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This reaction suggests that oxygen is the gaseous product generated by radiolytic decomposition of 

nitrates. The mechanisms of radiolytic decomposition are complex. Besides these initial reactions, 

back reactions and recombination reactions of the products of decomposition occur. 

The gaseous products generated are measured by their G value, which is the expression 

for radiation chemical yields as molecules of gas formed per 100 eV of absorbed energy. The G 

values identified in this literature study were measured during experimental studies involving the 

radiolytic decomposition of water and sodium nitrate. These values can only indicate a range for 

expected products to be generated as the various types of sodium nitrate wastes have specific 

characteristics, such as radiation type, pH, temperature, chemical species present, etc., that will 

affect gas generation due to radiolytic decomposition. Ekperimental studies on a laboratory scale, 

as welt as a full-scale demonstration, are recommended to determine G values by the actual 

measurement of the gas generation due to radiolytic decomposition of a specific sodium nitrate 

waste. 
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packages. Thus, the NRC requirements on combustible mixtures of gases in shipping containers 

must be met by DOE in shipping TRU wastes to the WIPP. The requirements are given in the 

NRC's Inspection Enforcement Information Notice No. 84- 72: Clarification of Conditions for Waste 

Shipments Subject to Hydrogen Gas Generation (September 1984). 

containers of wastes approved for transport may be demonstrated by actual measurement of the 

gas or by predictions from acceptable calculations. 

e gas generation in 

The radioactive sodium nitrate wastes stored in the Melto Valley Storage Tanks (MVST) 

at Oak Ridge National Laboratory (ORNL) may eventually be disposed of at the WIPP. Thus, it 

is necessary to determine the type and amount of gases that may be roduced as a result of the 

radiolytic decomposition of the wastes. 

Sodium nitrate wastes containing radioactivity are capable of generating gases due to the 

radiolytic decomposition of compounds present in the wastes, including water and sodium nitrate. 

This mechanism for gas generation, called radiolysis, is the chemical dissociation of compounds 

due to energy from radiation. The nature of the radiolytic decamposition of these compounds is 

dependent on the waste characteristics (Le., temperature, pH, chemical species, etc.) as well as the 

type of radiation. The expression for radiation chemical yields is the G value, which is the number 

of any species (ion, radical, molecules, etc.,) decomposed, formed, or reacted per 100 eV of 

absorbed energy. For example, G(X) refers to the number of molecules of product X formed 

upon irradiation per 100 eV of energy absorbed. 

This report presents a literature review of expected chemical reactions and the associated 

G values recorded in studies pertaining to the radiolytic decomposition of water and sodium 

nitrates. These G values are necessary in order to perform calculations for gas generation rates as 

presented in the ORNL report, Prediction of Hydrogen and Oxygen Generation Rates due to 
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2" secondary interactions that usually involve the reactions of the ions, excited species, 

radicals, etc., to give the final products. In most cases, only the final (stable) products are 

actually observed and the nature of the intermediate or primary species, which are the 

precursors of the final products, is highly ~peculative.~ 

2 2  ALPHAFUYS 

Alpha rays are heavy charged particles that are easily absorbed. Alpha particles are the 

nuclei of helium atoms, that is, helium atoms that have lost both electrons and, hence, have a 

double positive charge. On passing through matter, alpha particles lose energy principally by 

inelastic collisions with electrons lying in their path, which leads to excitation and ionization of 

the atoms and molecules to which these electrons belong. The great difference in mass between 

the alpha particle and the electron means that the alpha particle loses only a small fraction of its 

energy and is virtually undeflected by collision. As a cansequence, alpha particles are slowed down 

gradually because of a large number of small energy losses and travel in a nearly straight path. 

Since each of the alpha particles from a radioactive element have the same energy, they will each 

have about the same range; the random nature of the collisions gives rise to small variations in 

the range of individual particles. The extent of the ionization mused by an alpha particle depends 

on the number of molecules it hits along its path and on the way in which it hits them.* 

2.3 BECI'ARAYS 

Beta particles are negatively charged electrons emitted by radioactive nuclei. In contrast 

to alpha particles, beta particles from a particular radioactive element are not all emitted with the 

same energy but with energies ranging from zero up to a maximum value that is characteristic of 

the element. Beta particles are much more penetrating than alpha particles. The beta particle has 

a much smaller mass and greater speed than the alpha particle. A beta particle may lose a large 

fraction of its energy in a single collision with an atomic electron. Beta particles are scattered 

much more easily by nuclei than are alpha particles, so their paths are usually not straight.24 
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particles to give up their energy in the waste material, and the extremely low probability of such 

particles escaping the container. The gamma ener absorbed by the waste depends on the 

strength of the gamma emission, the amount of gamma ray energy absorbed by interaction 

(collision) with a waste particle, and the number of particles with which the gamma ray interacts. 

Because an interaction will either absorb or, more likely, attentuate an emission, the fraction of 

gamma energy absorbed depends on the number of interactions possible. Therefore, gamma 

energy absorption increases with increasing numbers of waste particles. For this reason, gamma 

absorption is a function of the contained waste density and geomety6 

3. RADIOLYTIC DECOMPOSfTION OF SODIUM NlTRATE WASTES 

Chemical effects produced by ionizing radiations are known to depend on the energy and 

mass of the ionizing particles. Some radioactive materials have complex decay schemes. The 

decay spectra may include alpha energies, beta energies as well as gamma ener 

knowledge of the decay schemes are important for evaluation of the energy generated in the: 

radioactive  source^.^ From the information presented in the literature, the chemical species 

present in sodium nitrate wastes that are capable of producing gas by radiolytic decomposition 

include water (generating hydrogen) and nitrates (generating oxygen). 

3.1 RADIOLYTIC DECOMPQSllTXON OF WATExl 

The radiolysis of water has been studied more thoroughly than any other comp~und .~ - '~  

The two initial reactions include the initial formation of product molecules, which is known as the 

forward reaction (F), and the initial formation of radicals-the radi 

(F) H2O 4 1/2 H2 t + 1/2 &Q2,  

(R) H20 - H' -t- OH-. 
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and 

H + H,O, =) H,O + 0H.l6 

When pure water is irradiated, the products W2 and H202 are expected to build up to a steady 

state concentration at which the rate of back reaction of these products to reform water is equal 

to the rate of their production from water." 

A basic observation in the irradiation of dilute aqueous solutions with light-particle 

radiation is that the major chemical change occurs in the dissolved material, while the water 

undergoes little or no decomp~sition.'~ Since water, as the major component, must have originally 

absorbed practically all the energy of the radiation, some way must exist for this energy to be 

funneled into the molecules of dissolved materials. In an early study by Hugo Fricke,14 this 

phenomena was explained as the conversion of the water by the radiation to a form called 

"activated water" which was chemically reactive but stable enough to diffuse t rough the solution 

and react with solute molecules. The general opinion today is that this activated water consists of 

the molecular fragments or free radicals H' and OH- resulting from the break up of water 

molecules that react with dissolved materials 

Light-particle radiations yield predominately free radicals, whereas heavy-particle 

radiations yield principally hydrogen and hydrogen peroxide. Heavy- particle radiations lead to 

extensive decomposition of water while the effect on dissolved solutes is considerably less for a 

given energy input than with the light-particle types. These molecular decomposition products can 

also be found to exist with light-particle radiations, although their number is much smaller than 

the number of free radicals that are produced simultaneously."4'e 

Although the independent formation of radical and molecular products is sufficient to 

explain the chemical reactions in irradiated solutions, the difference between the heavy- and light- 

particle radiations may result from the differing geometrical arrangements in which radicals axe 
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NO,’ NO,’ + 1/2 0 2  

with a significant radiation induced back reaction 

NO,’ + 1/2 0, - NO,- 
as well as the reaction 

1/2 0 2  + NO,’ NO,’ -t 0 2  

2. There is very little, if any, decomposition of the nitrite io .I9 Thus, assuming the 

dissociation of the nitrate ions into NO,’ and 

ion produced simultaneously; react with an adjacent NO,’ ion to form NO,- and 0,; or diffuse 

through the lattice until it reacts with another 0 atom, NO,-, or Orm2’ 

’, the 0” atom might: recombine with the NO,- 

Covalent bonds present in solids may be broken upon irradiation and bring about 

chemical changes. Nitrates decompose giving oxygen (0,) and nitrite (NO,-), and it has been 

demonstrated that the final products are formed in the crystal? 

Conflicting results are found in the literature pertaining to the G value for oxygen 

generated as a result of the radiolytic decomposition of nitrates. Most studies have shown that if 

the irradiated nitrate is dissolved in water, both of the products can be measured and the ratio of 

nitrite to oxygen is found to be 2:1, as expected, for 

NQ,” - NO,- + 1/2 Or2” 

Initial G(NO,-) values of solid nitrate salts are believed to be dependent on the cation of 

the salt and the radiolysis temperature. Oxygen production is generally colinear with NQ,‘” 

production in the correct stoichiometric ratio?’ The detectable amount of oxygen will decline 

with respect to NO,- when reaction of oxygen with metal atoms is  fa~orable.‘~ 

One study, however, concluded that for irradiated nitrates, oxygen and nitrite were formed 

in equivalent amounts. Following radiation exposure, sodium nitrate salts evolved a gas that was 

shown to be mainly oxygen gas trapped in small pockets in the crystal during irradiatisn. When 
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performed at pH 13 to determine the origin of the 0, produced by radiolysis. The results of these 

measurements indicate that most 0, originates from water in dilute solutions, with an increasing 

fraction originating from nitrate at higher nitrate concentrations. The radiolysis of the nitrate ion 

in aqueous solutions is consistent with the reaction presented for the radiolysis of solid nitrates 

NO,' NO,' + 1/2 0,.s2s 

4. RESULTS 

According to the literature, the gases generated as a result of the radiolytic decomposition 

of water and sodium nitrate will most likely be hydrogen (from water) and oxygen (from sodium 

nitrate). The basic initial chemical reactions due to the radiolytic decomposition of water include 

H,O 1/2 H, + 1/2 H,O, 

and 

H20 - H4 + OH-, 

with the following probable back reactions: 

OH- + H, W,Q + H" 

and 

€3" + H,O, - H,O -t OH-. 

The reaction for the decomposition of nitrate is given by 

NO3- 3n) NO," + 1/2 0, 

with a significant radiation induced back reaction given by 

NO,- -t 1/2 0, * NO3" 

as well as the combination reaction 

1/2 0, + NO3- NO,- -t 0,. 
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Table 1 (continued) 

J. W. T. Spinks, R. J. Woods, 
Itrtroduction to Radiation Utcmi~rry 

(1964) 

J. Ralani, G. Stein, 
J. chem. Phys. 37, 1865 (1962) 

3. H. Baxendale, GI K. Thomas, 

a, 

Nature 195, 1294 (1962) 

osod 

O S 5 P  0.60,' 
0,709 

0.42 

0.45 

A. 0. Allen, J. Phys. & atloid 
chern., 52,479 (1948) 

Same as source 

Same as source 0.45, 0.429 

7, 

2.0 

1.3 0.45, 0.429 

m a pH of 7 unless otherwise noted. 

'The water has a pH of 1. 
dThe water has a pH of 2-4. 
"The water has a pH of 5. 
The water has a pH of 8. 
e-9 ~ - - . - C - -  & k m  0 nu -.rf 13 
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2. Yields generally decrease with increased dose of radioactivity, suggesting an approach 

to steady state; however, the decrease in yield may merely result from loss of energy to product 

molecules. 
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3. There is an effect of LET both on the initial yield and also apparently on steady states. 

The inital yield for NaNO, has been observed to be about five times as great for alpha irradiation 

as for gamma irradiation at room 

Radiological, physical, and chemical conditions each play a role in radiolytic gas 

generation from wastes. The characterization of the waste composition must be complete to 

determine defensible gas generation rates. The radionuclides plus the daughters, if present, must 

be considered, and knowledge to ascertain the stage of decay of the waste is necessary. Unless it 

a n  be conclusively proven that the daughters of a radionuclide are not present (either by analyses 

or knowledge of the complete history of the waste) the daughters should be included so that gas 

generation results are conservative (Le., the gas generation i s  at a maximum). The capabilities of 

the wastes to absorb radiation energy influences the decomposition of the waste constituents. 

Chemical reactions such as recombination and back reactions affect the amount of gas generated 

due to radiolytic decomposition. 

The G values associated with radiolytic decomposition indicating molecules of gas 

generated by waste constituents per 100 eV absorbed by the waste constituents is complex. The G 

values obtained from literature can only indicate a range for expected G values due to radiolytic 

decomposition of a sodium nitrate waste since there are many waste-specific factors that influence 

gas generation rates. Experimental studies are recommended where the G values are obtained by 

the actual measurement of the gas generation. 
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