium (Ref. 4) and a-particles (Ref. 2), as an
ionization source, also eliminates the possibility of a large contribu-
tion from chain reactions initiated by the tritium atom (more precisely
He3 T*) formed in the decay process.

It has been demonstrated previously (Ref. 9) that ionization of an
inert gas molecule can be as effective in promoting a radiation-chemical
reaction as the ionization of a reactant. This necessitates some form
of energy transfer between the inert gas ion and the reactant. In the
present case, the reaction is observed to be second-order in tritium
and zero-order in oxygen. This implies that the energy is transferred
to tritium, not to oxygen. If one assumes that essentially every tri-
tium molecule so activated eventually reacts with some oxidant, it is

easy to explain the similarity in the rates for oxlidation and water
exchange.

It has been observed that xenon is almost as effective as the other

inert gases in bringing about the radiation-induced oxidation of hydro-
gen (Ref. 9) and the self-induced water exchange by tritium (Ref. 6).

14




The ionization potentials of the molecules concerned are as follows
(Ref. 3):

Xe 12.13 eV
Ho 15.43
0o 12.10
H0 12.62

Since the ionization potential of xenon is below that of hydrogen or
water, a simple charge transfer mechanism

xet + HO - HO' + Xe

2 2
+ +
or Xe + T2 - T2 + Xe

cannot take place. In the oxidation reaction, the process

+ +
Xe + O2 - O2 + Xe

is possible, although charge transfer to tritium; which seems to te the
more reasonable course, 1s not. We conclude that the energy transfer
process is not a simple charge transfer:

T2+M+—»’I‘;+M

The process has been explained by Lind on the basis of a clustering
mechanism in which the inert gas ion surrounds itself with reactant
molecules - a process somewhat analogous to the sonlvation of an ion in
solution.

Eyring has pointed out that an inert gas ion should display the
characteristics of an extremely reactive halogen atom (Ref. 10). It
would then be possible for reactions to occur such as

+ +
T,+M -™ + T
2
leading to the ultimate products.
It is necessary to clarify further the observed total independence
of oxygen concentration. Lind has shown (Ref.’ll) that if a radiation-
chemical oxidation reaction is possible in a given system, oxidation’

occurs to the exclusion of eny other reaction. This behavior was attri-
buted to the affinity of oxygen for free electrons which is so great

15




that all the free electrons ultimately form O;. Lind stated that neu-
tralization of the positive clusters preceded the formation of stable
products. Since all the free electrons are present as Oé, the neutrali-
zation process must lead to oxide formation. -

It must be noted that the supply of O, is dependent on the number
of free electrons available, that is, on the number of lonization pro-
cesses taking place, and not on the oxygen concentration. If one agrees
that neutralization of the positive ions precedes the formation of
stable products, then the reaction is with 05 and not with Oy, hence
independent of the O, concentration.

CONCLUSIONS AND RECOMMENDATIONS

The self-oxidation of tritium has been shown to follow a second-
order rate law:

2
Rate_ = k, ('1'2)o
or Rate = k, (1'2)o (T2)

where ky, = 1.2 x 1073 ml/mec hr in oxygen and
0.62 x 1073 ml/me hr in dry air.

The rate is independent of oxygen concentration and surface area at
constant total pressures above 100 mm, but drops off rapidly at lower
pressures.

The rate 1n oxygen is increased by a factor of approximately three
by the presence of water vepor; the rate in ordinary atmospheric air
tends to be irreproducible but 1s generally the same as in the case of
dry air.

The observed independence of surface area does not preclude the
occurrence of all surface effects especially in the case of metallic or
oxidized surfaces. These effects will be the subject of a future inves-
tigation..

The relation between the water exchange ard oxidation reactions
also merits further study. It would be of particular interest to devise
methods for distinguishing between To0 and HTO in the condensible pro- >
ducts and between Tp and HT in the non-condensible gases.
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