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Abstract

The action of ionizing radiation on halogenated hydrocarbons, in the presence and absence of ozone, was
studied in water and wastewater. The combined ozone/electron-beam irradiation process was found especially
suited for remediation of low-level contaminated groundwater. This combined treatment was often more effective
than irradiation alone for wastewater decontamination. It reduced the COD without a simultaneous increase of
BOD. Introduction of gaseous ozone directly into the irradiation chamber improved the water-flow turbulence,
allowing treatment in layers thicker than the penetration range of the electrons, with increased decontamination
efficiency

1. INTRODUCTION

Unlike drinking water, which is well-defined, wastewater is usually a mixture of substances with

various reactivities, and can be characterized only by group parameters such as total organic carbon,

adsorbed organic halogens or UV-absorption properties.

The kinetics of transformation of such group parameters depend on their actual composition.

Because this composition changes as the reaction proceeds, no general kinetic laws - based on group

parameters - can be formulated.

Although the overall pollutant concentration in wastewater is rather high, it is generally below

1 mol L"1 at which no direct action of radiation occurs. Accordingly, pollutant decomposition is caused

by free-radical species only. For all data presented in this paper this condition applied.

2. WATER IRRADIATION

The action of ionizing radiation upon water results in the formation of almost equal amounts of

oxidizing and reducing species. This hybridity is often a serious problem with regard to the efficiency

of pollutant decomposition, as illustrated by the radiation-induced decomposition of trace amounts of

chlorinated ethylenes in groundwater.

2.1. Irradiation of groundwater
In air-saturated groundwater containing trichloroethylene (TCE) and perchloroethylene (PCE)

as micropollutants, most of the solvated electrons and *H-atoms are scavenged by oxygen, forming

the superoxide radical anion *O2" and the hydroperoxyl radical HO2* respectively. The latter is in an

acid-base equilibrium with the *O2" (pK=4.7). At the usual pH-values of groundwater, the equilibrium

is shifted towards *O2, i.e. most of the reducing species are converted into the superoxide anion *O2

(Fig. 1).

What happens to the *O2? Its probable fate is disproportionation into H2O2 and O2, which means

that more than 50% of the radiation energy is lost for pollutant decomposition.

Generally, only OH free radicals remain as active species for pollutant decomposition in

irradiated groundwater. Under the conditions given, and as long as the nitrate concentration is low,
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only bicarbonate ions seriously compete for OH free radicals - due to their high concentration.

For nitrate concentrations higher than a few ppm, scavenging of solvated electrons and

subsequent formation of nitrite ions cannot be ignored. Nitrite scavenges OH free radicals effectively,

and considerably worsens conditions for pollutant decomposition. This can be demonstrated by

comparing pollutant decomposition in water at various concentrations of bicarbonate and nitrate.

2.2. Decomposition of perchloroethylene
In de-ionized water containing neither bicarbonate nor nitrate, decomposition of

perchloroethylene (PCE) proceeds rapidly. With Vienna City drinking water containing 195 ppm

bicarbonate and about 6 ppm nitrate, the decomposition rate is slower, but the reaction is still of a first

order. Seibersdorf water contains 252 ppm bicarbonate and 60 ppm nitrate, and the rate of PCE

decomposition is decreased by about one order of magnitude; the kinetics change from first to a higher

order. This is the effect of the nitrate (Fig. 2), which is reduced by electrons to form nitrite which,

in turn, is oxidized back to nitrate by OH free radicals. In this way, electrons and OH free radicals

are lost for pullutant decomposition. This problem, illustrated by the nitrite/nitrate system, is not

specific to groundwater, but rather is fundamental to radiation processing of water, especially so for

wastewater treatment as demonstrated by experimental data presented below.

3. WASTEWATER TREATMENT

Experiments were performed with different types of wastewater, each treated with:

• ozone alone

• irradiation alone

• combination of ozone with irradiation.

In all cases, irradiation alone was the least effective.

3.1. Effluent from processing of molasses
Fig. 3 shows that both oxidation processes - ozone and combined ozone/ionizing radiation -

effected a remarkable COD reduction in an aqueous effluent from a molassess-processing plant, but

it was not possible to successfully use the OH free radicals generated by the irradiation alone.

The combined ozone/y-irradiation process does not use ozone as oxidant: instead, the oxidant

is the hydroxy free radical. A process that generates and uses OH free radical is termed an advanced

oxidation process (AOP). In the present case, the AOP was more effective than ozonation. Moreover,

a continuation of both processes results in another reduction in COD by the combination, but in almost

no further COD reduction by ozone alone. The products of ozonation do not react with ozone, but

rather with OH free radicals, as indicated by further COD reduction after 300 min with ozone. Since

the pH value of the wastewater was around 8, there should be OH free-radical production by

hydroxyl-ion OH" promoted ozone decomposition. For the first 200 min treatment time, the OH

radicals were probably scavenged by substances that are not reflected in the COD. The scavenger was

removed sometime after 200 min. From that moment, the OH free radicals would contribute to the

COD reduction.

Besides the COD reduction, the BOD changes are of importance for comparison of these two

processes. The decrease in COD occurred with a considerable increase in BOD - above the limit value

for emission. The subsequent reduction, recorded after 300 min, was due to the already-mentioned
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OH free-radical generation by ozone. In other words: ozonation finished sometime after 100 min and

turned into an AOP thereafter.

The AOP, on the other hand, reduced the COD by an order of magnitude without simultaneous

BOD increase, attaining both limit values required for emission. The AOP represented a residue-free

resolution of the wastewater problem, which is an encouraging result.

3.2. Landfill leachate
Another preliminary experiment involved the treatment of leachate from municipal-waste

landfill. Although the composition of such wastewater is quite different from that of the molasses

effluent discussed above, surprisingly similar tendencies were observed: with all three treatment

processes, irradiation alone gave the poorest result: almost no COD reduction at a dose of 10 kGy.

Ozonation reduced the COD from about 2400 ppm to about 1000 ppm, and was again

accompanied by a simultaneous distinct BOD increase. The AOP finally resulted in even greater COD

reduction without simultaneous BOD increase.

3.3. Biologically pre-treated effluent from pulp bleaching
The similarity of the above results, obtained with two very different types of wastewater, is,

however, mere coincidence. With a biologically pre-treated effluent from a pulp-bleaching process,

almost opposite results were obtained, with one exception: irradiation alone again produced the poorest

results, therefore those data are not included in the next figure.

Fig. 4 shows that both oxidation processes increased BOD and AOP even more than ozonation.

The differences in the COD decrease and the BOD increase were not pronounced at 100 min. This,

again, is an indication that ozonation is converted into an AOP with continuing treatment. When tested

with samples from both oxidation processes after 300 min, there was decreased toxicity of fish only

after ozonation. The AOP did not alter toxicity in comparison with the untreated sample, a further

indication that ozonation and AOP may result in different products.

3.4. Native chlorination-stage effluent from pulp bleaching
The treatment processes discussed above had in common that the wastewater was already

biologically treated and contained almost no biodegradable substances. This has economical

implications. Fig. 5 shows results for the pulp-bleaching effluent, but without biological pre-treatment,

as indicated by an initial BOD value of 490 ppm. Whereas, in the experiments with pre-treated

wastewater, ozonation always resulted in a BOD increase, the BOD of the untreated water decreased

with ozonation, indicating that the ozone reacted preferentially with the biodegradable substances.

However, both ozone and ionizing radiation are too expensive for oxidation of biodegradable

substances and, therefore, are used only for the decomposition of refractory pollutants.
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3.5. Some important aspects of radiation-induced wastewater treatment
Summarizing briefly some important aspects of radiation-induced wastewater treatment

processes, the following should be considered:

• biological treatment prior to the irradiation process

• toxicity tests afterwards

• economy: competition with

- ozone + biological treatment

- other AOPs.

4. COMPARISON OF THE OZONE/ELECTRON-BEAM PROCESS WITH CONVENTIONAL

AOPs

There is a fundamental difference between the so-called conventional AOPs and the AOP based

on the combination of ozone with ionizing radiation.

4.1. UV-irradiation of aqueous ozone and hydrogen peroxide
When aqueous solutions of ozone or hydrogen peroxide are irradiated with UV (Fig. 6), the

radiation energy is absorbed by the ozone or hydrogen peroxide and not by the water. In the case of

ozone, the action of UV leads to the formation of an oxygen radical, which immediately reacts with

water forming hydrogen peroxide. H2O2 is a weak acid and the deprotonated form, HO2\ transfers

its electron to the ozone. An ozonide anion is formed, which decomposes immediately after

protonation into OH. The limiting factor here is the poor solubility of ozone in water.

As an alternative to UV-irradiation, direct addition of H2O2 to aqueous solutions of ozone is also

used.

UV-photolysis of H2O2 is a convenient method of generating OH free radicals. However, H2O2

has a very low extinction coefficient at 254 ran; the OH free-radical yield is, therefore, rather low.

Nevertheless, in all three cases there is always only one single source for the OH free radicals: ozone

or H2O2.

When ionizing radiation is used, the situation is completely different in that the energy is

absorbed entirely by the water and not by any solute.

4.2. Irradiation of water in the presence of ozone
The action of ionizing radiation in water is known to result in the formation of ions, and of

molecular and free-radical species (Fig. 7). Solvated electrons and H-atoms are reducing species,

formed in almost the same amounts as OH free radicals. In the presence of ozone they act as

promoters for ozone decomposition into OH free radicals. As a consequence, there results a unique

AOP that is based on two simultaneously-operating sources for OH free-radical generation; this means

that more OH free radicals are produced than can be supplied by conventional AOPs. The advantage

of the combination of ozone with ionizing radiation has been verified with experimental data.

4.2.1. Decomposition ofTCE in simulated Niederrohrdorf water

There is an ozone/UV plant for groundwater remediation in Niederrohrdorf, Switzerland, which

was manufactured by WEDECO in Germany. The groundwater contains 402 ppm bicarbonate, 30 ppm
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nitrate, and 0.5 ppm DOC, and is contaminated with about 100 ppb trichloroethylene (TCE). To lower

the TCE to just below 10 ppb, 1.3 kg ozone h"1 is necessary, which corresponds to about 7 ppm initial

ozone concentration in the water.

The decomposition of 100 ppb TCE, in simulated Niederrohrdorf water, was studied and the

results shown in Fig. 8 were obtained. Whereas the O3/UV required about 6-7 ppm O3 to decrease

the TCE from 100 to just below 10 ppb, the ozone/electron-beam combination achieved the same

result at about 2 ppm initial ozone concentration.

Applying 5-6 ppm O3 resulted in a residual TCE concentration of nearly 1 ppb, almost an order

of magnitude better than the O3/UV process, a clear indication of a higher OH free-radical

concentration with the ozone/electron-beam process.

4.2.2. Wastewater from processing of mollasses

Similar results have been obtained also with wastewater. Fig. 9 shows that for the same amount

of COD reduction, the ozone demand of the O3/H2O2 combination is much higher than that of the

03/y-combination.

5. RADIATION PROCESSING OF WATER

The so-called waterfall technique, an open system, is a simple, robust and convenient means of

treating wastewater. Its chief limitation occurs with highly volatile pollutants. The water layer that can

be treated is determined by the penetration of the electrons. Experiments performed in a closed system

showed that under turbulent-flow conditions water, layers thicker than the maximum penetration range

of the electrons can be treated successfully.

5.1. Decomposition of perchloroethylene
Fig. 10 shows the results obtained with 3-mm layers and 500 keV electrons that have a

maximum penetration range of only 1.4 mm. At very low turbulence, PCE decomposition takes place

in the irradiated layer only. But under high turbulence, the PCE decomposition increased by almost

an order of magnitude.

5.2. Decomposition of trichloroethylene
Fig. 11 shows results obtained for electron-beam decomposition of TCE at three water

thicknesses, under turbulent-flow conditions. Even a 4.5-mm water layer was treated successfully with

500 keV-electrons.

5.3. Effect of gaseous ozone
Optimum turbulence during irradiation can be achieved by introducing ozone into the irradiation

chamber in the gaseous state. Such a process has, moreover, two other important benefits:

• the density of the gas/water mixture is less than that of water, therefore the penetration

range of the electrons increases, and

• because the ozone in the water phase is consumed more rapidly during irradiation, it

crosses the gas/water boundary faster.

As a consequence, much higher efficiencies may be attained as compared with aqueous ozone

addition, as shown by Fig. 12.
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6. SUMMARY AND CONCLUSIONS

Drinking water cannot be treated with ionizing radiation alone because of nitrite and hydrogen

peroxide formation. These problems do not arise when the irradiation is performed in the presence

of sufficient ozone. The addition of ozone, before or during irradiation, converts the irradiation into

a pure oxidation process (a so-called advanced oxidation process, AOP) [1-5].

The ozone/ionizing-radiation combination is unique among AOPs because of two outstanding

features:

• the energy absorption proceeds via the water to be remediated, initiating

• two different OH-generation processes simultaneously.

Compared to other AOPs a higher OH concentration results, which results in a lower residual

pollutant concentration (when the same ozone concentration is considered) or a lower ozone

consumption (when the same residual pollutant level is considered). Moreover, there is high efficacy

at low pollutant levels, allowing throughput capacities of about 5-6 million gallons a day or more, at

competitive costs. Accordingly, the ozone/electron-beam irradiation process is especially suited for

remediation of low-level contaminated ground water. The ozone concentrations necessary in such a

remediation process are usually higher than those needed for disinfection of drinking water, therefore,

drinking water treated with an ozone/ionizing-radiation process is also effectively disinfected.

In wastewater-treatment processes, irradiation in combination with ozone is often more effective

than irradiation alone. Such a combination is able to decrease COD without simultaneous increase of

BOD. Accordingly, a single-stage residue-free treatment process results as an attractive alternative to

the conventional two-stage process of ozonation plus biological treatment, in which sludge is produced

as a residue [6].

With respect to the radiation processing of water, introduction of gaseous ozone directly into

the irradiation chamber effects turbulence that makes possible the treatment of water layers thicker

than the maximum penetration range of the electrons. Moreover, the efficiency of pollutant

decomposition is enhanced [4].

FIG.l. Irradiation of groundwater. Competition between natural solutes and chlorinated ethylenes.

k-values given are bimolecular rate constants.
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FIG. 2. Decomposition of 50 ppb perchloroethylene in various groundwaters.
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FIG. 3. COD and BOD changes, by different treatment processes applied, in effluent from molasses
processing.
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FIG. 4. COD and BOD changes, by ozonation and advanced oxidation, in a biologically pre-treated
effluent from a pulp-bleaching process.
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FIG. 5. COD and BOD changes in a native chlorination stage effluent from a pulp-bleaching process,

by irradiation, oxidation and advanced oxidation.
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FIG. 6. Hydroxy free-radical generation by UV irradiation of aqueous ozone and hydrogen peroxide,
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FIG. 7. Sources of hydroxy free radicals in water when irradiated in the presence of ozone.
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FIG. 8. Decomposition of trichloroethylene (TCE) in simulated Niederrohrdorf water by

ozone/electron- beam irradiation treatment as a function of the initial ozone concentration and

radiation dose.
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FIG. 9. COD changes and ozone consumption in wastewater from molasses processing with regard

to different ozone-based treatment processes (ozone alone (o); ozone/y-irradiation (•); ozone/hydrogen
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FIG. 10. Decomposition of perchloroethylene by electron beam irradiation with and without ozone

under different flow conditions (in a water layer twice as thick as the maximum penetration range of

the electrons applied).
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FIG. 11. Decomposition of 100 ppb trichloroethylene by ozone/electron beam irradiation treatment

as a function of radiation dose and water layer thickness. Initial ozone concentration - 2 ppm;

maximum penetration of 500 keV electrons in water is 1.4 mm.
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FIG. 12. The effect of gaseous ozone introduction as compared with aqueous ozone addition in an

ozone/electron beam irradiation treatment process, applied for the decomposition of 500 ppb

perchloroethylene in Vienna City drinking water.

81



REFERENCES

[1] GEHRINGER, P., et al., Remediation of Groundwater Polluted with Chlorinated Ethylenes by Ozone-

electron Beam Irradiation Treatment, Appl. Radiat. Isot. 43 (1992), 1107-1115.

[2] GEHRINGER, P., et al., Radiation-induced OH radical generation and its use for groundwater

remediation, Radiat. Phys. Chem. 42 (1993), 711-714.

[3] GEHRINGER, P., et al., "Advanced Oxidation Process Based on Ozone/Electron beam Irradiation for

Treating Groundwater", American Water Works Association, Water Quality (Proc. 1994 Annual Conf.

New York, 1994), 633-639.

[4] GEHRINGER, P., et al., Ozone-Electron Beam Treatment for Groundwater Remediation, Radiat. Phys.

Chem. 46 (1995), 1075-1078.

[5] GEHRINGER, P., ESCHWEILER, H., "The Use of Radiation-Induced Advanced Oxidation for Water

Reclamation", Water Sci & Technol. (in press).

[6] GEHRINGER, P., et al., "Oxidative Treatment of a Waste Water Stream from a Molasses Processing

using Ozone and Advanced Oxidation Technologies", (Proc. 12th Ozone World Congress, Lille 1995) Vol.

2, Int. Ozone Assoc. (IOA), Zurich (1995), 449-456.

82


