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ABSTRACT

Dose rate effect and low penetration are major disadvantages of electron beam irradiation. Addition of
ozone before or during irradiation may eliminate the dose rate effect as shown for the remediation of a
groundwater contaminated with trace amounts of chlorinated solvents such as trichloroethylene (TCE)
and perchloroethylene (PCE). Beside the elimination of the dose rate effect the necessary radiation dose
for pollutant decomposition is considerably lowered by the presence of ozone during irradiation. As a
consequence the economy of the combined ozone/irradiation process becomes better than that of
irradiation alone. Irradiation of turbulent water flows enables clean-up of water layers thicker than the
maximum penetration of the electrons used. This effect is improved by the presence of ozone during
irradiation, too.
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INTRODUCTION

Radiation processing of groundwater for removal of low level contaminants or for disinfection suffers
from some major limitations which prevent the direct use of such a treated water as drinking water.
Although the radiation doses usually applied are comparatively small formation of nitrite and hydrogen
peroxide above the limit values for drinking water are mostly unavoidable (Gehringer et al. 1992a).

These problems may be overcome by addition of ozone before irradiation (Gehringer et al.. 1992b;
1993a). By the presence of ozone both the above by-products are completely removed. Moreover, the
"androgynous" irradiation process with its almost equal amounts of oxidizing and reducing intermediates
is converted into an oxidation process a so-called Advanced Oxidation Process (AOP).

Remediation of groundwater for subsequent use as drinking water should be done with electron beam
accelerators as radiation source instead of Cobalt-60 because of public acceptance. However, as
compared to γ-sources electron beam accelerators usually show two major disadvantages: a so-called
dose rate effect and in the range of interest (0.5 to 3 MeV) a rather low penetration of the electrons.

Both effects are very important issues in the design and, of course, in the economy of electron beam
processing of water. The present paper examines these problems for a combined ozone/electron beam
process applied for remediation of a groundwater contaminated with trace amounts of chlorinated
solvents such as trichloroethylene (TCE) and perchloroethylene (PCE), respectively with special
emphasis to economical aspects.



EXPERIMENTAL

For the experiments Vienna City drinking water (195 ppm bicarbonate; 6.5 ppm nitrate and 0.6 ppm
DOC) was spiked with TCE and PCE, respectively. All the experiments described were run both in a
prototype and a bench scale installation which have been already described elsewhere (Gehringer et al.,
1992b; 1993b). In some experiments gaseous ozone contained in an oxygen gas flow (about 100 mg O3
per litre O2) was introduced directly into the irradiation chamber by means of large metal frits placed at
the bottom of the chamber.

RESULTS
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TCE decomposition in groundwater by various irradiation treatments.

Fig. 1 shows both the dose rate effect of the TCE decomposition in groundwater and its elimination by
ozone addition before irradiation. Moreover, the significant reduction in the radiation dose requirement of
the combined ozone/irradiation treatments is also clearly demonstrated. This effect is especially
pronounced with the electron beam irradiations: To reduce, for instance, 120 ppb TCE to a residual
concentration of 5 ppb the electron beam irradiation requires a dose of 370 Gy. When 3 ppm O3 is added
to the groundwater before irradiation the same TCE reduction is already achieved with a dose of 45 Gy.
Using the known equation for capacity calculations

kgH 2 O/h = 3600-

these dose values (0.37 kGy and 0.045 kGy) can be converted now for a given electron beam accelerator
(25 kW) and beam utilization factor (r\ = 0.6) into throughput capacities (kg H2O/I1). The corresponding
values are: 146 m^/h for 370 Gy (electron beam only) and 1200 m^/h (combined 3 ppm 03/electron
beam). In this way the dose rate effect is expressed in terms of production capacities and becomes easier
to handle for economic evaluations. Based on these conversions an economic comparison between these
two processes has been made (Table 1).



Table 1. Economic comparison for the reduction of 120 ppb TCE to 5 ppb in
groundwater by electron beam irradiation with and without addition of ozone.

Cost

Capital requirement (in 1000 US $ units)

• 25 kW electron beam accelerator
(incl. auxiliary equipment, transport,
installation, building and vault)

• Ozone generator
• Water handling equipment

Total

Capital cost (in US $/hour)
(9.5 % over 10 years; 8000 hours/year)

Operating cost (in US $/hour)
• Electric power ($ 0.14/kWh)

Accelerator
Ozone generator
Pumps

• Oxygen ($ 0.23/m3) + storage
• Maintainance

TOTAL
(Capital + Operating)

Electron beam irrad.
370 Gy H 146 m3/h

1200

-
100

1300

26

7
-
1.5
-
1.5

36$/h
0.25 $/m3

Ozone-Electron beam irrad.
(3 ppm O^ + 45 Gy) = 1200 m3/h

1200

270
250

1720

34

7
4.5

32.5
9
3

90$/h
0.075 $/m3

Although both capital cost and operating cost are higher for the ozone/electron beam treatment the
combined process is more cost-effective (by a factor of about 3) because of the higher throughput rate.

Next to the dose rate effect the short penetration of the energetic electrons represents a serious problem in
the design of an electron treatment process. However, experiments under turbulent flow conditions have
demonstrated that water layers of 3 mm thickness can be treated successfully with 500 keV-electrons
although their maximum penetration is 1.4 mm only. It was found that the presence of ozone improved
the turbulence effect (Gehringer et al„ 1989). Remediation of water layers thicker than the maximum
penetration of the electrons applied is equivalent to a dose reduction and of great economic consequence,
therefore. The amount of dose reduction with increasing water layer thickness together with its
consequence to pollutant decomposition is shown in Fig. 2 for 500 keV-electrons combined with 2 ppm
initial O3 concentration. In all these experiments a constant flow rate of 105 m/min was maintained, the
corresponding throughput rates were: 620 L/li (2 mm); 945 L/h (3 mm) and 1417 L/h (4.5 mm).

Optimum turbulence during irradiation can be achieved when ozone is introduced gaseously into the
irradiation chamber. Such a process has, moreover, two other important aspects. (1) The density of the
gas/water mixture is less than water the penetration of the electron becomes higher, therefore. (2) The
ozone of the water phase is consumed very fast during irradiation. Accordingly ozone may cross the
gas/water boundary much faster as it does without chemical reactions; its dissolution is considerably
driven by that. As a consequence much lower residual pollutant concentrations may be attained as
compared with aqueous ozone addition (Fig. 3). Both effects are important options on the radiation
processing of water.
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Fig. 2 TCE decomposition in
groundwater by combined ozone/500 keV
electron beam irradiation as a function of
the water layer thickness treated.
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Fig. 3 PCE decomposition in
groundwater by combined ozone/electron
beam irradiation treatment.
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