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ABSTRACT 

TRITIUM OXIDATION AND EXCHANGE: PRELIMINARY STUDIES 

J. E- Phillips and C. E. Easterly 

The radiological hazard resulting from an exposure to either tritium 

oxide or tritium gas is discussed and the factors contributing to the 

hazard are presented. From the discussion it appears that an exposure 

to tritium oxide vapor is 101* to 10s times more hazardous than exposure 

to tritium gas. Present and future sources of tritium are briefly 

considered and indicate that.most of the tritium has been and is being 

released as tritium oxide. The likel-ihood of gaseous releases, however, 

is expected to increase in the future, calling to task the present 

general release assumption that 100% of all tritium released is as oxide. 

Accurate evaluation of the hazards from a gaseous release will require a 

knowledge of the conversion rate of tritium gas to tritium oxide. An 

experiment for determining the conversion rate of tritium gas to tritium 

oxide is presented along with some preliminary data. The conversion 

rates obtained for low initial concentrations CIO-1* to 10-1 mCi/mft) 

indicate the conversion may proceed more rapidly than would be expected 

from an extrapolation of previous data taken at higher concentrations 

(10-1 to 102 mCi/m£). 
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1. INTRODUCTION 

In the past, interest in tritium exposure has primarily focused on 

exposure to tritium oxide although large quantities of tritium gas have, 

on occasion, been accidentally released from tritium production and 

handling facilities within the United States. While no significant 

exposures from these releases have been reported, the risk of exposure 

to significant levels of tritium gas will increase if present trends 

continue in the development of fusion reactors that are fueled with 

tritium gas. For this reason, a more accurate assessment of the 

.adic1 'jical implications of exposure to tritium gas is desirable. 

The conversion rate of tritium gas to tritium oxide must be known 

before the radiological implication of an exposure to the gas can be 

determined. This is due to the more hazardous nature of the oxide form. 

Present knowledge of the conversion rate is limited to relatively high 

tritium gas concentrations in the fallowing gas mixtures: (1) pure 

oxygen; (2) oxygen and water vapor; (3) dry air; (4) dry air and water 

vapor; (5) oxygen, hydrogen, and inert gas; and (6) oxygen, hydrogen, 

inert gas, and water vapor. Some of the conclusions from these studies 

are conflicting, and the influence of atmospheric constituents on the 

reaction rate has not been studied. 

The objectives of this paper are: Cl) to discuss the relative 

radiological hazards of tritivur and tritium oxide; (2) to delineate 

the sources of tritium, quantify their releases, and establish the 

chemical form of the releases; (3) to present previous findings of the 

conversion rate of tritium gas to tritium oxide; (4) to present the 

preliminary results of a tritium conversion rate experiment; and (5) to 

make recommendations for future experiments. 
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2. RADIOLOGICAL HAZARDS OF TRITIUM AND TRITIUM OXIDE 

Both the physical properties and chemical form of tritium determine 

the hazard from an exposure to tritium. Regardless of its chemical 

form, tritium decays with a half-life of 12.3 years by emitting a beta 

particle having a maximum energy of 18 keV and an average energy of 5.7 

k e V . ^ These low energy beta particles do not present an external 

exposure hazard (the beta particles do not penetrate the dead, outer 

layer of skin); however, they present a potential hazard when emitted 

within the body where live tissue is exposed. Therefore, the hazard 

depends on the uptake and retention of the tritium which, in turn, 

depends on the chemical form of the tritium. For this reason the 

chemical form and the uptake rate must be known before an accurate 

assessment of the hazard from an exposure to tritium can be made. The 

more common chemical forir.s that occur in the environment and are 

available for uptake are tritium as tritium oxide vapor or liquid (HTO 

or T2O), tritium as tritium gas (HT or T2) or tritium as an organic 
(2 

compound where one or more protium atoms are replaced by the tritium. ' 

Inhalation and percutaneous absorption are the two routes by which 

tritium oxide vapor or tritium gas may be incorporated into the body. 
2.1. Inhalation 

There is a large uptake of HTO vapor during an exposure through 

inhalation. Human subjects inhaling air contaminated with tritium oxide 

vapor absorbed 98 to 99% of the HTO v a p o r ^ during four to five minute 

exposures. The HTO concentration in venous blood increases rapidly 

reaching a maximum approximately ten minutes after the end of the 
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(4") exposure. This is followed by an exponential decline (with a half-life 

near 12 rain) which is most likely due to the distribution of the tritium 
(4) 

oxide in the body. The activity in urine follows a similar pattern, 

but the increase is somewhat slower, reaching a maximum 25 to 40 min after 

the exposure. Comparison of the tritium in venous blood with that in 

urine indicates that there is a 2 hr delay in the establishment of 

equilibrium between urine and venous blood; therefore, at least a 2 hr 

delay is expected before the establishment of equilibrium in total body 

water. Following the establishment of equilibrium in body water, the 

tritium oxide concentration in body water decreases exponentially with a (41 

9 to 12 day half-life, J the half-life for body water turnover. 

The uptake of tritium due to inhalation of tritium gas is not as 

great as that for inhalation of tritium oxide vapor. Current experimental 
data indicate that humans absorb less than 0.004% of the tritium gas 

(4 5") 

inhaled, * oxidation within the body is thought to be responsible for 

this uptake. Though the exact locus of this oxidatio^^as not been 

determined, the observation that certain bacteria in the intestinal {41 
tract of rodents are responsible for the oxidation of tritium gas^ 

suggests that the same may be true in man. For acute exposure, most of 

the oxidized tritium gas is incorporated in the body water with only a 

small amount becoming bound in tissue components.^ The uptake is (41 probably linear with time since the uptake in urine is linear with time. 

2.2. Percutaneous Absorption from Air 

Lai-ge uptake of tritium through the skin has been found for 

exposures to HTO vapor.^ The uptake is so efficient that an unclothed 
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man submerged in a cloud of HTO may absorb as much tritium through his 

skin as through his lungs. ̂  Pinson and Langham^ have produced 

evidence that the absorption rate of water vapor contaminated with HTO 

(0.018 mg water/cm2-min) is approximately equal to the loss rate of 

insensible perspiration of the forearm (0.013 mg water/cm2-min) under 

the same conditions. The uptake rate of tritium, therefore, depends on 

the tritium contamination of the vapor. De Long et a l . ^ found that 

the absorption for one hour exposures of the lower arm to an atmosphere 

saturated with HTO contaminated water vapor at 30°C is 0.0086 ± 0.0017 

mg/cm2-min. They also found that the water absorption in milligrams per 

square centimeter per minute is directly proportional to the vapor 

pressure. Correction for this effect increased the discrepancy between 

this data and that of Pinson et al.'-4̂  It was also observed^ that the 

absorption rate of HTO contaminated water vapor is higher for exposures 

of abdominal skin than for exposures of the forearm. In another instance, 

the absorption rate per unit area was determined for an exposure of the 

whole body and was found to be higher than those for exposures of the 
(7) 

forearm or abdomen. This result is consistent with Pinson's1 finding 

that the absorption rate is nearly equal to the insensible perspiration 

loss rate. 

Following percutaneous absorption of HTO vapor, the HTO is diluted 

in the body water. Distribution and equilibrium, however, are delayed 

as evidenced by a 10 min period between the beginning of the exposure 

and the appearance of HTO in the urine. After its appearance in the 
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urine, the concentration of tritium continues to increase for thirty 
f4) minutes to several hours. If the skin is warmed, the increase is 

rapid and peaks around 1 hr after the exposure. If the skin is chilled, 

the increase is slower and the peak is reached about 5 hr after the 
( n 

exposure. ' This is believed to be due to a change in blood circulation 

in and/or near the skin. Following equilibrium, the concentration of 

the HTO in the body water should decline with a half-life of 9 to 12 

days if normal consumption of water is maintained. 

The absorption of tritium gas through the skin is less rapid than r o-> 

the absorption of tritium oxide. Eakins, Hutchinson, and Lally J 

exposed a 24 cm2 area of skin to tritium gas at a concentration of 260 

UCi/cm3 but could not detect an increase of tritium in the urine 

following the exposure. 
2.3. Percutaneous Absorption from a Metal Surface 

Tritium is absorbed by the body when the skin is contacted with a 

metal surface contaminated with tritium gas or tritium oxide. A study 

of this mechanism has been performed by Eakins, Hutchinson, and Lally.^ 

This study is significant to fusion technology since the operation and 

maintenance of fusion reactors will likely result in skin contact with 

tritium contaminated surfaces. An experiment in which the inside forearm 

of one subject was exposed for 10 min to a brass strip contaminated 

with adsorbed tritiated water vapor at a concentration of 20 yCi/cm2, 

indicates that 3.4% of the applied activity is absorbed through 

the skin. When similar exposure parameters were employed using the 

palm, two different subjects absorbed 14.6 and 4.9% of the applied 
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( 8") activity.v The absorbed tritium remains in the oxide form and is 

distributed throughout the body water. Its concentration in urine peaks 

nearly four hours after the exposure, indicating that equilibrium in 

the body fluids is delayed for at least this length of time. The 

equilibrium is then followed by an exponential decrease in the concen-

tration with a half-life of 9.5 days. Again, this is the half-life for 

turnover of body water. 

Exposure of the forearm and palm to brass contaminated with tritium 

gas introduces a smaller tritium activity into the urine. The tritium 
f 81 

then appears in urine in two forms: oxide and organic. For 10 

min exposures of the inside forearm to brass contaminated with 44 

liCi/cm2 of tritium gas, an average of 0.50% (range, 0.28 to 0.75%) of 

the applied activity is absorbed and later appears in the urine as 

tritiated water, while an average of 0.33% (range. 0-13 to 0.65%) of 

the applied activity is absorbed and emerges in the urine as organic 

tritium.^ The tritium oxide and organic tritium concentrations in 
» 

urine were also followed over time. The tritium oxide concentration in 

urine initially rises quite rapidly for approximately four hours. During 

this time about 40 to 50% of the maximum concentration is reached. 

The concentration then increases at a slower rate until the maximum is 

reached approximately 24 hr after the exposure. The half-life of 

the subsequent exponential decline in the tritium concentration in urine 

ranged from 13 to 16 days in the three subjects that were followed. 

This is slightly longer than the half-life of 9 to 12 days for body 

water turnover under normal conditions. The organic tritium concentra-

tion in urine also reaches a maximum approximately 24 hr after the 
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exposure. Following this peak, the organic tritium concentration 

declines exponentially with two components. Approximately 50% of the 

organic tritium is excreted with a half-time of one to two days; the 

other 50% is excreted with a half-time of 0.1 to 0.2 days. 

2.4. Conclusions Regarding Radiological Hazards 

Several conclusions can be derived from the above data. First, 

exposures to tritium oxide vapor are between four and five orders of 

magnitude more hazardous than exposures to atmospheric tritium gas. 

This is due totally to the relative absorption of tritium in the two 

cases. Second, tritium oxide and tritium gas exposures by skin contact 

with contaminated metal surfaces appear to be approximately equally 

hazardous. More tritium is absorbed during an exposure to a metal 

contaminated with tritiated water than with tritium gas, but the faster 

elimination of the tritium absorbed from the former exposure tends to 

diminish the difference in the resulting dose. Comparison of the 50 year 

dose commitment resulting from an exposure of A square centimeters of the 

palm and forearm to brass contaminated with Q microcuries of tritium oxide 

per square centimeter, ([9.11 x 10~6][Q][A] rads), with the 50 year dose 

commitment resulting from the same exposure except to brass contaminated 

with the same concentration of tritium gas, ([7.06 * 10~6][Q][A] rads), 

shows that the dose commitments are nearly equal. Highly contaminated 

surfaces are needed, however, for the percutaneous absorption of tritium 

from the metal surface to become significant when compared with 

pulmonary uptake. This can be seen by a comparison of the dose commit-

ments that result from each exposure. For pulmonary absorption of 
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tritium during an 8 hour exposure to tritium gas at 5 x 10~5 yCi/mS. the 

absorbed dose is 3.3 x 10"3 rad while the dose commitment from percutan-

eous absorption during an exposure to a brass surface that has adsorbed 

tritium from the same environment is 4.0 x 10~9 rad, a factor of 106 

smaller. In the latter calculation, data for the sorption of tritium 
f91 on brass, obtained by Hutchinson and Eakins, were used. 
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3. SOURCES OF TRITIUM 

The primary contributors to the present tritium inventory are: 

(1) natural production; (2) nuclear detonations; (3) fission reactors; 

(4) fuel reprocessing plants; (5) tritium production and pr "^ssing 

facilities; and in the future, (6) thermonut-iear reactors. ^se sources 

are discussed in detail in another report. 

3.1. Natural Production 

Estimates of the global steady state inventory of naturally produced 
f2) 

tritium range from 70 to 140 MCi. J This tritium is derived from the 

irradiation of nitrogen-14 and oxygen atoms in the upper atmosphere with 

cosmic rays, and from the capture of tritium nuclei ejected by stars. f2") 

Using the tritium distribution given by Jacobs, 0.070 to 0.140 MCi 

of tritium is in the troposphere as HTO, 0.0140 to 0.2S0 MCi is in the 

troposphere as HT, 7.0 to 14.0 MCi appear in the stratosphere as HTO 

and 0.00280 to 0.00980 MCi is in the stratosphere as HT; most of the 

remainder is in the hydrosphere. 
3.2. Nuclear Detonations 

Fission and fusion weapons have contribute i largely to the world 

tritium inventory. The contribution from atmospheric detonation of 

fusion weapons (6.7-48 megacuries/megaton equivalent explosion, MCi/Mt)^^ 

is larger than that from the atmospheric detonation of fission weapons 
(12") 

(2 MCi/Mt).v ' The tritium inventories in 1963 due to fusion explosions 

and due to fission explosions have been reported as 3100 MCi and 300 MCi, 

respectively.^^ In other estimates, the inventory due to weapons 
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tests ranges from 1700 MCi^13^ to 8000 MCi^11-' of tritium. Underground 

explosions release less tritium to the atmosphere with the amount of 

release depending on the containment of the explosion. Estimates^^ of 

the upper lin.it of tritium release in 17 vented radioactivity tests have 

determined (based on the assumption that HT and HTO releases are the 

same as those for rare gases) that 1.2 x 10~7 to 1.2 x io~2 MCi of 

tritium were released to the atmosphere per year. During this period 

the detonation rate was 60 kT/year (kiloton/year) . ̂ ^ 

Only a small fraction of the tritium released to the atmosphere 
(2 11' 

from underground or atmospheric weapons tests is elemental tritium. ' 

In atmospheric detonations a majority of the tritium is oxidized as a 

result of the high temperatures of the detonation. Nevertheless, the 

atmospheric concentrations of elemental tritium and tritium incorporated 

in methane gas are significantly increased following the detonation. 

For underground detonatijns, a reasonable upper limit for tritium in the 

elemental form is 1% of the release. 
3.3. Fission Reactors 

Water cooled fission reactors produce tritium by ternary fission 

of the fuel, by activation of structural and component material, and by 

activation of the coolant. Most of the tritium released from these 

reactors is released as tritiated water either in the liquid or vapor 

phase, but some tritium gas is also released along with the gaseous 

effluent. It is typical for the gaseous effluent to contain <0.25 to 

10%<14) of the total tritium released from a PWR (pressurized water 

reactor) while for BWRs (boiling water reactors) the tritium released 
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with the gaseous effluents has varied from 1 to 30% of >ht- total 

tritium. C14'15) The Chalk River Reactor (42 M W ^ ) ^ 1 6 ) typical of HWRs 

(heavy water reactors) releases 3 Ci of tritium to the stack per year.^ 

The treatment of the gaseous effluent determines the partitioning 

of the gaseous tritium stream into the elemental and oxidized forms. 

Treatments are so different that a wide variation in this fraction is 

found. In BWRs, one study found that nv-t -j? the tritium released with 

the gaseous effluents had an elemental form, while another^7^ showed 

that most was released as a vapor. Similar data on PWRs were not found. 

In HWRs any tritium that is available for release must first enter the 

heavy water coolant whose chemistry indicates that elemental tritium 
C21 

will not be released. J Therefore, most of its gaseous effluent is 

water vapor. 

Several advanced reactor designs are being developed and may become 

available in the future. These are the Liquid Metal Fast Breeder Reactor 

(LMFBR), the High Temperature Gas Cooled Reactor (HTGR), and the Molten 

Salt Breeder Reactor (MSBR). Based on design concepts and experience 

with small scale experimental breeder reactors and fast flux test 

facilities, it can be estimated that the LMFBR will release approximately 

57 Ci of tritium per 1000 MW^-year to the air primarily as tritium gas 

and 3 Ci of tritium per 1000 MW^-year as liquid HTo/10-) It is 

expected^10-' that the total release from a HTGR will be around 200 Ci 

per year. Experience with the low power Peach Bottom HTGR indicates 

that 62% of the tritium released from the reactor will be released in 

the gaseous effluent, J the HTO and HT fractions are not available. 

Releases from MSBRs cannot yet be determined since they are in the 

development stage. 
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3.4. Fuel Reprocessing 

Tritium is also released during the reprocessing of nuclear fuel. 

This tritium is produced during reactor operation and retained in the 

fuel. At the Allied-Gulf Nuclear Services Plant (capacity of 1500 MTU 
f 181 

of fuel per year), 5% of the tritium released from the stack is 

expected to be HT gas,^*^ with the balance being released as HTO vapor; 

this would correspond to 3.35 x lO1* Ci/year of HT gas and 6.37 x 10s f 18) Ci/year of HTO vapor.- At the Nuclear Fuel Services Facility (operated 

from April 1966 to early 1972), 1.3% of the tritium in the fuel was 
(19) 

released to the environment via the dissolver off gas. J Approximately 

75% of this had the form of water vapor. ̂ ^ If the facility had been 

expanded to 750 MTU per year as proposed, the release would be approxi-

mately 1.4 x 1011 Ci/year as HTO vapor and 4.6 x 103 Ci/year as HT gas.^19-) 

The actual release would vary with the burnup of the fuel. 

3.5. Tritium Production Facilities 

The Savannah River Plant near Aiken, South Carolina, produces 

tritium in large quantities. It is formed by irradiating aluminum-lithium 

targets in heavy water moderated reactors (as well as by mechanisms that 

normally occur in power HWRs). Tritium is released from the reactor, 

from the target recovery facility, and from the fuel reprocessing 

facility. The releases from the HWRs are the same as those found in 

power HWRs so that all of the gaseous release is DTO vapor. From 1970 

to 1974 the average gaseous release from the reactors was 231 Ci/year. 

Most of the atmospheric release from the production process is as 

elemental tritium from the target processing facility since HTO vapor 
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is condensed and released as liquid to seepage basins. The average 

gaseous release from the processing facilities from 1970 to 1974 was 

408 Ci/year. 

Large quantities of elemental tritium gas have been accidentally 

released from the Savannah River Plant on two recent occasions. The 

first occurred on May 2, 1974, when 479,000 Ci were released.'-22'' the 

second occurred on December 31, 1975, when 182,000 Ci were released. 

These releases were due to valve failures in the processing system. 

3.6. Thermonuclear Reactors 

The first generation of thermonuclear reactors will use tritium and 

deuterium as a fuel. For this reason a large tritium inventory will be 

required. The total tritium inventory is expected to be between 1 and 

15 kg (9.7-14.5 MCi) for a 5000 M W ^ reactor/10^ Much of this will be 

stored as fuel reserve. Significant inventories will also appear in 

the blanket, intermediate coolant, and the tritium recovery, processing, 

and injection systems. Normal releases of tritium are expected to be 

reasonably low, £ 10 Ci/day to surface waters for a 1000 MW^j reactor 

(24,25,26,27)and 2 c i / d a y t 0 t h e atmosphere. C 2 4' 2 5'Draley et al.(28) 

predicted that leakages to the steam system will be 31 Ci/day. 

3.7. Conclusions Concerning the Sources of Tritium 

In the past, evaluations of the hazard from an exposure to tritium 

have assumed that the tritium is completely in the oxide form. Based 

on the above discussion of the source of tritium, such an assumption was 

acceptable since most of the releases of tritium to the atmosphere have 
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primarily had the form of tritium oxide or have been much lower than the 

background inventory. Two obvious exceptions were the accidental 

releases of tritium gas from the tritium production facility at Savannah 

River. The increased tritium inventories that w;ll be required to fuel 

the first generation of fusion reactors are expected to increare the 

likelihood of an accidental release of tritium gas or exposures of 

maintenance personnel to tritium as a gas. Accurate assessments of the 

radiological hazard from such exposures will require a knowledge of the 

conversion rate of tritium gas to tritium oxide. 
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4. PREVIOUS STUDIES 

The conversion of tritium to tritium oxide under a variety of 

environmental conditions has been studied in the past. The foundation 
f29) 

for these studies was laid by S. C. Lind^ in his study of the 

combination of hydrogen and oxygen in an alpha radiation field. It was 

found in this study that 3.92 water molecules are formed per ion pair 

produced. A. L. Marshal also studied the combination of hydrogen 

and oxygen using cathode rays to initiate the reaction. He proi»eSd 

convincing evidence that the mechanisms for the combination of oxygen 

and hydrogen induced by cathode rays are similar to those for their 

combination in an alpha radiation field. 

4.1. HT HTO Conversion in Dry Gas Mixtures 

Dorfman and Hemmer^3^ were the first to study the oxidation of 

tritium in its own radiation field. A mixture of protium, tritium, and 

oxygen was used although the primary interest was the reaction 

2T2 + 0 2 -»• 2T20 . 

If it is assumed that water (HTO, T20, or H20) is the only reaction 

product and that tyater vapor, oxygen gas, and hydrogen gas (protium and 

tritium) are ideal gases, the mass balance can be represented by: 

P /2AP = 1 , (4.1.1) w ' 

where P w is the pressure of water vapor and AP is the change in the 

total pressure of the system. The change in the total pressure was 

measured at the end of the experiment. By measuring the pressure of the 
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water vapor the mass balance formula could be used to evaluate the 

assumption that water is the only product formed. Values of Pw/2AP as 

high*«as 0.97 and 0.98 were obtained which indicate that any hydrogen 

peroxide formed must have a transitory existence or must not be formed 

at all.^3^ This result is supported by the works of Lind^2^ and 

Marshall.(30) 

f31) 

Reduction of Dorfman and Hemmer's 1 data shows that, if correction 

is made for a secondary effect, the initial rate is directly proportional 

to the tritium concentration. The secondary effect is a dependence of 

the reaction rate on the mole fraction of protium in the hydrogen 

reactant. This effect can be seen in Fig. 4.1.1 which is a plot of 

the initial rate divided by the initial tritium concentration (measured 

as tritium pressure) against the mole fraction of protium in the hydrogen 

reactant. To approximate this effect, a linear relationship between the 

ratio of the initial rate to the initial tritium concentration and the 

initial mole fraction of protium in the hydrogen reactant is assumed. 

Therefore, the initial reaction rate can be represented by 

R o = k [T 2] q (1 + bm H) (4.1.2) 

where R q is the initial reaction rate, [T2]Q is the initial tritium 

concentration, k is the rate constant in minutes-1, b is the isotope 

correction factor, and m^ is the mole fraction of protium in the hydrogen 

r e a c t a n t . T h e value of b is 0.3, and the average value of k is 

1.19 x 10"" min"1.*-31^ This equation is shown in Fig. 4.1.2 where 
f 31) 

Dorfman and Hemmer'sv 7 data have been used to plot RQ/(I + 0.3m^) 

against the initial tritium pressure. The data points fit a straight 

line through the origin as expected. 
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Fig. 4.1.1. Dependence of the reaction rate on the protium mole fraction 
(from Dorfman and Hemmer, ref. 31). 
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Fig. 4.1.2. Initial reaction rate corrected for the protium mole fraction 

of the hydrogen gas as a function of the initial tritium concentration (from 
Dorfman and Hemmer, ref. 31). 
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High initial tritium concentrations 

The reaction yield in terms of water molecules produced per ion 

pair formed by tritium decay should be independent of the initial 

concentration since: (1) the initial reaction rate is proportional to 

the initial tritium concentration, and (2) the initial tritium concen-

tration is proportional to the number of ion pairs produced. It can 

be determined that the initial yield of water molecules per ion pair 

was 3.2 molecules of wacer per ion pair produced by assuming an energy 

requirement of 33 eV per ion pair. If the isotopic effect is accounted 

for, the yield becomes 4.2 molecules of water per ion pair produced 
f 29) which compares well with the value of 3.92 from Lind. So, Dorfman 

f 31") 

and Hemmer1 found that the self-oxidation of tritium follows a first 

order reaction of the form 

for initial tritium concentrations ranging from 94.5 mCi/mfi, to 326.5 

mCi/m£. 

Lower initial tritium concentrations 

Casaletto et al.^"^ later extended the data of Dorfman and Hemmer 

to lower initial tritium concentrations ranging from 1.6 x 10~2 mCi/m% 

to 3.3 mCi/mil. The oxidation reaction took place in an oxygen 

environment at a total pressure of 700 mm of mercury. The results of 

Dorfman and Hemmer^31^ indicated that the initial reaction rate would 

have a first order dependence on the initial tritium concentration: 

R = ki [T2] , o 

R o (4.1.3) 
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where Rq is the initial reaction rate, [T2] is the tritium concentration, 

t is the time, ki is the first order reaction rate constant, and the 

(32) 

subscript "o" indicates initial conditions. However, Casaletto et al.1 

found that this relation does not hold for the initial tritium concen-

tration range in which they were working. They plotted the first order 

reaction rate constant kj against the initial tritium concentration and 

obtained the results shown in Fig. 4.1.3. The straight line obtained 

in the log ki vs. log [T2]o plot making a 45 degree angle with the 

abscissa indicates that ki is directly proportional to the initial 

tritium concentration, [ T 2 ] : 

ki = k2 [T2]q . (4.1.4) 

Substituting this into Eq. 4.1.3 gives 

Ro = - kz [T2]* . (4.1.5) 

Therefore, the initial reaction rate has a second order dependence on 

the initial tritium concentration. For the expression of the reaction 

(32) 

rate as a function of time, Casaletto et al. J proposed the equation 

D [ T 2 ] R
t = " ~3t~"= k2 [TaJ0

 [T2lt ' C4.1.6) 

Here, [T2Jt represents the tritium concentration at time t, and [T2]Q 

represents the initial tritium concentration as before. This equation 

tvas deduced by reasoning that the formation of tritium water does not 

remove the tritium beta radiation from the vessel; so, one of the tritium 

terms should remain as [T2]0 to account for the radiation intensity. 
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Fig. 4.1.3. First order reaction rate constant as a function of initial tritium 

concentration (from Casaletto et al., ref. 32). A — dry air; ® — oxygen, tritium gas 
mixture. 
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r 321 

This equation has not been verified. The experiment1 gave a second 

ffder rate constant of 1.2 x 10"3 mil/ruJi-hr for an oxygen environment 

and a second order rate constant of 6.2 x io-4 m£/mCi-hr for a dry air 

envi ronment. 
f 32") 

Casaletto et al. also attempted to determine if a change in the 

oxygen concentration is responsible for the reaction rate in dry air 

being smaller than the reaction rate in oxygen. To do this they varied 

the oxygen concentration over three orders of magnitude. The total 

pressure in each reaction was 700 mm of mercury which was obtained by 

adding nitrogen or helium gas to the reaction flasks. This was done to 

insure that the beta energy absorbed by the gases in each experiment was 

nearly constant. This series of experiments showed the reaction rate to 

be independent of the oxygen concentration even for very low oxygen 

concentrations. Very 1 JW oxygen concentrations were obtained by allowing 

the tritium to oxidize in reagent grade helium or commercial helium 

purified by passage through a charcoal column at liquid nitrogen 

temperatures. Although the oxygen concentrations were not given in 

these cases, they were certainly very low. ("33") A third investigation performed by Belovodskii et al. - extended 

(32) 
over the total initial concentration range covered by Casaletto et al. 

f311 

and Dorfman and Hemmer.v The conversion was allowed to occur in a 

tritium, argon, and oxygen mixture, and the rate was found to be propor-

tional to the 5/3 power of the initial tritium concentration over the 

whole range. Also, the rates were slightly slower than the rates 

determined by Casaletto et al.̂ 32^ 
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4.2. HT -9- HTO Conversion in Moist Gas Mixtures 

In addition to the above experiments, studies have been undertaken 

to investigate the conversion of tritium gas to tritium oxide in the 

presence of various other substances. Probably the most important of 

these substances is water vapor. Water vapor is unique since the tritium 

atom can exchange with the other isotopes of hydrogen in the water molecule 

to form a tritiated water molecule. The isotopic exchange of water has 

been studied by Yang and Gevantman. ̂ ^ They determined the tritiated 

water product for various combinations of tritium concentration, water 

vapor density, and moderating gas. The inclusion of the moderating gas 

insures complete beta energy absorption in the gases. The rate of 

tritiated water formation at an initial tritium concentration of 52 ± 

1 mCi/liter is reported to be unaffected by nearly a fourfold change in 

C34") 

the water vapor density but is affected by the tritium concentration. 

The dependence on the tritium concentration is shown in Fig. 4.2.1 which 

is a log-log plot of the exchange rate Rg versus the initial tritium 

concentration [T2]Q- When helium is used as the moderating gas the slope 

of the line drawn through the points indicates a second order dependence 
of R on Hz! . The resulting equation is: ft u •'ft 

where d(HTO)/dt has the units of mCi/liter-day and T2 has the units of 

mCi/liter. Therefore, the reaction rate constant is 

e o 

d(HTO) 
dt = R = 3.6 x 10"5 (T2) 

2 liter 
o mCi-day 

(4.2.1) 

(4.2.2) 
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Fig. 4.2.1. The rate of formation of HTO by the exchange of a 
tritium atom with a protium atom in a water molecule as a function of 
initial tritium concentration (from Yang and Gevantman, ref. 34). 
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It was also determined that the reaction rate is inversely dependent on 

the first ionization potential of the moderating gas atom. The dependence, 

however, is small. 

(32) 

Late9, Casaletto et al. reevaluated the effect of water vapor 

on the conversion of tritium to tritiated water. Their results using a 

mixture of tritium and water vapor duplicated those of Yang and 

Gevantman.̂  Runs were also made for mixtures of tritium, oxygen, and 

water vapor. The rate of reaction was approximately twice that for dry 

oxygen, but the results were not sufficientlv precise to allow an (32) 

accurate determination of the rate. Smith, however (as reported by 

Casaletto et al.^2^), found a second order rate constant of 4.3 * 10~3 

m£/mCi-hr for the tritium, oxygen, water vapor mixture; this is larger 

than the sum of the second order rate constants for the oxidation reaction (331 

and the exchange reaction. Belovodskii et al. found that the 

conversion rate in a moist-tritium-dry air mixture is no different than 

that in a tritium-argon-oxygen mixture. They concluded that water vapor 

does not affect the conversion rate significantly. 

4.3. Surface and Pressure Effects 

Eakins and Hutchinsonhave studied the conversion of HT to HTO 

in the presence of brass, steel, aluminum, and platinum. In dry air 

there was a marked increase in the reaction rate constant for all of the 

metals except brass. Platinum gave the largest increase. In moist air, 

all four metals increased the second order reaction rate constant. This 

study indicates that a catalyzing effect does exist. 
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Two additional studies investigating the effects of surface area 

and total pressure on the rate of tritium oxidation have been performed 

C32") 

cy Casaletto et al. J In order to determine how a change in the 

surface area of the reaction flask influences the oxidation rate, the 

oxidation reaction was carried out using a tritium and oxygen mixture 

contained in indented bulbs and in unindented bulbs. The surface-to-

volume ratio for the indented >ulbs was three times that for the 

unindented bulbs. There was no significant difference noted in the two 

f32) 

cases, so, the surface of the bulb does not affect the reaction 

significantly. In a study of the effect of total pressure on the rate, 

the oxidation reaction was performed using a tritium and oxygen gas 

mixture. Different total pressures were obtained by varying the oxygen 

concentration. Above 100 mm of mercury, the rate was constant, but at 

20 mm of mercury the rate was 10% of the maximum value and at 5 mm of (32) 

mercury it was 0.5% of the maximum value. J The reduction in rate can 

not be totally due to a loss of beta energy since the drop-off in the 

reaction rate as the pressure decreases is much more rapid than the drop f32") in the absorbed beta energy. 

4 . 4 . Conclusions from Previous Studies 

From these investigations, several conclusions may be drawn. First, 

the initial rate of tritium oxidation is proportional to the square of 

the initial tritium concentration when [T2]Q is between 1.6 * 10"2 mCi/mil 

and 3.3 mCi/m£ but is proportional to [T2]q when [T2]Q ranges from 9 4 . 5 

to 326.5 mCi/mZ. The dependence at the higher tritium concentrations, 

however, is suspect since extrapolation of data was made and since a 
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nonspecific analysis of the reaction was used. Second, tritium can be 

converted to tritium oxide by a separate process if water vapor is 

present. This is called isotopic exchange, in which a tritium atom 

replaces a protium atom in the water molecule. The rate of isotopic 

exchange is proportional to [T2]* for initial tritium concentrations on 

the order of those used by Casaletto et al.^3^ (1.6 * 10~2 mCi/mfl. to 

3.3 mCi, . Other observations are that: the oxidation reaction rate 

is independent of the oxygen concentration down to very low oxygen 

concentrations; the isotopic exchange reaction rate is independent of 

the water vapor concentration over a fourfold range (5.0 to 17.5 mg/liter); 

the oxidation rate is slower in dry air than in pure oxygen, and the 

oxidation rate is independent of the surface area of the reaction flasks 

but is slightly catalyzed by metals. 
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5. EXPERIMENTAL METHODS 

Initial experiments were performed by allowing tritium gas to react 

forming tritiated water in the presence of dry air, dry air with soil 

and moist air. The experimental apparatus, contained in a hood, consists 

of a pumping and backfilling manifold and a tritium recovery system. 

The first consists of an oil diffusion pumping system, a uranium trap 

(for the tritium), pressure sensors and a manifold for expanding tritium 

and other gases into the 1 liter reaction flasks. At discrete time 

intervals, approximately 9 m& of gas is removed from the reaction flasks 

and passed through the tritium recovery system which consists of a set 

of water bubblers to collect the HTO, a copper oxide furnace to convert 

the unreacted HT to HTO and a second set of bubblers. Liquid scintilla-

tion counting of the bubbler water is used to provide a measurement of 

the reacted and unreacted tritium. 

5.1. Apparatus 

Tritium supply system 

Tritium was supplied for the experiment in an activated uranium 

trap. Such a trap offers the following advantages: 

1. Safe handling and transfer of tritium gas; 

2. Safe, simple introduction of tritium into the reaction flasks; 

3. Ability to resorb tritium, thereby reducing releases to the 

environment. j 

A disadvantage of the trap is the pyrophoric nature of activated uranium. 

If a sufficient volume of air is admitted to the trap, the uranium could 

ignite and could conceivably release enough heat to melt the stainless 
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steel container and release tritium gas. This was not a problem since 

the trap was kept at a pressure of less than 10"3 torr. 

In order to prepare the trap, approximately 0.5 g of depleted 

uranium turnings (whose capacity for tritium is around 83 Ci) was placed 

in a hollow stainless steel tube (5/16 in. O.D.) sealed at one end. The 

tube was then packed with steel wool to prevent the escape of uranium 

during the activation process. The open end of the tube was connected 

to an all metal valve. A furnace was also designed and fabricated for 

the trap. The heating element of the furnace was a boron nitride spool 

designed to fit snugly around the stainless steel trap. This spool was 

wound with nichrome wire at 10 turns per inch. An electrical insulating 

sleeve of lavite was machined to slip over the heating element. The 

lead£ of the heating element were connected to a variable transformer so 

that the temperature of the furnace could be regulated. 

After these preparations were completed, the trap was ready for 

activation. Activation was performed according to the procedure of 

Ahmann, Flint, and Salmon. ̂ ^ The procedure was: 

1. Evacuate the trap to 1.0 x 10"5 to 5 x 10"5 torr; 

2. Isolate the system from the pumps making the system static; 

3. Backfill the system with hydrogen gas to approximately 

1 atmosphere pressure; 

4. Heat the trap to 300°C and allow the uran. am to react with 

the hydrogen for 15rfto 20 min forming uranium hydride 

(UH3) , a gray black finely divided compound; 

5. Reopen the system to the pumps and increase the trap 

temperature to 400°C; 

6. Evacuate the trap to 1.0 * 10"s to 5.0 x 10~5 torr. 
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This procedure was repeated three times to ensure complete activation 

of the uranium trap. The trap was then sent to the Oak Ridge National 

Laboratory (ORNL) Isotope Sales Division for charging with approximately 

4 Ci of T2. 

Vacuum system 

A vacuum system was required so that the reaction flasks could be 

evacuated to control the reaction environment and the uranium trap 

supplying the tritium could be protected from exposure to air at 

atmospheric pressure. The vacuum system was generally evacuated to a 

pressure of 1.0 x 10"5 torr by means of a two-inch oil diffusion pump, 

the intake of which was attached to the vacuum system via a two-inch 

water baffle. This baffle reduced the backstreaming of pump oil into 

the system. 

The system itself consisted of a metal manifold, a liquid nitrogen 

trap, and a glass manifold (see Figure 5.1.1). The metal manifold, to 

which the diffusion pump was attached, housed three pressure gauges, an 

ionization gauge, and two thermocouple gaugas (0-1000 microns and lO"1* 

to 10"2 torr). The metal manifold also provided an access to the system 

for the uranium trap. The remaining end of the metal manifold was 

connected to a liquid nitrogen trap via a short tygon tube. This trap 

removed any tritium oxide present in the tritium source before it could 

reach the reaction flasks. The trap was a 1 liter dry gas wash bottle 

which was half submerged in a liquid nitrogen bath. 

The gl ass manifold functioned as an access to the vacuum system for 

three reaction flasks. It was desired that the manifold could be 

isolated from the reaction flasks; therefore, each port contained a 4 mm 

bore precision ground stopcock. ' 
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Fig. 5.1.1. Vacuum system for evacuating the reaction flasks and backfilling 
the flask with tritium gas. 
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Reaction flasks 

Tritium was oxidized in three modified 1 liter Erlenmeyer flasks. 

Multiple sampling from each flask was desired; therefore, the design 

shown in Fig. 5.1.2 was used. In this concept, the evacuated sample 

port is opened to the reaction flask until equilibrium between the flask 

and the port is obtained. The port is then closed to the flask and 

sampled by passing argon and hydrogen carrier gases through the port. 

To facilitate the procedure, one of the straight through ports in each 

of the two three-way stopcock plugs was sealed with epoxy; so, the plugs 

contained two right angle ports. 

Bubbler system 

The reaction flasks were sampled periodically with the bubbler 

system shown in Fig. 5.1.3. This system contained two sets of bubblers 

in series which were separated by a copper oxide furnace. Each bubbler, 

made from a 50 dry gas wash bottle whose inlet was fitted with a gas 

dispersion tip or frit, was initially filled with approximately 25 g 

of distilled water. In this system the tritium oxide and tritium gas 

are transported from the sampling port by a calibrated flow mixture of 

argon and hydrogen carrier gases. The tritium oxide is trapped in the 

first series of bubblers because of its high solubility in water. 

Tritium gas, however, passes through the first series of bubblers into 

the copper oxide furnace heated to 650°F where it is oxidized prior to 

collection in the second series of bubblers. The bubbler solutions were 

analyzed for tritium by the Analytical Chemistry Division at ORNL. 

Several investigators have studied the trapping efficiency for 
C37 

tritium oxide vapor and tritium gas in similar bubbler systems. ' 
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Fig. 5.1.2. Reaction flask with sampling port. 
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Theoretically, the overall collection efficiency for a bubbler depends 

on the initial mass of distilled water in the bubbler, the total gas 

volume passing the system, the flowrate of gas through the bubbler, the 

humidity of the effluent gas stream, the water temperature, and the 
C371 

intrinsic trapping efficiency of the bubbler solution. Osborn 

reports that the overall efficiency of the bubbler depends primarily on 

its intrinsic efficiency and the humidity of the effluent gas stream. 

Furthermore, the intrinsic efficiency is sufficiently independent of the 

water mass and flow rate for most practical purposes where the flow rate 
is less than 10 liters per minute and the water volume is greater than 

f37) 
50 ml. J This is especially true for fritted bubblers. It is assumed 

that the intrinsic efficiency is unity for practical air flow rates 

(<100 m&/min), temperatures, and bubbler types. High collection f 381 
efficiencies (>90%) for bubblers have also been reported by Valentine^ 

for initial volumes of 30 to 50 mil. Thus, for two bubblers in series, 

the collection efficiency should be greater than 99% precluding the need 

for a correction factor. 

Valentinealso determined the overall collection efficiency for 

tritium gas. The collection efficiency was less than 0.1% in every 

trial and generally between 0.02 and 0.03%. 

Calibration of flow gauges 

The initial undertaking in the experiment was to calibrate the flow 

gauges used to monitor the flow of the argon and hydrogen carrier gases 

through the bubbler system. A wet test meter was used in the procedure. 

The wet test meter was leveled, and the desired gas line was connected 

to the intake. After the meter was zeroed, various volumes of gas, 



36 

depending on the flow rate, were passed through. The duration of the 

pass, the barometric pressure, the temperature, and the flow meter 

reading were recorded. By assuming that the argon and hydrogen gases 

were ideal, the flow rates at 45.0 cm Hg and 20.0°C could be calculated 

by 

v
 Vex( Pcm H g ^ 2 9 3 ° K > 

(45.0 cm Hg)(TUK) ' 

where V is the average flow rate at 45.0 cm Hg and 20.0°C, V is the 
6 X 

average flow rate at experimental conditions, P is the barometric 

pressure in centimeters of mercury, and T is the temperature in degrees 

Kelvin during the experiment. 

Determination of furnace temperature 

The voltages applied across the copper oxide furnace and the 

uranium trap furnace were controlled by separate variable transformers. 

Calibrations were made for both furnaces by plotting temperature 

readings, taken with a chrome1-alumel thermocouple, as a function of 

applied voltages. 

5.2. Procedure 

Flask preparation procedure 

The reaction flasks were initially evacuated to a pressure of 

1.0 x 10"5 torr. The liquid nitrogen trap was then filled, and the 

uranium trap furnace was heated to 110°C. Next, the vacuum system was 

made static by closing the system to the vacuum pumps, and the pressure 

increase as a function of time was recorded giving an outgassing curve. 
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The manifold was then reevacuated to 1.0 * 10"5 torr, made static, and 

the uranium trap was opened to the system and heated to drive the tritium 

from the trap. This accomplished, the furnace was removed from the trap 

allowing the trap to cool and resorb the excess tritium. When the 

desired pressure was obtained, the glass manifold was isolated from the 

nitrogen trap and metal manifold, and the excess tritium in the liquid 

nitrogen trap and the metal manifold was resorbed by the uranium trap. 

The uranium trap was then closed to the vacuum system. 

The flasks were then removed from the glass manifold and backfilled 

to approximately atmospheric pressure with either dry or moist air. For 

the dry air run, commercial, compressed dry air was passed through a 

flow meter, a Drierite drying column (which dries air to a devr point of 

-100°F for pressures up to 90 psig and flows up to 200 liters per hour) 

and an oil bubbler before entering the flask. The moist air was obtained 

by passing the commercial compressed dry air through a series of two 

water bubblers before entering the flask. The bubblers and the flow 

meter indicated when the pressure was approximately atmospheric. The 

time at which the flask was backfilled was taken to be the beginning 

time for the reaction. 

Flask preparation for the soil run 

The reaction flasks were filled with 200 g of finely divided clay 

soil. The flasks were then placed on the vacuum system and evacuated 

to 1.0 x 10~5 torr. The soil was dried and sterilized by heating the 

flask with a heater gun (nozzle temperature of 500°C) while evacuating 

the flasks. After a pressure of 1.0 x i o " 5 torr was achieved, the flasks 

were prepared using the same procedure as in the dry air run. 
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Sampling procedure 

After backfilling, the flasks were allowed to equilibrate at least 

one hour before the initial sampling. The initial samples were then 

taken as soon after that as possible. Subsequent samples were taken 

daily. To take a sample, the reaction flask was placed in a flask holder 

(see Fig. 5.1.3) with the sample port opened to the reaction flask and 

closed to the surroundings. The exposed portals of the flask were then 

purged with argon for at least one-half hour. After the purge, the 

bubbler system was assembled, and the flask was placed on the system. 

The sample port was then opened to the argon carrier gas stream for one 

hour at a rate of approximately 80 m£/min. At the end of this time, 

hydrogen gas flowing at a rate of approximately 40 mJl/min was passed 

through the port along with the argon carrier gas for an additional hour. 

The hydrogen gas was added to exchange with any tritium that might be 

adsorbed on the sampling port walls. The hydrogen gas flow was then 

terminated, and the argon was continued for one more hour. The bubblers 

were then removed, and the solutions in each series of traps were mixed. 

The sample port was rinsed with a known volume of distilled water which 

was added to the solution obtained from the first series of traps. The 

solutions were labeled and analyzed for tritium concentration by liquid 

scintillation techniques. 

Cleaning procedures 

Following each sampling procedure, the bubblers were cleared to 

reduce the cross contamination in subsequent runs. The Apiezon-N stop-

cock grease was washed from the bubbler system glassware with trichloro-

ethylene. The glassware was then rinsed with acetone, rinsed twice with 



39 

distilled water, and rerinsed with acetone before being dried in a tube 

furnace. The bubbler frits were rinsed with acetone and distilled water 

before being dried in the same manner. Background samples were then 

taken before the bubblers were reused to determine the extent of residual 

contamination. 

The sample port was cleaned following each sampling by rinsing with 

acetone. It was then connected to the glass manifold and evacuated to 

1.0 x 10"** torr before being opened to the reaction flask. The purpose 

of this evacuation was to remove any residual tritium oxide from the 

sample port walls, to prevent the introduction of contaminants, such 

as moisture, into the reaction flasks, and to provide a driving force 

for equilibrium between the tritium in the flask and the sample port. 

Between runs, the reaction flasks were cleaned before evacuation. 

Following the last sampling of a run, the two reaction flask stopcocks 

were removed, and the Apiezon-N stopcock grease was removed by washing 

with trichloroethylene. The flask and its port were rinsed with distilled 

water and acetone and dried with a heat gun. Samples of rinse water 

were analyzed to determine tht extent of residual contamination. The 

stopcocks were then regreased and assembled, and the flasks were 

evacuated to 1 x 10"5 torr in preparation for the subsequent run. 

5.3. Experimental Results 

Data 

The self-radiation induced conversion of tritium to tritium oxide 

was observed in a dry air environment, a dry air environment with 200 g 

of finely divided soil added to the flasks, and a moist air environment. 
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Two runs were made in each environment. Data for these runs are given 

in Tables 5.3.1 through 5.3.3. 

Determination of the initial tritium concentration. The initial 

tritium concentrations can be derived from the measurements of the tritium 

gas concentration since the tritium oxide concentrations are neglible in 

comparison. The measured gas concentrations were averaged to obtain the 

best estimate of the initial gas concentration. Measurements that 

differed from the average by more than a factor of 2.5 were discarded 

in the averaging process. These calculations resulted in the following 

estimates of the initial concentrations: (1) run 1 for the conversion 

in a dry air atmosphere, 0.31 ± 0.15 yCi/mil; (2) run 2 for the conversion 

in a dry air atmosphere, 0.15 ± 0.08 yCi/m£; and (3) run 2 for the 

conversion in a dry air atmosphere in the presence of soil, 0.45 ± 0.02 

yCi/m£. The measurements of the water concentrations for run 1 for the 

conversion in a dry air atmosphere in the presence of soil were so 

scattered that the run was disregarded in further analyses. 

A general trend of a decrease in the tritium gas concentration as 

a function of time occurred in the moist air run. To determine the 

initial tritium concentration, the tritium gas concentration was plotted 

against time and then extrapolated to time, t = 0. The values were 

45 ± 6 uCi/mJl for run 1 and 38 ± 4 yCi/mJI for run 2. 

Tests were made to determine if the initial concentrations for runs 

1 and 2 for the conversion of tritium in dr> air and in moist air were 

statistically different. In both cases the difference was not signifi-

cant; therefore, the concentrations for the two runs were averaged and 

data from the runs were combined. Thus, the initial concentration for 
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Table 5.3.1. Data for dry air atmosphere 

Reaction 
"KTN time [HTO]A [ T 2 ] « [HTO]2' [ T 2 ] 6 

number (hr) yCi/md pCi/mJl yCi/mfc )iCi/m£, 

1.5 3.9 x lO"" 0.15 3.8 x 10~4 0.15 

74 8.8 x lO"4 4.8 x 10_3£? 8.7 x icr4 4.8 x 10"3C 

97 6.3 x IO"" 0.25 5.7 x 10~4 0.25 

120 4.5 x io~4 0.48 3.2 x io~4 0.48 

144 1.2 x io"3 0.37 1.2 x iCT3 0.37 

2 2.5 2.4 x 10"4 8.8 x 10~2 2.3 x 10-4 8.7 x 10"2 

2 75 3.7 x io"4 1.0 x 10~2C 3.6 x io-4 9.8 x 10"3e 

2 99 1.0 x io~3 0.12 1.7 x io~4 0.11 

2 121 6.2 x io-3 0.12 2.9 x 10-3 0.12 

2 144 1.2 x io-3 0.26 1.0 x 10"3 0.26 

a, Raw data. 

Corrected for background. 

"^Discarded in calculating the initial concentration. 
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Table 5.3.2. Data for dry air atmosphere and soil 

Reaction , , 
Run time [HTO]a [T2]a [HTO] [T 2r 

number (hr) yCi/mfi. yCi/m£ yCi/mJl yCi/mJl 

1.5 2.1 X 10" 3 4.1 2.8 X 10-" 4.1 

24 3.9 X 10"3 4.7 x 10"1 2.8 X 1Q"3 4.7 x 10"1 

47 1.4 X 10" 3 6.0 -3.6 X 10" 5 6.0 

68 1.5 X 10" 3 5.6 x 10"1 -1.2 X 10-* 5.6 x 10"1 

94 1.4 X 10~3 7.1 -3.2 X 10"" 7.1 

166 2.5 X 10" 3 6.7 1.3 X 10"3 6.7 
1 1.1 3.2 X 10" 3 3.2 x 10"1 4.6 X 10-" 3.2 x 10"1 

2 19 3.1 X 10" 3 5.1 x 10"1 2.1 X 10"3 5.1 x 10"1 

2 90 3.2 X 10"3 4.9 x 10"1 1.3 X 10" 3 4.9 x 10"1 

2 114 4.4 X 10~3 2.9 x 10 2 2.2 X 10" 3 2.7 x 10"ae 

2 138 4.2 X 10"3 4.7 x 10"1 2.8 X 10" 3 4.7 x 10"1 

aRaw data. 

Corrected for background. 

discarded in calculating the initial concentration. 
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Table 5.3.3. Data for moist air atmosphere 

Reaction 
Run time [HTO]a [T2]a [HTO] [T2]? 

number (hr) yCi/iaK. pCi/mX, yCi/m£ yCi/mS. 

1 2.0 1.7 X 10"2 8.3 8.1 X 10"3 8.3 
1 23 5.1 X 10"2 39 3.5 X 10"2 39 
1 47 5.3 X lO"2 51 4.4 X 1 0 " 2 5 1 

1 71 4.3 X 10"2 19 1.8 X io-2 19 
1 142 6.3 X 10"2 17 5.9 X 10"2 17 
1 164 1.1 X 10'1 19 9.0 X 10-2 19 
2 1.1 1.2 X 10"2 38 6.3 X 10-3 38 
2 22 3.3 X 10"2 35 2.0 X 10~2 35 
2 46 4.1 X 10"2 32 2.5 X 10~2 32 
2 72 4.4 X 10"2 18 2.7 X 10~2 18 
2 1 4 ? 2.4 X lO"1 23 2.4 X 10-1 23 
2 164 6.8 X 10"2 " 2 4 4 . 7 X 10~1 2 4 

aRaw data. 

^Corrected for background. 
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the conversion of tritium to tritium oxide in a dry air atmosphere is 
0.22 yCi/in& while that for the conversion in a moist air atmosphere is 
43 yCi/m£. The initial concentration for the conversion in dry air in 
the presence of soil remains at 0.45 yCi/mJl. 

Determination of the reaction rate constant. The reaction rate 
constant was determined by assuming that the following relationships 

R
0
 = - - a r 2 - = k 2 [ T 2 3 o c5-3-:o 

d[T2] 
R
t = " k2[T2]0[T2] (5.3.2) 

are valid over the range of initial tritium concentrations used in this 
experiment. In these equations, R is the reaction rate, [T2] is the 
concentration of tritium in the gaseous form, k2 is the second order 

/ 

reaction rate constant, t is the time, and "o" indicates initial 
conditions. Equation 5.3.1 has been established experimentally for 
initial tritium concentrations between 10"2 and 1 mCi/mA; equation 5.3.2 
has not yet been verified. If equation 5.3.1 is valid, however, equation 
5.3.2 shoulQ be a good approximation for the small reaction-yields 
observed in the experiment since [T2] is nearly constant and equal to 
[T2]D. 

It is desired to transform equation 5.3.2 into an equation containing 
the concentration of tritium as tritiated water (denoted [HTO]). 
Assuming that tritiated water is the only significant product, the total 
tritium concentration is equal to the concentration of tritium present 
as tritiated water plus the concentration of tritium present as tritium 
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gas (denoted [T2]). This in turn is equal to the initial tritium 

concentration (denoted [IC]) if radioactive decay is neglected. Thus, 

[IC] = [HTO] + [T2] = constant . 

It follows that: 

[T2] = [IC] - [HTO] . 

So that, 

[Tz]0 = [IC] - [HTO]o , 

and 
d [ 1 2 ] d THT01 

"dt— = " dt s i n c e [IC] = constant. 

Substituting these into equation 5.3.2 gives: 

= k2 |[IC] - [HTO]0| {[IC] - [HTO] (5.3.3) 

Equation 5.3.3 can be solved yielding: 

[IC] - [HTO] = Ke"k2Kt , (5.3.4) 

where 

K = [IC] - [HTO] . 

Taking the natural logarithm of both sides of equation 5.3.4 gives 

£n{[IC] - [HTO]} * £nK - k2Kt . 
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Therefore, the natural logarithm of the initial concentration minus the 
concentration of tritium present as tritiated water is a linear function 
with respect to time. This function was fit by the linear least squares 
regression technique giving the slope, m, and the y intercept. The 
second order reaction rate constant could then be obtained from the 
slope by; 

t _ _ni_ m m 
2 " - K ~ - i [ i c ] - [ H T O ] Q } * R P C T ' 

As mentioned previously, the second order reaction rate constants 
were calculated based on the assumption that the initial reaction rate 
is proportional tr the square of the initial tritium concentration. 

f321 
Casaletto et al. J found that this relationship holds for initial 
tritium concentrations between 10"2 and 3.0 mCi/m£. Dorfman and Hemmer 3̂*^ 
studied the reaction at higher initial tritium concentrations (90-340 
mCi/m&) and concluded that the reaction rate in this range is propor-
tional to the initial concentration. On the other hand, fcelovodskii 
et al.^33^ found that over a range of 9.0 x io-2 to 90 mCi/mS, the 
initial reaction rate is proportional to the initial tritium concentra-
tion raised to the 5/3 power. This range includes most of the initial (321 concentrations used by Casaletto et al. J and the beginning of the 

(31") range used by Dorfman and Hemmer. J 

(32) 
It is also assumed that Casaletto et al.'s^ argument expanding 

the second order dependence of the initial reaction rate on the initial 
tritium concentration to the dependence of the reaction rate at time 
t on the initial tritium concentration and the concentration at time t 
is valid. A large error should not be introduced by this assumption 
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since the reaction was observed only in the initial phases so that [T2] 

is not very different from [T2]Q. 

The second order reaction rate constants that were obtained for 

the dry air run, the dry air run in the presence of soil, and the moist 

air run are given in Table 5.3.4 along with the initial tritium 

concentrations. 

Table 5.3.4. Reaction rate constants 

Initial tritium 
concentrati on 

(yCi/mJl) 
Reaction environment 

Reaction rate 
constant 
(m£/mCi-hr) 

0 . 2 2 

0.45 

43 

tritium in dry air 
tritium in dry air 

in presence of 
sterile soil 

tritium in moist air 

9.5 x 10"2 

5.0 x 10-2 

4 . 0 x 10 -v 

Discussion. A rather large fluctuation in the data was noted. 

This is not due to the random error associated with radioactive decay 

since the standard deviation due to counting was generally less than 5% 

and usually less than 3% in determinations of the HTO concentrations 

and always less than 1% in determinations of the HT gas concentrations. 

Therefore, the fluctuations are attributed to errors in the sampling 

procedure. 

Several sources of error may be present. The major ones appear to 

be: (1) leaks in the bubbler system; (2) incomplete conversion of 

tritium gas within the copper oxide; and (3) cross contamination between 

samplings. 
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Leaks in the bubbler system can bias measurements of the tritium 
gas concentration or both measurements of the tritium oxide and tritium 
gas concentrations. A leak preceding the first series of bubblers would 
cause isolated incidences where both the tritium oxide and tritium gas 
concentrations appear to be low. Examples of such an occurrence can be 
seen in the samples taken at 1.1 hours of run 2 using a dry air environ-
ment in the presence of sterile soil and at 2.0 and 71 hr of run 1 
using a moist air environment. A leak following the first series of 
bubblers or incomplete conversion within the copper oxide furnace could 
cause isolated incidences where only the tritium gas concentrations would 
be low. Possibilities for this are at 74 hr in run 1 and 75 hr in 
run 2 of the dry air run, at 114 hr in run 2 of the dry air run in 
the presence of sterile soil, and at 72 hr in run 2 of the moist air 
run. 

Cross contamination between samples due to adsorption of tritium 
oxide and tritium gas on the walls of the sample port and adsorption of 
tritium oxide on the walls of the water trap could also have biased the 
data. Evidence of such a bias is the increase in the tritium concentra-
tion over time in the dry air runs. An estimate of the cross contamina-
tion due to water bubbler carry over was made by assembling the bubblers 
•as if taking,a sample, allowing ,1;he assembled bubbler to stand for 
approximately 5 min, disassembling the bubbler and analyzing the 
trap water for tritium. The result was used as a background correction 
for the sample measurement. This procedure, however, did not improve 
the results. 

One other type of bias should be mentioned. In the bubbler system 
used to separate tritium oxide from tritium gas, the collection of 
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tritium oxide, as discussed in the equipment section, is very efficient. 

Collection of tritium gas is very inefficient. However, if the tritium 

gas content is much greater than the oxide, inefficient collection of 

the gas could strongly increase the tritium trapped as oxide. A 

collection efficiency of 0.02% for the collection of tritium gas (reported 
f 381 

by Valentine ) would account for all the tritium collected as tritium 

oxide. The observed reaction rate would then be higher than the actual 

rate. 

Because of the possibility of sample bias and the uncertainty in 

the assumptions used in the calculations, little confidence should be 

placed in the exact numerical results of the present experiment. Never-

theless, the general implications of the results are important. 

Tritium oxidation in a dry air atmosphere 

Since the initial concentrations were not significantly different, 

the data was combined to calculate the second order reaction rate 

constant and the initial tritium concentration. This resulted in an 

initial tritium concentration of 0.22 yCi/ml and a second order reaction 

rate constant of 9.5 x 10~2 m£/mCi-hr. This rate constant is somewhat 
higher th ~n the 6.2 x 10 mJl/mCi-hr rate constant determined by Casaletto 

f32) 

et al., but the initial tritium concentration is significantly less 

• thar, the 10~2 to 3.0 mCi/mJl range they investigated. This indicates 

that tritium gas could very well be converted to tritium oxide more 

rapidly at lower initial tritium concentrations in a dry air environment 

than would be predicted by an extrapolation of the data of Casaletto 

et al.^32-' (see Figure 5.3.1). Since tritium oxide is more hazardous 

than tritium gas, it follows that a tritium gas release at lower 



INITIAL TRITIUM CONCENTRATION (mCi/ml) 
£ 

Fig. 5.3.1. First order reaction rate constant as a function of the initial tritium concentration. 
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concentrations is more hazardous than would be predicted by the 

extrapolation of previous data. 

Tritium oxidation in dry air atmosphere in 
presence of soil 

Two initial tritium concentrations were used to study the oxidation 

of tritium in the presence of soil for a dry air atmosphere. The two 

concentrations were 0.45 UCi/m& and 4.2 yCi/m£. The samples collected 

for the 4.' yCi/mil initial concentration were apparently too inconsistent 

to allow the determination of the second order reaction rate constant, 

but for the 0.45 yCi/mS, initial tritium concentration this constant was 

determined to be 5.0 * 10"2 mJl/mCi-hr. This value is less than 9.5 x 10-2 

mJl/mCi-hr which was found for the oxidation of tritium in dry air. In 

the dry air run in the presence of soil the initial tritium concentration 

was slightly larger than for the tritium in dry air experiments. The 

effect of the difference in concentrations apparently overshadows any 

effect the soil may have on the oxidation rate. Experiments therefore, 

allowing greater control of the initial tritium concentration are needed 

to determine any effect the soil may have on the reaction rate. 

Conversion of tritium to tritium oxide 
in a moist air environment 

The best estimate of the second order reaction rate constant is 

obtained by combining the data for the two runs since their initial 

tritium concentrations were not significantly different. This gave an 

initial concentration of 43 yCi/mJl which is within the range investigated 

by Casaletto et al.''3^ (oxidation) and Yang and Gevantman^34'' (isotopic 

exchange). Condensation of the moisture in the reaction flasks occurred 

due to a drop in ambient temperatures from 21°C to as low as 11°C for 
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run 1 and from 12°C to as low as 2°C for run 2. Therefore, correction 
was made for condensation assuming: (1) that 100% humidity was obtained 
during backfilling, (2) tritiated water behaves like ordinary water, 
(3) thermodynamic equilibrium is established within the reaction flasks, 
and (4) thermal equilibrium is established between the flasks and the 
surroundings. The second order rate constant, 3.95 x 10 11 mfc/mCi-hr, 

obtained from such an analysis is in good agreement with the rate 
r 32") 

constants reported by Casaletto et al. which were, however, made with 
tritium in dry air. 

The results of the moist air run are difficult to interpret for 
several reasons. First, it was expected that the conversion rate would 
proceed by isotopic exchange as well as by its own 8-radiation induced 
oxidation. In this case the conversion rate could be obtained by the 
superposition of the rate for self-induced oxidation and the rate for 
isotopic exchange. Results of the present experiment do not support this 
since the conversion rate was approximately equal to that obtained by 
Casaletto et al.^32^ in a dry air atmosphere. Previous measurements of 
the reaction rate in a moist environment have given conflicting results. 
One found the conversion rate in moist oxygen to be approximately 3 times f 32") 
that for the self-oxidation of tritium in oxygen, a rate that is 
slightly large»than-that obtained the supposition o£ ther oxidation 
and exchange rates. Another compared the conversion rate of tritium in 
a moist air environment (50% humidity) with the conversion rate in an 
argon-oxygen mixture (20% oxygen) and found that the rates are approxi-(33) 
mately equal for equivalent tritium concentrations. In the latter 
experiment, the rate varied with the 5/3 power of the initial tritium 
concentration rather than with the second power of the initial tritium 
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f 32") 

concentration as found by Casaletto et al. J In addition to these 

difficulties, the decrease in the total tritium in the sampling port 

as yet unexplained. 
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6. RECOMMENDATIONS AND CONCLUSIONS 

6.1. Recommendations 

The results of this experiment pointed out some changes in the 
experimental procedures that need to be made to improve the accuracy of 
the data. First a tighter vacuum system made of stainless steel and 
glass could be used to decrease outgassing and inleakage, allowing more 
accurate pressure measurements. It is also believed that better control 
of the initial tritium concentration can be achieved by filling a small 
evacuated volume to the desired pressure with tritium and then expanding 
this into the evacuated reaction flasks. The final pressure, and thus 
the initial tritium concentration, can be calculated from the known volume 
ratio. This procedure has the advantages that: (1) the measured tritium 
pressure will be so large that outgassing should be neglible, and (2) the 
tritium pressure should be within the range of pressure measuring 
instruments accurate to five significant figures. 

Because of the possibility that tritium gas trapping in water 
b.bblers biases the measurement of tritium oxide, separation of the 
tritium oxide from the tritium gas could be achieved by liquid nitrogen 
traps. A series of two traps followed by a copper oxide furnace and 
another ̂ series ô . two traps, wpuld be desirable. Separate sampling of 
each trap in a series would allow an estimation of the trap efficiencv. 
Measurements made by this sampling system could also be compared to 
identical samples taken on a water bubbler sampling system. 

Cross contamination between samples could be reduced by taking only 
one sample per reaction flask. In this case the whole reaction flask 
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would be sampled. Care would be required to insure that each reaction 
flask initially contains the same tritium concentration and that the 
flasks are backfilled identically. This procedure would also eliminate 
bias due to failure to obtain equilibrium between sample port and reaction 
flask and bias due to the constant reduction of the tritium concentration 
over time as samples are taken. A more ideal situation would be a common 
reaction flask containing a number of sampling ports. This would insure 
identical initial tritium concentrations and reaction environments while 
retaining the advantages listed above. However, the size of each port 
that would be required to detect the tritium makes this impractical. 
Elimination of cross contamination in the sampling system requires that 
a clean sampling system always be used. Because of the price of traps, 

r 32) 

a trial of the cleaning procedure given by Casaletto et al. is 
recommended. 

It is believed that the above changes in the experimental procedure 
will drastically enhance the accuracy of the data. Once the data is 
adequate, the following investigations are recommended. First, the 
functional dependence of the initial reaction rate on the initial tritium 
concentration should be determined for the oxidation of tritium in dry 
air. The initial tritium concentration of 10~2 to 300 mCi/mR, should be 
covered. In addition the reaction rate constant should be determined. 
Next the investigation should be extended to lower initial tritium 
concentrations. Following this the influence of water vapor on the 
reaction rate should be determined over this extended range. Then a 
study of the influence of atmospheric pollutants on the reaction rate 
can be undertaken. 
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6.2. Summary and Conclusions 

A determination of the reaction rate constant for the oxidation of 
tritium in dry air indicated that the reaction rate is faster than would 
be predicted by extrapolation of the data of Casaletto et al.^2^ The 
determination of the reaction rate in dry air in the presence of sterile 
soil indicated that any effect that the stS^ile soil has on the reaction 
rate is small. The results of the moist air run are difficult to inter-
pret at this time. More data is needed to quantify the reaction rate 
at low initial tritium concentrations, quantify the effect of soil on 
the reaction rate, determine the effect of moisture on the reaction rate, 
and determine the true functional dependence of the initial reaction 
rate on the initial tritium concentration. Close scrutiny of the data 
indicates procedural changes that can improve the accuracy of subsequent 
experiments; these are given in the previous section. 
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