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Abstract

Groundwater contaminated with about 60 pg/L perchloroethylene (PCE) is purified by a
combined ozone/electron beam irradiation process for subsequent use as drinking water.
The design of the first commercial plant for such a groundwater remediation having a
capacity of 108 m3/h is described. The mechanism of the combined ozone/electron beam
process for PCE decomposition is discussed with respect to other ozone based advanced
oxidation processes like ozone/U.V. and ozone/hydrogen peroxide. The formation of
trace amounts of trichloroacetic acid as the only organic by-product in all these processes
has been interpreted as an indication that PCE decomposition proceeds via the same
mechanism in all cases.

Introduction

The so-called ,,Mitterndorfer Senke" located south of Vienna is one of the largest
groundwater resources in Europe. Unfortunately large parts of it are contaminated with
chlorinated ethylenes mainly perchloroethylene (PCE). Accordingly many wells had to be
closed and cannot be used for drinking water supply. However, Bad Fischau-Brunn a
small community in that area has now decided to construct a water treatment plant based
on the combination of ozone and electron beam irradiation to purify the contaminated
groundwater for subsequent use as drinking water. The combination of ozone and
electron beam irradiation represents an advanced oxidation process (AOP). Its
mechanism has been already described in detail elsewhere (Gehringer et al., 1996). The
process and its use for remediation of groundwater contaminated with chlorinated
ethylenes is patented (Gehringer et al., 1994).
The present paper describes the design of the plant to be constructed. Moreover, the
mechanism in which the OH free radicals are generated in the ozone/electron beam
process is discussed an compared with the OH generation in other existing ozone based
AOPs.

Materials and Methods

The polluted groundwater was transported from Bad Fischau-Brunn to Seibersdorf and
treated in the existing 3 m3/h pilot plant for continuous ozone/electron beam irradiation
treatment of water. This facility has been already described elsewhere (Gehringer et al.,
1993). The groundwater to be treated contained 251 mg/L bicarbonate, 8 mg/L chloride,
15 mg/L nitrate and < 0.4 mg/L DOC and was polluted with about 61 ug/L PCE.
PCE was measured by gas chromatography using cold on-column injection and electron
capture detection.

Results and Discussion

Due to the results given in Figure 1 a radiation dose of 200 Gy was found to be sufficient
to reduce the PCE content in the water from about 61 ug/L to about 1 ug/L provided
the ozone concentration in water before irradiation is > 6 mg/L.



- 2 -

100

10

Ml

0.1

\
\

\

\

-°s—\\
v

n

0 50 100 150
Dose (Gy)

250

Figure 1: Decomposition of perchloroethylene in Bad Fischau-Brunn
groundwater by an ozone/electron beam irradiation treatment.
Initial ozone concentration before irradiation: 6 mg O3/L

The unit of the radiation dose 1 Gray (Gy) is equivalent to an absorbed energy of
1 Joule/kg. Accordingly a radiation dose of 200 Gy means a very small energy transfer
into the water. Would this energy of 200 J/L converted totally into heat - what, of
course, not takes place at all - the temperature of the water would increase in about
0.05 °C only. In terms of OH free radical generation 200 Gy = 200 J/L would
correspond with the formation of about 58 pmol OWL directly from water radiolysis;
another 58 umol OH/L originates from the reaction of the simultaneously formed
solvated electrons with ozone. For more details see Gehringer et al., 1996. According to
these dose and ozone requirements a 9 kW electron beam accelerator and 650 g O3/T1 are
required in theory to purify 108 m3/h of the polluted groundwater. In reality a 20 kW
accelerator and a 1 kg/h ozone generator has been chosen for the treatment process.

Figure 2 shows now the block diagram of the planned 108 m3/h water treatment plant in
Bad Fischau-Brunn.
Ozone is made from pure oxygen, an ozone concentration of 13 % per weight is planned.
The ozone/oxygen stream is then compressed and mixed with the polluted groundwater
at elevated pressure in a static mixing unit. Under the conditions given almost all ozone
will be dissolved in the water but not all the oxygen. Therefore, most of the gaseous



- 3 -

oxygen still present is released into the environment by means of a gas separator. Trace
amounts of ozone which will by that also removed from the water are destructed in an
ozone destructor after the gas separator. Despite of that inevitable ozone losses it is
assumed that about 90 % of the ozone produced remains in the water after oxygen
release. The ozone containing polluted groundwater is then irradiated with 500 keV
electrons in a closed irradiation chamber. The electrons penetrate into the chamber
through a 30 pm thin titanium foil. Since the penetration of the 500 keV electrons in
water is relatively short it is necessary to present the water to the electron beam in the
shape of a thin, wide, fast-flowing stream. Accordingly the irradiation chamber will be
1.2 m wide but the thickness of the water stream in the chamber will be 3 mm only.
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Figure 2: Process schematic for Bad Fischau-Brunn's ozone/electron
beam irradiation plant

By the action of the electron beam irradiation in the presence of ozone PCE is
mineralized almost totally in the water (Gehringer et a l , 1992). The mineralization of
PCE is here of no influence to water quality; just the contrary, because of the ozone
introduction the oxygen content of the water is increased what can be classified as
improvement of the treated water (see Table 1).
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Table 1: Change in concentration of some natural solutes in Bad Fischau-
Brunn groundwater as a consequence of the treatment process

Solute

bicarbonate
chloride
oxygen

before the
treatment
251.0

8.0
8.7

Concentration in mg/L

change by the
treatment
+ 0.06
+ 0.068

= + 20.00 *

after the
treatment
251.06

8.068
- 28.7 *

* can be roughly estimated only because of some
degassing after treatment

It has been already mentioned that the combination of ozone with electron beam
irradiation is an AOP. However, compared with other ozone based AOPs the way in
which the OH free radicals are generated is completely different. Groundwater can be
described as a highly dilute aqueous solution of some inorganic and organic natural
solutes. When dilute aqueous solutions are irradiated with fast electrons practically all
the radiation energy is deposited in water molecules and the observed pollutant
decomposition is brought about indirectly via the radicals formed from water (so-called
water radiolysis). Direct action due to energy deposited directly in a solute is generally
unimportant in dilute solutions i.e. at solute concentrations below about 1 mol/L
(Henglein, 1969). Roughly speaking the OH free radical generation in the combination of
ozone with electron beam irradiation proceeds via 2 steps:

e-beam
H2O yj\j\j^~^. H* ; OH* ; e"aqu water radiolysis

O3 O3" OH* + O2

Just the opposite would take place if this groundwater would be irradiated with non-
ionizing U.V. radiation. In this case the radiation energy is deposited directly in ozone
and not in water. The way in which the OH free radicals are formed is due to

o- + o,

OH* + O2

Accordingly ozone/electron beam irradiation and ozone/U.V. irradiation represent the
two ways in which radiation energy can be used. The indirect action generally is more
efficient because all the radiation energy is taken by the water independent of the solutes
present (as long as their concentration is < 1 mol/L). As a consequence the whole
radiation energy is used for OH free radical production.

In case of ozone/U.V. irradiation the presence of other U.V. absorbing solutes e.g.
humic substances abates the efficiency of the OH free radical generation. Moreover, the
amount of OH free radicals formed in the ozone/U.V. irradiation process is less as
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compared with ozone/electron beam irradiation process because the latter makes use of
two sources for the OH free radicals (water radiolysis plus ozone decomposition). In the
combination ozone/U.V. irradiation the only source for the OH free radicals is ozone
decomposition alone. (For more details see Gehringer et al., 1996).

Although ozone/electron beam irradiation generates the OH free radicals necessary for
pollutant decomposition in a total different way compared to that in the combination
ozone/U.V. irradiation both treatment processes result in almost total mineralization of
PCE. Glaze and Kang, 1988 reported a 97 % conversion of the organic chlorine into
chloride for ozone/U.V. irradiation, Gehringer et al., 1992 found for the ozone/electron
beam irradiation that 96 % of the organic chlorine is mineralized. Moreover, it is known
that PCE oxidation with OH free radicals may also produce trichloroacetic acid. Again,
formation of trichloroacetic acid in trace amounts has been reported for both processes
when used to decompose PCE in water (Glaze, 1986; Gehringer et al., 1992). That
means the product spectrum of PCE decomposition coincides for both AOPs even for
the single organic by-product trichloroacetic acid on the ppb level. This is a clear
indication that ozone/electron beam irradiation and ozone/U.V. irradiation decomposes
PCE in water in exactly the same way. The only difference between the both processes is
the way in which the OH free radicals are formed. This includes moreover the
combination ozone/hydrogen peroxide because in this process the OH free radical
generation is exactly the same as it is in the combination ozone/U.V. irradiation (Glaze et
al., 1987). Thus, the mechanism of PCE decomposition in water is the same for all three
ozone based AOPs. However, the ozone/electron beam irradiation process is able to
generate more OH free radicals than any other of the ozone based AOPs. This is its
crucial advantage.

Conclusions

It has been demonstrated that groundwater polluted with trace amounts of PCE can be
successfully purified by advanced oxidation without any loss in water quality. Since the
combination ozone/electron beam irradiation may generate the highest OH free radical
concentration in water it is best apt for commercialization within all ozone based AOPs.
Accordingly the first commercial full scale plant based on the combination
ozone/electron beam irradiation for treating 108 m3/h of water polluted with about
60 pg/L PCE is constructed in Bad Fischau-Brunn, Austria.

The mechanism of the OH free radical generation in the combination ozone/electron
beam irradiation is fully understood. The identical product spectrum obtained for the
processes ozone/electron beam irradiation and ozone/U.V. irradiation in case of PCE
decomposition in water clearly indicates that ionizing radiation can be successfully used
for OH free radical production without any side effects.
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