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1. Introduction

In contrary to drinking water which is well-defined waste water is a rather indefinite term. It

usually is a mixture of individual substances with various reactivities and can be characterized

only by group parameters such as TOC, AOX, UV-absorption a.s.o.

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.

In general the overall pollutant concentration in a waste water is rather high but still in a range

(below 1 Mol/L) in which no direct action of the radiation occurs. Accordingly the pollutant

decomposition is caused by free radical species only. For all data presented in this paper this

condition was satisfied.

2. Water irradiation

The action of ionizing radiation to 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 ef-

ficiency of pollutant decomposition. This can be illustrated by discussing the radiation-induced

decomposition of trace amounts of chlorinated ethylenes in a groundwater.

FIGURE 1 In air-saturated groundwater containing TCE and PCE as micropollutants

most of the solvated electrons and H-atoms are scavenged by oxygen forming Superoxide

radical anion -02" and hydroperoxylradical HÜ2-, respectively. The latter is in an acid-base

equilibrium with the -02" (pK = 4.7). At the usual pH-values of groundwater the equilibrium

is shifted towards -02" i.e. most of the reducing species are converted into the Superoxide

anion -02".

What happens with the -02'? Its probable fate is disproportionation into H2O2 and O2. That

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

Roughly speaking 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 only bicarbonate ions are serious competitors for OH free radicals according to their high

concentration.

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

subsequent formation of nitrite ions cannot be longer ignored. Nitrite scavenges OH free radi-

cals very effectively and considerably worsens the conditions of pollutant decomposition. This

can be easily demonstrated by comparing the pollutant decomposition in water with different

bicarbonate and nitrate content.

FIGURE 2 In de-ionized water containing neither bicarbonate nor nitrate the PCE decom-

position proceeds very fast. In Vienna City drinking water containing 195 ppm bicarbonate and

about 6 ppm nitrate the decomposition rate is lowered, but the reaction is still of first order.

Going on to Seibersdorf water which contains 252 ppm bicarbonate and 60 ppm nitrate the

PCE decomposition is worsened by about one order of magnitude, the kinetics changes from

first order to a higher one. This is the effect ofnitrate.

This is a rather upsetting result because it is a perfect mechanism to waste radiation energy.

Both the electrons and the OH free radicals got lost to obtain what was already present: ni-

trate! This is not a special problem of groundwater, this is a fundamental problem in the radia-

tion processing of water and especially in waste water treatment.

This will be demonstrated by experimental data given in the following.

3. Waste water treatment

Experiments with different types of waste water were performed and each of them were

treated with

• ozone alone

• irradiation alone

• combination of ozone with irradiation

In all cases the worst results were obtained with irradiation alone!

FIGURE 3 From this figure it is obvious that both oxidation processes - ozone and ozone/

ionizing radiation as well - effect a remarkable COD reduction but it was not possible to use

successfully the OH free radicals generated by irradiation alone. The combined ozone/y-ir-

radiation process does not use ozone as oxidant, in this process the oxidant is the hydroxy free

radical. Processes which generate and use the OH free radical are called Advanced Oxidation

Processes (abbr. AOP). In the present case the AOP is more effective than ozonation. More-

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

but almost no further COD reduction by ozone. Obviously the products formed by ozonation

does not react with ozone - but they react with OH free radicals. This assumption is based on

the COD reduction obtained with ozone after 300 min. Since the pH value of the waste water

is around 8 there should be a certain OH free radical production by hydroxyl-ion OH"



promoted ozone decomposition. Until 200 min treatment time the OH radicals most likely are

scavenged by substances which are not reflected in the COD. The scavenger are obviously

removed sometime between 200 and 300 min. From that moment the OH free radicals may

contribute to the COD reduction.

Beside the COD reduction the BOD changes are of great importance for a proper comparison

of these 2 processes. It is obvious from these results that COD reduction by ozonation is es-

corted by a considerable BOD increase - in the present case above the limit value for emission.

The subsequent reduction recorded at 300 min is due to the OH free radical generation from

ozone already mentioned before. Or in other words: the ozonation is finished sometime after

100 min and becomes an AOP afterwards.

On the other hand the AOP reduced the COD by one order of magnitude without simultaneous

BOD increase and meet by that both limit values required for emission. In the present case the

AOP represents a residual free solution of the waste water problem!! - an exciting and en-

couraging result!

In another preliminary experiment landfill leachate from a site for municipal waste has been

treated. Although the composition of such a water is quite different from a process water as

discussed earlier most surprisingly the same tendency was observed: From all 3 treatment

processes applied irradiation alone resulted in the worst - almost no COD reduction with a

dose of lOkGy!

Ozonation reduced the COD from about 2400 ppm down to about 1000 ppm and again es-

corted with a simultaneous distinct BOD increase. The AOP finally resulted in an even better

COD reduction without simultaneous BOD increase.

However, it is amazing to get almost identical results with two very different types of waste

water but this is a mere coincidence! With an effluent from a pulp bleaching process almost

opposite results were obtained - with one exception: irradiation alone produced the worst

results. They are, therefore, not included in the next figure.

FIGURE 4 | Here we found that both oxidation processes increased the BOD and the AOP

even more than ozonation! The differences in the COD reduction and BOD increase are more

pronounced in the beginning and become smaller after 300 min. This is again an indication that

ozonation is converted into an AOP with continuous treatment time. We also performed fish

toxicity tests with 300 min samples of both oxidation processes and found a decreased toxicity

only after ozonation. The AOP did not change the toxicity as compared with the untreated

sample. This is a further indication that ozonation and AOP, respectively may produce different

products. Moreover, we have to take into consideration a possible change of the toxicity as

consequence of the treatment applied.



The waste water treatment processes discussed until now had all in common that the waste

water to be treated contained almost no biodegradable substances, or in other words: the had

already passed a biological treatment. This has economical reasons.

| FIGURE 5 1 This figure shows the results of the same effluent as before but without a bio-

logical treatment indicated by an initial BOD value of 490 ppm. While in the experiments with

pretreated waste water ozonation always resulted in a BOD increase the BOD of the untreated

water decreases by ozonation. This means that ozone reacts preferably with the biodegradable

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

biodegradable substances and should, therefore, be used for the destruction of refractory pol-

lutants only.

Summarizing shortly some important aspects of radiation-induced waste water treatment pro-

cesses the following should be considered carefully:

• biology before irradiation process

• toxicity test afterwards

• economy: competition with

— ozone + biology

— 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.

FIGURE 6 When aqueous solutions of ozone or hydrogen peroxide are irradiated with UV

the radiation energy is absorbed by ozone or hydrogen peroxide and NOT BY THE WATER!

In case of ozone the action of UV leads to the formation of an oxygen radical which immedi-

ately reacts with water forming hydrogen peroxide. H2O2 is a weak acid and the deprotonated

form HO2" transfers its electron to the ozone. Ozonide anion is formed which decomposes af-

ter protonation immediately into OH. The limiting factor here is the poor solubility of the

ozone in water.

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

used.

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

has a very low extinction coefficient at 254 nm, the OH free radical yield is rather low, there-

fore. Anyway, in all 3 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 because the whole energy

is absorbed by the water and NOT BY ANY SOLUTE!



FIGURE 7 | The action of ionizing radiation to water is known to result in the formation of

ions, molecular and free radical species. Solvated electrons and H-atoms are reducing species.

They are formed in almost the same amount as the OH free radicals. In the presence of ozone

they act as promoters for the ozone decomposition into OH free radicals. As a consequence a

unique AOP results which is based on 2 simultaneous working sources for OH free radical

generation - and that means more OH free radicals than the other conventional AOPs can

supply. This is the outstanding feature and advantage of the combination of ozone with ioniz-

ing radiation.

We verified this statement by experimental data.

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

was manufactured by WEDECO in Germany. This groundwater contains 402 ppm bicarbonate,

30 ppm nitrate, 0.5 ppm DOC and is contaminated with about 100 ppb trichloroethylene

(TCE). To reduce the TCE just below 10 ppb 1,3 kg ozone/h corresponding to about 7 ppm

initial ozone concentration in water is necessary.

We have studied now the decomposition of 100 ppb TCE in simulated Niederrohrdorfwater

and got the following results:

FIGURE 8 I We know that O3/UV needed about 6 - 7 ppm O3 to reduce 100 ppb TCE just

below 10 ppb. The ozone/electron beam combination does the same already with about 2 ppm

initial ozone concentration!

Applying 5-6 ppm O3 would result in a residual TCE concentration near 1 ppb, almost one

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

radical concentration of the ozone electron beam process!

Similar results have been obtained with waste water, too.

FIGURE 9 This figure shows that for the same amount of COD reduction the ozone de-

mand of the O3/H2O2 combination is much higher than that of the 03/7-combination - exactly

the same result as was found for O3/UV in groundwater!

5. Radiation processing of water

In waste water treatment the so-called waterfall technique - an open system - is quite popular.

It is simple, robust and easy to handle. A certain limitation occurs with highly volatile

pollutants but there is another important aspect. With such a system the water layer which can

be treated is determined by the penetration of the electrons.



We have now performed experiments in a closed system under different flow conditions and

found that under turbulent flow conditions water layers thicker than the maximum penetration

of the electrons can be treated successfully.

FIGURE 10 I This figure shows the results obtained with 3 mm layers and 500 keV electrons

which have a maximum penetration of 1,4 mm only. At very low turbulence pollutant decom-

position takes place in the irradiated layer only. Under high turbulence the pollutant decom-

position is increased by almost one order of magnitude!

I FIGURE 11 | This figure shows results obtained with different water thicknesses under turbu-

lent flow conditions. We can see that under certain circumstances even 4.5 mm water layers

can be treated successfully with 500 keV-electrons.

Optimum turbulence during irradiation can be achieved when ozone is introduced gaseously

into the irradiation chamber.

Such a process has, moreover, 2 other important aspects:

— The density of the gas/water mixture is less than water the penetration of the electrons

becomes higher, therefore.

— The ozone of the waterphase is consumed very fast during irradiation. Accordingly

ozone may cross the gas/water boundary much faster as it does without chemical re-

actions; its dissolution is considerably driven by that.

FIGURE 12 As a consequence much higher efficiencies may be attained as compared with

aqueous ozone addition.

Both effects are important options on the radiation processing of water.

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 irradiations are performed in the

presence of sufficient ozone. The addition of ozone before or during irradiation converts the ir-

radiation into a pure oxidation process (so-called Advanced Oxidation Process AOP).

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

ing features: (1) the energy absorption proceeds via the water to be remediated initiating (2)

two different OH generation processes simultaneously. Compared to the other AOPs a higher

OH concentration results which causes a lower residual pollutant concentration (when the

same ozone concentration is considered) or less ozone consumption (when the same residual

pollutant level is considered). Moreover, a high efficacy at low pollutant levels exists bringing

throughput capacities of about 5-6 million gallons a day and more at competitive cost. Accord-

ingly the ozone/electron beam irradiation process is especially apt for the remediation of low



level contaminated groundwater. The necessary ozone concentrations in such a remediation

process are usually higher than the ozone concentrations used and needed for disinfection of

drinking water. Therefore, a drinking water treated with an ozone/ionizing radiation process is

also disinfected effectively.

Also in waste water treatment processes irradiation in combination with ozone often is much

more effective than irradiation alone. Such a combination is able to reduce COD without

simultaneous increase of BOD. Accordingly a single stage residual free treatment process re-

sults as attractive alternative to the conventional two stage process of ozonation plus biology

in which sludge as residual is produced.

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

the irradiation chamber improves the turbulence of the water flow which makes possible the

treatment of water layers thicker than the maximum penetration of the electrons. Moreover,

the efficiency of pollutant decomposition is enhanced by such a processing.
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FIGURE 3

Effluent from a Molasses Processing
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FIGURE 4

Effluent from a Pulp Bleaching Process
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[FIGURE 5*1

Native Chlorination Stage Effluent
from Pulp Bleaching Process
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UV-irradiation of aqueous systems:
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Electron beam irradiation of aqueous systems:
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FIGURE 8

100 ppb TCE
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FIGURE 9
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FIGURE 10

Decomposition of PCE by electron beam irradiation
with and without ozone under different flow conditions.
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FIGURE 11

TCE decomposition by ozone / electron beam
irradiation treatment (500 keV electrons; 2 ppm O3 )
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FIGURE 12

PCE decomposition by ozone / electron beam
irradiation treatment
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