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Introduction 
Dsta Presented In Paper 

Halogenated and nonhalogenated hydrocarbons are components of contamination currently 

found in natural waterways, ground water, and soils as a result of spills and careless disposal 

practices. The development of proper treatment methodologies for the waste streams producing 

this environmental damage is now a subject of growing concern. A significant number of these 

waste stream compounds are chemically stable and are thus resistant to environmental degradation. 

Numerous researchers have investigated the use of ionizing radiation to decompose chlorinated 

hydrocarbons in diverse matrices and have proposed various free-radical-induced reaction 

mechanisms1-3. 

In this paper, we present results of experimentally measured radiolytically induced 

decomposition using accelerator-generated bremsstrahlung sources and gamma radiation from 

cobalt-60. Data are presented on the radiolyticaUy induced reduction in concentration of volatile 

organic compounds (VOCs) dissolved in water and in air, polychlorinated biphenyl (PCB) 

dissolved in oil, high explosives dissolved in ground water, and chemical weapon surrogates. The 

results of these studies suggest the potential use of ionizing radiation as a method of hazardous 

waste treatment. 

Electron Accelerators In The Commercial World 

Electron accelerators are electrically powered machines that can produce two types of ionizing 

radiation for industrial use. These are electron radiation and bremsstrahlung (X rays). 

Bremsstrahlung is produced when a high-energy electron beam impacts a heavy metal target (Figs. 

1,2). Electron radiation is not very penetrating and may be useful for surface treatment or for bulk 

processing of nondense materials. Bremsstrahlung is more penetrating than electron radiation and 

is being evaluated for treatment of dense substances and materials in steel containers. 

Electron accelerator uses currently include applications such as high-energy X-radiography of 

steel casings and machine parts, curing of plastics and paints, applying magnetic coatings to tape 

and computer disks, and fixing labels on aluminum cans. We believe that the extension of thesi.' 

applications to include treatment of appropriate waste streams is worthy of consideration. 



Experimental Methods 

Radiation Sources 

All irradiation exposures of toxic compounds we describe in this paper were performed using 

bremsstrahlung produced by one of four different types of accelerators or by using gamma 

radiation from cobalt-60. Dose rates as high as 5x10'' rads per second (R/s) and photon energies 

up to 9 nega-electron-volts (MeV) were available, depending upon the accelerator used. These 

radiation sources are listed in Table 1. 
Table 1. Radiation sources. 

^ " R a d u n o n ^ R J a j r i n T S m D o s e T ^ a t i H l t ^ ) -

Pulserad accelerator 1.6 MeV bremsstrahlung 5 x JQH 
Febetron accelerator 2.0 MeV bremsstrahlung 5 x jfjio 
ETA-II accelerator 2.5 MeV bremsstrahlung j x JQS 
Linatron accelerator 9 MeV bremsstrahlung 1 x 10s 

Cobalt-60 isotope 1.2 MeV gamma 3.2 x 10 l 

The radiation dose applied to the toxic compounds was measured using radiachromic dye 

detectors, ionization gauges, and Comptort diodes. These dose measurements •'•'ere in good 

agreement with the dose calculated from the accelerator beam parameters. 

Method of Dose Application 
All Oi the liquids were irradiated at atmospheric pressure and room temperature with very little 

or no head space. Figure 3 shows an array of 40-mL vials with ground water fastened to the ETA-

II accelerator beam pipe. These bottles were exposed to the 2.5 MeV bremsstrahlung while the 

accelerator was used for another purpose. 

Figure 4 shows empty exposure vials in front of the 9-MeV bremsstrahlung Linatron facility. 

The tilled vials were placed within the lucite cube during exposure because of the high 

bremsstrahlung energy of this machine. The lucite provided electron equilibration to the high 

energy bremsstrahlung, thus the bottles got a higher dose than when they were exposed bare to the 

beam. 

Vapors were exposed at atmospheric pressure and room temperature within 8-in. diameter 

stainless steel spheres. The spheres were first baked out and evacuated before filling with vapor. 

They were then placed in the bremsstrahlung beam. One such sphere is seen in Figure 5 as it fills 

with trichloroethylene (TCE) vapor from TCE contaminated soil, removed by soil vapor extraction. 
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Experiments with VOCs In Ground Water 
Ground water at the Lawrence Livermore National Laboratory (LLNL) site contains a mixture 

of dissolved VOCs resulting from its earlier history as the Livermore Naval Air Station and from 
environmental releases by subsequent site occupants including LLNL. These VOCs are now 
found in concentrations that depend on site location and vary in value from not-detectable up to 
about 10 ppm. Our experiments were conducted with ground water from well MW-222. The 
VOC concentration in this water is shown in Table 2. 

Table 2. VOCs found in MW-222 ground water. 

TrichloroethyleneCTCE) 125-300 
Chloroform 10-60 

Carbon tetrachloride 14 
Perchloroethylene (PCE) 3-8 

A radiolytically induced reduction of each VOC concentration in the ground water was 

measured using a gas chroroatograph (GC) with a sensitivity of 0.5 ppb. The GC measurements 

were corroborated by analysis of selected samples by an external, independent laboratory. These 

measurements were made on an array of vials exposed to various doses using the radiation sources 

listed in Table 1. 

The measured concentrations of each VOC are plotted as a function of dose at the various 

irradiation sources. These data are shown for TCE, chloroform, carbon tetrachloride, and 

perchloroethylene (PCE), respectively, in Figures 6 to 9. These data show that the concentration 

of all four VOCs is decreased by exposure to the ionizing radiation. 

These data indicate that TCE concentrations in the hundreds of parts per billion range can be 

reduced to several parts per billion by exposures of 50 to 100 kilorads (kR). Chloroform and 

carbon tetrachloride are both more resistant to radiolytically induced decomposition than TCE. 

Exposures of approximately 400 and 209 kR, respectively, are required to reduce chloroform and 

carbon tetrachloride concentrations to half their initial value. The steeper average slope of these 

plots at the high dose rate provided by the ETA-II accelerator suggests that the radiolytically 

induced decomposition of chloroform and carbon tetrachloride may be enhanced by the dose rate. 

No such enhancement is seen in the TCE and PCE decomposition data. 
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Experiments with VOCs Spiked into Ground Water 
Ground water from well MW-222 was spiked to a concentration of 400 parts per million (ppm) 

with a mixture of the four VOCs shown in Table 2, with each VOC concentrated to 100 ppm. This 
represents a concentration increase factor of up to 10 4 over the values listed in Table 2 and is 
similar to VOC concentration in industrial wastes. These samples were placed in 40-mL sealed 
glass vials and irradiated to various dose levels with bremsstrahlung from the 9-MeV Linatron. 

A decrease in concentration of each VOC in the mixture was measured using a GC. These 
data, shown in Figure 10, indicate that TCE and PCE require significantly large? applied doses to 
decrease concentrations by a factor of two in the spiked ground water as compared to the 
nonspiked ground water. Thus, both TCE and PCE appear to have concentration-dependent dose 
requirements for decomposition. Chloroform and carbon tetrachloride do not display this 
concentration dependence. The Linatron dose requirements to decrease each VOC concentration by 
a factor of two in the spiked and nonspiked ground water are shown in Table 3. 

Table 3. Linatron dose requirements to decrease each VOC to 
half the initial jncentration in spiked and nonspiked ground water. 

voT Spiked* 
(kR) 

Nonspiked" (kR) 

ICE 150 15 Chloroform &.o 400 
Carbon Tetrachloride 200 200 
PCE 375 20" 

'Initial concentration of 100 ppm for each VOC in mixture 
"Initial concentration listed in Table n 
'Approximate measurement due to low initial concentration 

Two samples of the ground water spiked with concentrated VOCs were exposed to 470 and 
950 kR, respectively, and then examined for five reaction products. Both GC and mass 
spectrograph (MS) analyses of these samples were compared with an analysis of an unexposed 
control sample. The results of this examination are summarized in Tables 4 and 5. 

The only reaction products found were chloride ions. A mass balance analysis of the increase 
in chloride ion concentration with radiation dose shows that the CI" ion increase is totally accounted 
for by the chlorine from the destroyed VOCs. This suggests complete mineralization of the VOCs. 
These data showing the measured increase in CI" ion concentration and decrease in VOCs with 
applied dose are listed in Table 5. This table shows that the unexposed, VOC spiked ground water 
has 139 ppm CI" ion concentration and 400 ppm total VOC concentration. When the water is 



irradiated to a dose of 950 kR, the CI" ion concentration increases to 343 ppm and the total VOC 

concentration decreases to 34 ppm. 
Table 4. Reaction product analysis of ground water 
spiked with 400 ppm VOCs and then irradiated. 

^^Noevidenceof^^^^^^^IMGhlo io ine tnan^^^^^ 
Chloromethane 
Hydrochloric acid 
Chlorine gas 

Identification of; Chloride ions 

Table 5. Chloride ion measurements in irradiated, spiked ground water, 
indicating complete mineralization of destroyed VOCs. 

Samp V6c CI* ion c i - ion concentration 
le dose concentration concentration (complete mineralization) 

(kR) (ppm) measured 
(ppm) 

(ppm) 

0 400 139 
470 73 287 313 
950 34 343 341 

Irradiation of C14-Labeled TCE in Water 

C "-labeled TCE was used to evaluate the reaction products of the carbon when TCE dissolved 

in water is irradiated. The labeled TCE was dissolved at a concentration of 262 ppb into water 

buffered with 0.01 molar Higgin's phosphate solution and then irradiated to 150 kR with gamma 

radiation from the Co-60 source. A resulting carbonate precipitate was formed from carbon 

dioxide produced from the TCE. The precipitate was collected and counted to determine that 65% 

of the original TCE carbon formed carbon dioxide. 

The remaining carbon was converted to nonvolatile, water-soluble compounds that were not 

analyzed, but are suspected of being organic acids. 

Experiments with Ground Water Adjacent to a Leaking Gasoline Storage Tank 

Gasoline leaked into the soil and water table at LLNL. This gasoline originated from a U.S. 

Navy installed underground storage tank located near the LLNL motor pool. Steam injected inco 

periphery wells in a demonstration project/experiment has helped to sweep these contaminants to a 

central well where they are removed. The ground water removed from the central well contains 

fuel hydrocarbons and VOCs at concentrations listed in Table 6. 
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Table 6. Fuel hydrocarbons and VOCs found in ground water 
adjacent to leaking underground gasoline storage tank 

V6c ^^^imna^oi icenTrat io ir™ 
(ppb) 

Total petroleum hydrocarbons 21,750 
Benzene 4,450 
Toluene 7,420 
Ethyl benzene 1,050 
p,m-xylene 5,870 
o-xylene 2,960 
1,2-DCA 130 
TCE 29 
EDB 73 

Samples of the gasoline-contaminated ground water were irradiated using Co-60 gamma 

radiation, and a reduction in VOC concentration was measured using a GC. The concentration 

reduction data for the nonhalogenated VOCs are shown on the log plots of Figure 11. This figure 

shows that the concentration of these VOCs is reduced from thousands of parts per billion to below 

parts per billion levels by the application of radiation at dose levels of 3 MR (3,000 kR) or less. 

The halogenated VOCs were also reduced in concentration as listed in Table 7. 
Table 7. Radiolytic reduction in concentration of halogenated hydrocarbons 

found in ground water from vicinity of gasoline storage tank which leaked. 

Dose 1,2-DCA TCE EDB 

—T %b) V X' 
1000 24 ND ND 
3000 ND ND ND 

Note: Detection limit = 0.5 ppb 

VOCs in the Vapor Phase 
Pure TCE vapor at a concentration of 500 ppmv in both humid and dry air was made up in the 

laboratory and emplaced within S-in. diameter spheres as described earlier. These spheres were 

then irradiated at the Linatron electron accelerator. The TCE concentration was measured at 

various dose levels and plotted as a function of dose as shown in Figure 12. These data were 

obtained by shutting die accelerator down every few minutes so dial a small sample of gas could be 

retrieved with a gas-tight syringe. The gas sample was analyzed for TCE concentration using a 

field portable Photo Vac GC. Radiolytic decomposition data were also obtained from a TCE vapor 

extraction well at LLNL's Site 300, where a TCE ground spill was under remediation. 
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The decomposition data show that TCE vapor at SOO ppmv concentration can be reduced to less 
than 1 ppmv in both dry and humid air with a dose of 200 kR. Vapor from the vacuum extraction 
well with initial concentration of approximately 200 pprnv required approximately 500 kR 
exposure to achieve the same concentration reduction. 

Analysis of the radiated gas showed no VOCs at a detection limit of 1 ppmv and no phosgene 
at a detection limit of 50 ppmv. Water condensate in the sphere with humid air appeared 
yellowish, indicating the presence of ferric chloride. This may have resulted from a reaction of a 
hydrochloric acid reaction product with the steel sphere wall. 

TCE vapor at a concentration of 10,000 ppmv was placed in the sphere and irradiated. It was 
found that a 500-kR dose decreased the concentration of this vapor to 500 ppmv. 

Radiolytic Decomposition of High Explosives in Ground Water 

Ground water at certain areas of Site 300 is contaminated with two types of high explosives 
known as HMX and RDX. Samples of this ground water with a mixture of SOO ppb HMX and 
500 ppb RDX were irradiated at the Linatron electron accelerator with doses up to 700 kR. The 
HMX and RDX concentrations were measured using high pressure liquid chromatography 
(HPLC). The high explosive concentrations were found to decrease as shown in Figure 13. This 
figure also shows the ingrowth of an unknown reaction product that peaks in concentration at 350 
kR and then begins to decompose as the two high explosives are consumed. 

Radiolytic Destruction of PCB in Transformer Oil 

The PCB isomer 2,2',3,3',4,5',6,6'-octachlorobiphenyl was dissolved in transformer oil at a 
concentration of 50 ppm and irradiated using the Linatron. The decrease in PCB concentration as a 
function of applied dose is shown in Figure 14 together with similar data obtained at Idaho 
National Engineering Laboratory (INEL) using spent reactor fuel as a gamma radiation source.4 

These data show that PCB concentrations in oil can be decreased using bremsstrahlung or gamma 
radiation. An applied dose of 12,000 kR (120 kGy) is required to decrease the octachlorobiphenyl 
concentration from 50 ppm to several parts per million. These PCB concentration measurements 
were performed at INEL with GC/MS using EPA Method 8270. 
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Chemical Weapon Surrogates 

Several irradiation exposures were performed using dimethyl methyl phosphonate (DMMP) 
and methyl phosphonic acid (MPA) enclosed in glass vials and encapsulated in double-jacketed 
stainless steel containers. These compounds have carbon-phosphorus (C-P) bonds in their 
molecular structure and thus are surrogates for insecticides and nerve gases. The exposures were 
made at various dose rates using the accelerator sources and cobalt 

The DMMP is a liquid and was irradiated in its pure form. The MPA is a white crystalline 
solid that is soluble in water. The MPA was irradiated both in its pure crystalline form and as a 
1 molar solution in water. The results of the CW surrogate decompositions are summarized in 
Table S. 

Table 3. Irradiation of chemical w«apon surrogates. 

Surrogate Dose Dose rate Results 
(kR) (R/s) * 

DMMP 60,000 . 400 ft 16-15"% 
decomp. 

DMMP 8,000 10» 10-15% 
decomp. 

DMMP 1,500 10* . No C-P 
- •-' decomp. 

MPA 1 molar sol. 39.000 400 "7% decomp. 
MPA 1 molar soL 1,500 10» Noe-P 

decomp. 
MPA solid 39,000 • - 4 0 Q . 31% 

decoma 

Note: C-P-cartwn-pbotpbotustoo* jigj= " ~ .!,..> M, j_ 
These data indicate that radiolyrically induced d^Npapositioa of solid, tad liquid 

organophospheric compounds witrSn.steel containers is possible, Ttff&z limited data indicate that 
very high doses are required for ĵgnificant reductions in concelttrMfon. Tie rediorjlScally Induced 
decomposition of organophospneric materials may also be enhanced by high dose rate. Much 
more data will be required before the utility of the process wiuY this class of compounds can be 
determined. \ v : . ... ,,.;•'. ^, _ 

Conclusions 
We have shown in demonstration experiments the radiolytically induced destruction i>t' 

halogenated and nonhalogenated VOCs dissolved in ground water using accelerator produced 
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bremsstrahlung and cobalt-60 isotope sources. The destruction of these VOCs occurs at initial 
concentrations ranging in value from several parts per billion to hundreds of parts per million. 
During the demonstration experiments we measured photon energies between 1.2 and 9 MeV at 
dose rates from 320 to 5x1 Ol 1 R/s. A mass balance analysis shows an increase in chloride ion 
concentration with radiation dose. This increase is completely accounted for by chlorine from the 
destroyed VOCs and is an indication of complete radiolyticaUy induced VOC mineralization. Mass 
balance measurements using C-14 labeled TCE dissolved in water indicate that two-thirds of the 
organic carbon is converted to carbon dioxide and the remainder into nonvolatile, water soluble 
compounds that probably are organic acids. We experimentally demonstrated that a reduction in 
concentration of TCE vapor with initial concentrations of thousands of ppmv is possible via 
radiolytic decomposition in both humid and dry air. 

We also experimentally demonstrated the radiolytically induced decomposition of high 
explosives and organophospheric compounds dissolved in water and PCB dissolved in oil. 
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Electron Accelerator 
Produces Electron Beam Radiation 

Accelerator 

Fig. 1. 
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Electron accelerator produces electron beam. 



Production of Bremsstrahiung Radiation 
Using an Electron Accelerator 

Converter plate 

Accelerator electron 
beam 

Bremsstrahiung radiation 
(X-rays) 

I'ig. 2. Production of bremsstrahiung from iiigh energy electron beam. 



Bremsstrahlung Irradiation of Sample Bottle s 

Fig. 3. Vials of groundwater undergoing exposure on ETA-II beam pipe. 



Sample Bottles, Mounts, Radiachromic 
Dosimeters, and Bremsstrahlung Source 

I lg- 4. Sample vials, luciie emplacement blocks and radiachromic dosimeters placed in 
front of 9 MeV Linatron. 



Stainless Sphere for Gas Sampling 

Fig. 5. Steel sphere filling with TCE vapor from soil extraction well. 
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Kg. 6. Radiolysic decomposition of TCE in groundwater. 
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Fig. 9. Radiolytic decomposition of PCE in groundwater. 
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Fig. 10. Radiolytic decomposition of a mixture of four VOCs spiked into groundwater 
with an initial concentration of 400 ppm. 



Total Petroleum Hydrocarbons 
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Fig. i l . Radiolytic decomposition of non-halagonated VOCs found in groundu.ncr 
adjacent to a leaking underground gasoline storage tank. 
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Fig. 12. Radiolytic decomposition of TCE vapor in air. 
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Fig. 13 Radiolytic decomposition of two high explosives, HMX and RDX, dissolved in 
groundwater with ingrowth of unknown reaction product. 



OCTACHLOROBIPHENYL DECOMPOSITION VS. ABSORBED DOSE 
Transformer Oil Irradiations at INEL and LLNL 
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Fig. 14. Radiolytic decomposition of PCB in transfonner oil. 


