
Ned E. B ib le r  

Savannah River Laboratory 
E. I. du Pont de Nemours and Company 
Ai ken, South Carol i na 

RADIOLYTIC GAS PRODUCTION DURING 
LONG-TERM STORAGE OF NUCLEAR WASTES 

A paper accepted for presentation a t  the 28th 
Southastern Regional Meeting of the Ameriorm 
Chemical Soc4ety to  be held i n  Gatlinburg, 
Tennessee, on October 27-29, 1976. 

This paper was prepared in  connection with work under Contracat: 
No. AT(07-2)-1 with the U.S. Energy Research and Development 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



RADIOLYTIC GAS PRODUCTION DURING 
LONG-TERM STORAGE OF NUCLEAR WASTES* 

Ned E. B i b l e r  

Savannah River  Laboratory 
E. I. du Pont de Nemours & Co. 
Ai ken, SC 29801 

ABSTRACT 

Gases produced by in sitzi radiolysis of sealed solidified 

.nuclear wastes during long-term storage could conceivably breach 

containment. Therefore, candidate waste forms (matrices contain- 

ing simulated nuclear wastes) were irradiated with '~0-y and 

24 km-a radiation. These forms were : cement containing simulated 

fission product sludges, vermiculite containing organic liquids, 

and cellulosics contaminated with a-emitting transuranic isotopes. 

For cement waste forms exposed to y-radiolysis, an equilibrium 

hydrogen pressure was reached that was dose rate dependent. For 

a-radiolysis, equilibrium was not reached. With organic wastes 

(n=ucCa~~t! on vermiculite), H2 and traces of Con and CHI, were 

produced, and 02 was consumed with both radiations. Only energy 

absorbed by the organic material was effective in producing H2. 

At low dose rates with both a- and y-irradiations, G(H2) was 4.5 

and G(-On) was 5.0. Also, equilibrium was not obtained. For 

cellulosic material, H2, CO2, and CO were produced in the ratio 

* Work done under USERDA Contract No. AT(07-2)-1. 



of 1.0:0.7:0.3, and O2 was consumed. With a-radiolysis, G(gas) 

was dose dependent; measured values ranged from 2.2 to 0.6 as 

the dose increased. Implications of all these results on long- 

term storage of radioactive waste will be discussed. Some data 

from an actual nuclear waste form will also be presented. 

INTRODUCTION 

Much effort is being expended in many laboratories to develop 

methods of solidifying and storing nuclear wastes to isolate them 

from the environment. These wastes are primarily fission products 

or alpha-emitting transuranic isotopes dissolved in aqueous or 

organic solutions or sorbed on laboratory wastes such as tissues 

or other cellulosic materials. In nearly all the proposed storage 

methods, the solidified waste is sealed in a primary, secondary, 

and sometimes a tertiary steel container. One property of the 

solidified form that has to be evaluated is the production of 

gases from in situ radiolysis of the form. If sufficient gases 

are produced, they may pressurize the containers, and containment 

could bP breached. 

At the Savannah River Laboratory, we have measured radiolytic 

gas production from three types of solidified wastes: fission 

product sludges incorporated in concrete, contaminated organic 

wastes sorbed on vermiculite, and cellulosic material contaminated 

with alpha-emitting isotopes. 



CONCRETE WASTE 

One method being evaluated for solidifying high level radio- 

active waste sludges from the Savannah River Plant (SRP) is to mix 

them with cement to form concrete. ' Nominal composition of the 

preferred cement and the washed dried sludge is shown in SLIDE 1. 

In the final waste form, the sludge-to-cement ratio will be 0.67. 

As indicated in SLIDE 1, most of the initial radiation in the 

sludge will be beta-gamma from decay of ' O S ~  and its daughter 

and l3'Cs. Alpha radiation will be present from decay of 3 8 ~ ~  

and 2 3 9 ~ ~ .  

SLIDE 2 shows the time-dependence of the calculated radiation 

dose rates to the form based on the data on SLIDE 1. Integrated 

doses are shown in SLIDE 3. In these calculations, it was assumed 

that all alpha, beta,and gamma radiation was absorbed by the form. 

As indicated in SLIDE 3, the final doses are quite large. SLIDE 4 

shows pressurization produced by 6 0 ~ o  gamma-irradiation of a sealed 

canister of concrete containicg Fez03 to simulate sludge. The 6 0 ~ o  

gamma radiation simulates beta-gamma radiation from ' O S ~  and 7 ~ s .  

The only gas produced in significant amounts was hydrogen, which 

reached an equilibrium pressure that depended on the dose rate. 

SLIDE 5 shows the effect of dose rate on this equilibrium pressure 

for the Fe203-concrete fvrm as well as neat cement and concrete 

containing Mn.02, another ~r~aLeriai found in SRP sludges. This dose 

rate effect is consistent with a model in which molecular hydrogen is 

formed by recombination of hydrogen atoms and removed by reaction 



with hydroxyl radicals. These reactions occur in the radiolysis 

of liquid water.2 Extrapolation of the data to the calculated 

dose rate for actual waste indicates that for irradiation times 

of a few hundred years, during which radiolysis is primarily due 

to decay of 9 0 ~ r  and ' 3 7 ~ s ,  hydrogen will reach an equilibrium 
pressure between 8 and 28 psi. Other experiments showed that 

this equilibrium pressure is independent of the gas volume. 

While hydrogen was being produced at low dose rates, oxygen 

that was present in the canister was consumed. The effect of 

this oxygen consumption on the radiolytic pressurization is shown 

in SLIDE 6. Analyses of gases from two irradiations show oxygen 

consumption of 75 and 95%, respectively. Nitrogen was unaffected. 

This implies that in the containers of waste concrete, oxygen 

will be completely consumed. Oxygen consumption is attributed 

to reaction of oxygen with radiolytic hydrogen atoms to form hydro- 

peroxy (HO2) radicals that recombine to form hydrogen peroxide 

(H202). Evidence for this compound was obtained by treating the 

irradiated concrete with aqueous iodide (I-) solution or 

ferricyanide [Fe (CN) 6 3] solution. 

Pressurization data for two samples of concrete and actual 

SRP waste are shown in SLIDE 7. The results are consistent with 

those from gamma-radiolysis uf concrete and simulated waste. The 

equilibrium pressure rangc predicted from gamma-radiolysis of 

simulated waste and the radioactivity present in this material 

was between 4 and 22 psi. The observed equilibrium pressure of 

6 to 7 psi is within this range, 
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The effect of 244~m alpha-radiolysis on concrete and simulated 

waste is shown in SLIDE 8. With alpha-radiolysis, oxygen is a 

product, composing 25% of the evolved gas. Again, nitrogen was 

not affected. Experiments at larger doses indicated that, unlike 

gamma radiolysis, hydrogen production by alpha radiolysis is not 

affected by hydrogen pressures up to 200 psi. ' In the waste con- 

tainers, alpha-radiolysis will predominate after the decay of 

13'cs and 'OS~, about 200 years. Even though the alpha dose rate 

from the 2 3 9 ~ ~  is low in the waste form (Q7 rads/hr), hydrogen 

may accumulate to a final pressure as high as 1600 psi after -10' 

years, The oxygen pressure may reach 300 psi. 

All of the above results are consistent with established 

free radical mechanisms for radiolytic destruction of water. In 

application, the results suggest that radiolytic pressurization 

in containers of concrete and SRP waste will be low for the first 

several hundred years storage. 

ORGANIC SOLVENT WASTES SORBED ON VERMICUL ITE  

A method being evaluated for treating contaminated organic 

solvents is to sorb them on vermiculite and then seal this material 

in steel drums for st~rage.~ For this type of waste, radiolytic 

pressurization data were obtained by gamma- and alpha-irradiation 

of octane ur a commercial vacuum pump oil on vermiculite. Results 

of high and luw dose rate gamma-radiolysis experiments are shown 

in SLIDES 9 and 10. As with concrete, oxygen was consumed, 

nitrogen was unaffected, and hydrogen was produced. Also, traces 



of methane and carbon dioxide were produced. The ratio of H2/C02/ 

CH4 was nominally 1.0/0.03/0.01. In contrast to concrete radiol- 

ysis, hydrogen pressure did not attain an equilibrium up to at 

least 200 psi, the highest pressure tested. This implies that 

in sealed canisters of this type of waste, very high hydrogen 

pressures could be attained. The extent of this hydrogen 

pressurization is easily calculated from the total radiation 

dose at any time, the amount of material irradiated, the free 

volume' in the container, and the yield of hydrogen in terms' of 

molecules produced per 100 eV of energy absorbed (G value). 

Experiments varying the organic/vermiculite ratio indicated 

(SLIDE 11) that hydrogen resulted only from the energy sorbed by 

the organic material and not from that sorbed by the vermiculite. 

This indicates that energy is not transferred between the organic 

material and the vermiculite. For calculating hydrogen pressure, 

values for G(H2) are obtained from extrapolation of the data in 

SLIDE 11 to 100% organic material. The total energy absorbed by 

the waste form then has to be multiplied by the mass fraction of 

organic material prescnt. There is a slight dependence of these 

values on dose rate; and at the low dose rates of the nuclear 

wastes, the values are 4.5 molecules/100 eV for octane, and 2.0 

molecules/100 eV for oil. The value of G(H2) for octane is equal 

to that for radiolysis of the pure liquid, further indicating that 

vermiculite is not transferring energy with the octane. Pressur- 

ization from alpha-radiolysis is shown in SLIDE 12. Again, 
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hydrogen and traces of carbon dioxide and methane were produced, 

and oxygen was consumed. 

Values for G(H2) based on energy sorbed by the organic were 

4.3 for octane and 2.7 for the oil. These are close to the values 

for gamma-radiolysis and indicate only a slight effect of the LET 

of the radiation. This small effect of LET has been observed in 

radiolysis of many organic compounds. 4 

These results with organic wastes indicate that at least 

200 psi of'hydrogen will be produced during long term storage. 

CELLULOSIC MATERIALS 

One rather abundant form of nuclear waste is absorbent 

cellulosic material (laboratory tissues, ttatomic wipes," etc.) 

contaminated with alpha-emitting isotopes. This material is 

retrievably stored at SRP in sealed 55-gallon drums. Results 

of radiolytic gas production from 2 4 4 ~ m  alpha-radiolysis of 

cellulosic tissues are presented in S L I D E  13. This slide shows 

the increase in gas volume at atmospheric pressure and ambient 

temperature, Oxygen was consumed, nitrogen was unaffected, and 

hydrogen, carbon dioxide, and carbon monoxide were produced at 

relative rates of 1.0/0.7/0.3, respectively. 

The 100-eV yields for gas production were calculated from 

the slopes of the lines, the ideal gas law, and the doso ratc to 

the tissues calculated from the amount of 2 4 4 ~ m  present. S L I D E  14 

shows that these yields decrease with increasing total dose to 

the cellulose. This probably results from formation of produr.ts 



that produce less gas as radiation progresses. Data in SLIDE 14 

also indicate that the 100-eV yislds are independent of dose 

rate (i.e., at any dose rate, the same number of gaseous mole- 

cules are produced per 100 eV of energy absorbed). SLIDE 15 

shows the physical damage to the cellulose. 

As with the octane and oil, hydrogen pressures can be 

estimated by knowing the amount of activity present, the gas 

volume, and the value for G(H2). Although experiments at high 

pressures were not performed, the rate of hydrogen pressurization 

is probably independent of the hydrogen pressure, as it was with 

octane and pump oil. On this basis, large amounts of hydrogen 

may accumulate during storage of this type of waste. 

SUMMARY 

The above. experiments have indicated that hydrogen will be 

produced during storage of radioactive wastes containing water or 

organic material. With water, hydrogen will reach a low equilib- 

rium pressure during the first: 200 years storage, but after several 

centuries will increase Lo high pressures from alpha-radiolysis. 

With organic material, hydrogen pressurization will increase 

linearly to high pressures. Currently, the amount of hydrogen 

produced in a waste container is being held to low pressures by 

limiting the amount of radioactivity stored in t.hat container. 

Hydrogen generation can be eliminated completely by storing the 

waste in absence of water or organic material. One method being 

evaluated is to calcine the fission product sludges and i.ncorporate 



them in glass. For organic waste, a method being evaluated is to 

incinerate .the material and incorporate the ash in glass. 
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NOMINAL COMPOSITION 
OF WASTE FORMS 

A. High Alumina Cement (w t  %)  

A1203, 41; CaO, 37; S i O z ,  9; Fe203, 6; MgO, 1; Other, 6. 

B. Savannah R iver  P lan t  High Level Radioact ive Waste 

Nonradioact ive Ions ( w t  %)  

Fe, 33; A l ,  2; Mn, 2; U, 4; Na, 3; Ca, 3; S r ,  3. 

Radioact ive Isotopes (mCi/g) 

90Sr,  100; 137Cs, 100; 144Ce, 30; l o 6 ~ u ,  10; l S 4 ~ u ,  1. 

SLIDE 1. Nominal Composition o f  High Alumina Cement and 
SRP High Level Radioact ive Waste 



DOSE RATES TO CONCRETE WASTE FORMS 
I I 1 I I 

Time, years 

SLIDE 2. Dose Rates t o  Concrete Waste F o n s  
Conta in ing SRP Waste 



ACCUMULATED DOSES TO CONCRETE WASTE FORMS 

Time, years 

SLIDE 3. Accumulated Doses t o  Concrete Waste 
Forms Containing SRP Waste 



7- RADIOLYSIS OF CONCRETE CONTAINING I . Fe20, As SIMULATED WASTE 

6 0 ~ o  Irradiation Time, hours 

SLIDE 4 .  High Dose Rate 60Co Gamma-Radiolysis o f  Conc 
and Fe20s as Simulated Waste. 



7- DOSE RATE vs H2 PRESSURE 

0 I I I 1 
to4 to5 to6 lo7 loe 

Dose Rate,. rads/hr 

SLIDE 5. Effect o f  Dose Rate on H2 Equilibrium Pressures 



LOW DOSE RATE y-RADIOLYSIS OF 
CONCRETE WASTE FORMS 

100 I 1 1 I I I 

- 150 I I I I I 1 1 
0 10 20  30 40 50 60 70 

6 0 ~ o  Irradiation Time, hours 

SLIDE 6 .  Low Dose Rate Radiolysis  o f  Concrete and 
FeaOj or !!non as Simulated Waste 



CANISTER PRESSURIZATION FROM RADIOACTIVE 
CONCRETE WASTE FORMS 

10 I 1 I 1 

I I I 1 
0 100 200 300 400 

Time, days 

SLIDE 7. R a d i o l y t i c  Pressur iza t ion  o f  Concrete and 
SRP Radioact ive Waste 



a- R ADIOLYSIS OF CONCRETE WASTE FORMS 
1 1 

Fe - Mn Sludge, 4.5 mg '"cm 
0 Fe - AI Sludge, 4.5 mg a 4 4 ~ m  
A Fe.- Mn Sludge, 2.6 mg 2 '4~m 

2 4 4 ~ m  Irradiation Time, hours 

SLIDE 8. Alpha Radiolysis of Concrete and SRP 
Simulated Waste 



y-RADIOLYSIS OF ORGANIC WASTE FORMS 
AT LOW DOSE RATES 

100 I 1 

- 1.01, 10 1 20 1 
6 0 ~ o  Irradiation Time, hours 

SLIDE 9. Low Dose Rate Gamma-Radiolysis of Pump Oil 
Sorbed on Vermi cul i te 



y -RADIOLYSIS OF ORGANIC WASTE FORMS 
AT HIGH DOSE RATES 

SLIDE 10. High Dose Rate Gamma-Radiolysis of Octane or 
Pump Oil Sorbed on Vermiculite 



G(H2) OF ORGANIC/VERMICULITE MIXTURES 

Me66 Fraction of Oryanlc Material 

SLIDE 11. E f f e c t  o f  Organic/Vermicul i t e  Rat io  on G ( H 2 )  



SLIDE 12. Alpha Rad io lys is  o f  Octane Sorbed on Vermicu l i te  



GAS EVOLVED DURING 
a- R ADIOLYSIS OF CELLULOSICS 

Time, hours 

SLIDE 13. Gas Production f rom A1 pha-Radiolysi s o f  
Cellulosic Material 



EFFECT OF DOSE ON G(gas) 

0 I I I I I 
0 0.5 1 .O 1.5 2.0 2.5 

Dose, eV 

SLIDE 14. E f f e c t  o f  Dose on t h e  100-eV Y i e l d  f o r  
Gas Produc t ion  
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;:.?ii6 3 DEGRADED CELLULOSE FROM a-RADIOLYSIS 

SLIDE 15. Physical Damage t o  Cellulose! from Alpha-Radfation 




