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1. Introduction1

Water and aqueous solutions have been studied extensively by radiation chemists and the
basic mechanisms are reasonably well established for water itself and a range of inorganic
and organic aqueous systems. When dilute aqueous solutions are irradiated practically all
the energy absorbed is deposited in water molecules and the observed chemical changes
are brought about indirectly via the radical products formed. Direct action due to
energy deposited directly in the solute is generally unimportant in dilute solutions i.e. at
solute concentrations below about 10 % per weight (Swallow, 1982). Consequently
what is said in the following about the action of ionizing radiation on water (so-called
water radiolysis) is also valid for aqueous solutions within the limits mentioned before.

Exposure of water to ionizing radiation produces ionized and excited water molecules
and free electrons. In liquid water the ionized molecules react rapidly to form hydroxyl
radicals:

H2O
+ + H2O ~> H,O+ + OH (1)

while the electrons become hydrated:

e" + #iH2O - > e;qu (2)

Excited water molecules appear to play a relatively small role in liquid water and to
return to the ground state with little chemical effect. During this early stage some of the
transient radicals react together or with hydrogen ion (H3O

+) to form smaller amounts of
H2, H2O2, and H and, to some extent, to reform H2O. The yields when these processes
are complete are often described as the radical (e~qa, H, OH) and molecular product (H2,
H2O2) yields. Values of the radicals and molecular product yields have been established
by extensive experimental studies and are shown in Table 1 for electrons with energies in
the MeV range. The values are pH dependent in strongly acid and strongly basic solution
and the table includes data for pH 0.46. This is the pH of 0.4 mol/L sulfuric acid, the
solvent used in the Fricke dosimeter and a number of other chemical dosimeters. At low
pH hydrated electrons react rapidly with hydrogen ion (shown as HiO+ or H+) forming
hydrogen atoms.

e" +HjO+ - > H2O + H (3)

1 The material in the chapter Introduction is taken in large part from An Introduction to Radiation
Chemistry by J.W.T. Spinks and R.J. Woods and Applied Radiation Chemistry: Radiation Processing
by R.J. Woods and A.K. Pikaev. Both books are published by Wiley-Interscience, New York. The
contributions of" the authors to this vhapler are gratefully acknowledged.
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The yields (G values) in Table 1 illustrate this and the fact that the relatively high solute

(hydrogen ion) concentration scavenges some radicals that would otherwise recombine

to form water so that overall yields are somewhat higher at pH 0.46.

The G value is a measure of the radiation-chemical yield. It was originally defined as the

number of molecules formed (consumed) per 100 eV absorbed energy. Since the eV is a

non-SI unit, the G value is now given in units of mol/J. In the earlier literature the G

values are always given in units of molecules/100 eV, but in this paper the new SI units

will be used. (1 molecule/100 eV corresponds to L036 x 10"7 mol/J).

T A B L E 1 Radical and molecular product yields (in mol/J)
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The radical products are highly reactive and are responsible for most of the chemical

reactions observed when aqueous solutions are irradiated. Of the molecular products,

hydrogen is unreactive and will almost always escape from the irradiated system

unchanged while hydrogen peroxide tends to react slowly, if at all. The radiation-induced

oxidation of ferrous sulfate solutions is one of the most thoroughly studied reactions in

radiation chemistry, is the basis for the widely used Fricke dosimeter, and illustrates the

behaviour of the radical and molecular products with a typical transition-metal

compound.

The ferrous oxidation is invariably studied in acid solution to avoid precipitation of basic

iron compounds, the most frequently used solvent being 0.4 mol/L sulfuric acid (pH

0.46) saturated with air or oxygen. With a ferrous ion concentration of about

0.001 mol/L, hydrated electrons react preferentially with hydrogen ion (Eq. 3), and

hydrogen atoms with oxygen (Eq. 4) to give the perhydroxyl radical HO2. The radiolysis

mechanism is:

e u + H}O

H + O 2

OH + Fe2+

HO2 + Fe2+

H O ; + H+

H.Q. + Fe2+

^

—>
—>
—>

H +
HO2

OH-
HO;
H26
Fe" +

H2O

4-Fe3+

+ Fe3+

2

+ O H " OH

(3)

(4)

(5)

(6)

(7)

(8)
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The yield of ferric ion is related to the primary radical and molecular yields by the
expression

G(Fe'+) = 2G(H2O2) + 3[G( e;qu) + G(H) + G(HO2)] + G(OH) (9)

since each molecule of hydrogen peroxide oxidizes two ferrous ions by reactions 8 and 5
while hydrated electrons and hydrogen atoms each oxidize three ferrous ions by
sequential reactions involving HGH, H2O2, and OH.

Accordingly the reaction mechanism of the radiation induced oxidation of an acid
solution of ferrous sulfate is more complex as would be expected from the rather simple
radiation chemistry of water. The reason for that is the high reactivity of the primary
species which enable them to react with a lot of organic and inorganic solutes. As a
consequence a competition for the primary species always occur which finally determines
the result of an irradiation process applied.

Although tables of electrode potentials can be used to determine which reactions are
thermodynamically possible, they do not give any information about the rates of these
reactions: whether, for example, a particular reaction will be fast enough to contribute
significantly, or which of several competing reactions will predominate. This information
is obtained from the tables of rate constants. The following example should illustrate the
situation more in detail.

In Fricke solution the following reactions of the hydrated electrons e~4V, has to be
considered:

Fe2+

H+

0 2

—>
—>
—>

Fe+

H
O;

k
k
k

= 2 x 108 L.mol"'.s"1

= 2.35 x 10'° L.mor'.s"'
= 1.9 x 10'°L.mol'.s1

(10)
(H)
(12)

The k values are the reaction rate constants of the reaction. In the Fricke dosimeter
solution, the concentrations of these three solutes are 10"3 mol Fe~+/L 0.35 mol H+/L (at
pH 0.46) and about 2.5 x W4 mol O2/L (corresponding air saturated water). The relative
contribution of the three reactions is therefore:

(2 x K)8 x 10-1) : (2.35 x 1010 x 0.35) : (1.9 x 1010 x 2.5 x 10"4)
1 : (4.1 x 104) : 23.75
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In other words, about 99.94 % of the hydrated electrons that escape will react with H+,
so that this is the only reaction of e~qu that need be considered under the conditions
given.

An increase in pH from 0.46 to 4 would reduce [H+] from 0.35 mol/L to 10"4 mol/L. The
resulting ratio of the three possible reactions is now

(2 x 108 x 10-3) : (2.35 x 1010 x 1CT4) : (1.9 x 1010 x lO"4)
1 : 11.75 : 23.75

That means that in this case already 65 % of the hydrated electrons react with oxygen
forming O7 while the amount of e~qu reacting with H+ according to equation 11 dropped
to 32 %.

Accordingly the situation is quite different from that at pH 0.46 and will further change
with increasing pH. This is due to the acid/base equilibrium between

H O 2 ^ = ^ O ; + H + pKa = 4.8 (13)

what means that OT becomes the predominant form of this radical above pH 5. This
should only demonstrate how many factors have to be considered in the radiation
processing of water.

Hydrogen atoms and tiydroxyl radicals tend to react with saturated organic solutes by
abstracting hydrogen or halogen atoms, and by addition to unsaturated organic
compounds. Hydrated electrons are more specific in their reactions with organic solutes,
for example, reacting rapidly with halogen compounds, nitro compounds, and thiols, but
reacting slowly if at all with alcohols, ethers, and alkenes. The relative reactivity of the
primary radicals with several inorganic species and organic functional groups are known
and published (Buxton et al., 1988).

At normal dose rates the concentrations of radicals are very much lower than the solute
concentrations and the reactions can be treated as pseudo first order, so that the time for
the reaction to reach 99 % completion for each step is given by

In 100 4.605
(14)ks [solute] ks [solute]

Substitution of e.g. k (Fe:+ + OH) = 3.5 x 10K L.molV1 and [Fe:+| = 10' mol/L
(corresponding to equation 5) shows that this reaction will be 99 c/r complete within
about 1.5 x K)5 s (15 us).



- 5 -

Reactions shown in equations 4 and 5, respectively will also be complete within this time
but the oxidation of Fe*+ by HO2 is slower and requires about 6 milliseconds for
completion. Reaction of hydrogen peroxide with 10"3 mol Fe2+/L is even slower and
requires about 90 s for 99 % reaction, the reaction becomes faster with higher
concentrations of Fe2+ and, of course, slower if [Fe2+] is less than 10"3 mol/L. These
results reflect the well known fact that radicals usually react much faster than molecular
species.

2. Groundwater Remediation for Drinking Water Use

A serious concern facing a large number of water supplies is the appearance of
chlorinated ethylenes such as trichloroethyiene (TCE) and perchloroethylene (PCE) in
groundwater, on the one hand; on the other hand, the wide application of fertilizers,
pesticides, fungicides, etc. in modern agriculture has led to groundwater pollution and
consequent contamination of drinking water. These contaminants - with the exception of
nitrate from fertilizers - often occur in groundwater at a low concentration level i.e. sub-
ppm concentration. Under such conditions irradiation processing has been found to be a
useful tool for cleaning such a contaminated water. However, it is very important to
consider not only the pollutant decomposition but all the effects in the aqueous system
induced by the irradiation. This will be especially emphasized in the following discussion.
Moreover, groundwater contaminated with trace amounts of pollutants represents an
almost ideal system to demonstrate competition kinetics as driving force which determine
what reactions are really dominating in the system.

2.1 Radiation-Induced OH Generation in Water

Among the organic pollutants known to occur frequently in groundwater perchloro-
ethylene (PCE), trichloroethylene (TCE) and atrazine, respectively are the most
common. Since these contaminants are usually contained in groundwater in trace
amounts only (~ 0.1 mg/L) the simplified model shown in Fig. 1 can be used to describe
the competition of the pollutants and the natural solutes for the free radical species
formed during water radiolysis. Low level contamination means that the reductive
detoxification of the pollutants becomes insignificant although the reaction rate constants
for the reaction of TCE and PCE, respectively with solvated electrons are very high
(1.9 x 1010 M"1 s'1 and 1.3 x 10I(l M"1 s"1, respectively).
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Atrazine
2.6xlO*M1sl

Fig. 1 A simplified model of the competition for the free radical species in a
natural groundwater. Numerical data given with some components are
the bimolecular rate constants with the corresponding free radical
species. Natural organic matter is not considered here.

However, the higher oxygen concentration together with the high reaction rate constant
of oxygen causes that most of the solvated electrons are scavenged by the oxygen
forming superoxide radical anions O2 • Oxygen also scavenges almost all H atoms. The
resulting hydroperoxyradical HO2 is in an acid-base equilibrium with the O^ (pK = 4.7).
At the usual pH-values of groundwater the equilibrium is shifted toward O^, i.e. most of
the reducing species is converted into O^ that is a rather inert radical. It certainly does
not react with PCE and TCE (Proksch et al., 1987; Gehringer et al., 1988) most likely it
does not react with atrazine either. Its probable fate is disproportionation into H2O2 and
O;. Roughly speaking only OH radicals remain as active species for pollutant
decomposition in irradiated groundwater, or in other words: more than 50 % of the
radiation energy are lost for pollutant decomposition.

Under the conditions given and as long as the nitrate concentration is low only
bicarbonate ions are serious competitors for OH according to their usually high
concentration in groundwater. However, for usual nitrate concentrations in groundwater
(> 5 mg/L) scavenging of solvated electrons and subsequent formation of nitrite ions
cannot be longer ignored. Nitrite ions scavenge OH very effectively (see Fig. 1) and,
therefore, considerably worsen the conditions of pollutant decomposition.
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Consequently a process for groundwater clean-up based on irradiation alone can never
be applied for drinking water production because of exceeding the limit values of nitrite
as welJ as hydrogen peroxide in drinking water (see Figs. 2 and 3).

2 . 0

500 1000 1500

Dose (Gy)

Fig. 2 Nitrite formation in natural water
as a function of the nitrate content by
different irradiation treatments.
( • ) y-irradiation 1.3 Gy.s*1;
(o) electron beam irradiation 380 Gy.s'!.
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Fig. 3 Hydrogen peroxide formation in
natural groundwater as a function of
the y-irradiation dose.

The situation is completely changed when the irradiation is performed in the presence of
ozone. On the one hand, ozone is known to oxidize nitrite to nitrate very fast; on the
other hand, ozone reacts with hydrogen peroxide. Therefore, a residual ozone
concentration present after the irradiation process eliminates residual hydrogen peroxide
Hoigne and Bader, 1989) and nitrite as well (Gehringer et a!., 1992). Moreover, ozone
acts as additional OH source (Fig. 4).
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HO!

1.5htlO'"M-s- • I 1.9xlO"M"s" • ! 3.8xKTM 's

Fig. 4 Main reaction pathways of the solvated electron eaqu, the H atom and
hydrogen peroxide in ozone containing groundwater. Natural organic
matter not considered.

This figure illustrates how the ozone converts both the reducing species and the H2O2
into OH radicals. This is due to the fast direct reaction of ozone with the reducing
species but mainly attributed to the fast reaction of the O, with ozone (k = 1.6 x 109

M" s" ). Under the conditions given OT formation is considerably enhanced because the
ozone transfer into the water increases simultaneously the oxygen concentration in the
water. The enhanced oxygen concentration does also influence the competition between
oxygen and nitrate to the solvated electrons what results in a less nitrite formation.
Moreover, H2O: formation is also abated since the O~2 now reacts preferably with ozone.

The conversion of the water radiolysis from a ,,hybrid" process into a full AOP 2 has two
important aspects: (1) almost the whole radiation energy is used now for OH generation
and (2) the combination ozone/electron beam irradiation represents an unique AOP
because there are 2 OH generation processes involved at the same time, i.e. water
radiolysis and ozone decomposition. As a consequence higher OH concentration results

: AOP means Advanced Oxidation Process. AOP.s are those that involve the generation of the highly
reactive hydroxy free radical OH as an intermediale product, and its subsequent reaction with the
targeted organic compounds
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in such a combination as compared with the other AOPs because these others have just
one single source for OH generation at disposal (Fig. 5). This figure also illustrates that
O3/UV and O3/H2O2 processes are one and the same with respect to OH generation: in
the former, one is merely forming hydrogen peroxide in situ, rather than adding it from
an external source.

UV-irradiation electron beam irradiation
of aqueous solutions

H2O2
hv 2 OH

Radiation is absorbed by solutes not
by water!
Always just one source for OH
(O3 and H2O2, respect.)

H2O

H3O®;OH(

OH ; egu ; H
H 2 ; O2 ; H2O2

j Caqu

i H

Radiation is absorbed by the water not
by solutes !
Two sources for OH ( water
radiolysis and O3 decomposition)

Fig. 5 The fundamental reactions for OH generation in different Advanced
Oxidation Processes

High OH concentration is of special interest for low level contamination of water when
low residual pollutant concentrations are required. Since groundwater contamination
with organics often occurs at ppb-levels (atrazine or chlorinated ethyienes for instance)
the combined ozone/electron beam irradiation process is especially apt for groundwater
remediation.

2.2 Practical considerations

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 y-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.
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Dose rate effects are often connected with high dose rates which are usually delivered by
electron beam accelerators. Accordingly electron beam irradiation is normally identified
with radiation processing at high dose rates. High dose rates affect radiolysis yields by
increasing the probability of interradical reactions in the bulk. Differences in yield are
observed if the interradical reactions compete with alternative reactions that form
different products. E.g., in irradiated water the yield of hydrogen peroxide, which is
largely formed by reaction of two OH radicals

OH + OH —> H2O2 (15)

is higher when irradiation is performed at the higher electron beam dose rate rather than
at the lower y-radiation dose rates. OH radicals are reactive and under other
circumstances tend to react with solutes rather form hydrogen peroxide.

It has been demonstrated (Gehringer et al, 1995) that addition of ozone before or during
irradiation not only reduces considerably the dose requirement for pollutant
decomposition but may even eliminate a dose rate effect (existing when only irradiation
would be applied).

Since this effect is of great importance regarding a technical application of radiation
processing for water treatment it will be discussed more in detail in the following.

TCE - concentration (ppb)
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Fig. 6 TCE decomposition in groundwater by various irradiation treatments.
(The groundwater contained 195 mg/L bicarbonate, 6.5 mg/L nitrate
and 0.6 mg/L DOC).
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Fig. 6 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 treatment 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 Oj 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

kg H2O /h = 3600 •
kW

kGy (16)

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 (T| = 0.6) into throughput
capacities (kg H^O/h). The corresponding values are: 146 m3/n for 370 Gy (electron
beam only) and 3200 nr/h (combined 3 ppm Oj/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 2).

TABLE 2 Economic comparison for the reduction of 120 ppb TCE to 5 ppb
in groundwater by electron beam irradiation with and without
addition of ozone

Cosr

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 $/liour)
• Electric power ($ 0.14/kWh)

Accelerator
Ozone generator
Pumps

• Oxygen ($ 0.23/m-*) + storage
• Maintainance

TOTAL
(Capital + Operating)

Electron beam irrad.

370Gy=146m3/h

1200

-
100

1300

26

7

1.5
-

1.5
36 $/h
0.25 $/m3

Ozone-Electron beam irrad.
(3 ppm O3 + 45 Gy)

3 1200m3/h

1200

270
250

1720

34

7
4.5

32.5
9
3

90$/h
0.075 $/m*

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.
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The fact that ozone addition - originally done only to eliminate nitrite and hydrogen
peroxide formed during irradiation of natural groundwater - improves considerably the
economy of the electron beam irradiation process represents most likely the maximum
possible effect of an additive used in radiation processing.

2.3 First full scale water treatment plant based on ozone/electron beam irradiation
in Austria

The so-called ,tMitterndorfer 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 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.

Due to the results given in Figure 7 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.

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 radical generation 200 Gy = 200 J/L would correspond
with the formation of about 58 umol OH/L 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 OVh are required in
theory to purify 108 nr/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.
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Figure 7: "Decomposition of perchloroethylene in Bad Fischau-Brunn
groundwater by an ozone/electron beam irradiation treatment.
Initial ozone concentration before irradiation: 6 mg O3/L

Figure 8 shows now the block diagram of the planned 108 m/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
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 urn 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
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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.

OXYGEN

Ozone
Destructor

OZONIZKR

Ozone /»
Compressor VijgJ

Ground water
Pump

Oxygen
Separator

STATIC
MIXING UNIT

FAST
ELECTRONS

vvv
REACTION
CHAMBER

DRINKING
WATER

A
Water oxygen saturated
Ozone dissolved in water
I'CE as it was

I Water oxygen saturated
Ozone consumed until £0,1 ppin
PCE mineralised

GROUNDWATER

Figure 8: 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 al., 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 3).

TABLE 3 Change in concentration of some natural solutes in
Bad Fischau-Brunn groundwater as a consequence
of the treatment process

Solulc

bicarbonate
chloride
oxygen

Concentration in mg/L

before the
treatment
251.0

8.0
8.7

change by the
treatment
+ 0.06
+ 0.068

= + 20.00 *

alter the
treatment
251.06

8.068
- 28.7 *

* can be roughly estimated only because of some
degassing after treatment
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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 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). Roughly speaking the OH radical generation in the combination of
ozone with electron beam irradiation proceeds via 2 steps (see also item 2.1):

e-beam
H2O v A A / v ^ . H . ; O H V e;qu water radiolysis

O.i + e ^ > O; + H > O H ' + O 2

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 radicals are formed is due to

Accordingly ozone/electron beam irradiation and ozone/U.V. irradiation represent the
two ways in which radiation energy can be used (see Fig. 5). 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 radical production.

Although ozone/electron beam irradiation generates the OH 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, 1986 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 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
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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 radicals are formed. This includes moreover the combination
ozone/hydrogen peroxide because in this process the OH 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
radicals than any other of the ozone based AOPs. This is its crucial advantage.

2.4 Atrazine

The main attractive feature of AOPs is their capability to mineralize organic pollutants.
Mineralization means the conversion of the organic toxic pollutant into inorganic
innocous substances like CO:, H?O andCF, respectively. Mineralization is almost
100 % with PCE and it is largely with TCE, too. However, with atrazine another highly
toxic pollutant observed frequently in groundwater and one of the major concern
mineralization is not possible.

The pesticide atrazine is much more toxic than PCE and TCE. Therefore, its limit
concentration permitted in drinking water is O.I ug/L only. Atrazine can be oxidized by
OH radicals and under usual conditions a reduction of the atrazine concentration in
groundwater below the limit value of 0.1 ug/L is easily to perform by an ozone/electron
beam irradiation treatment (see Fig. 9). The groundwater treated contained about
270 mg/L bicarbonate, 1 mg/L DOC and 44 mg/L nitrate. When ozone was added as
aqueous solution its concentration amounted to about 5 mg/L.
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Fig. 9 Decomposition of atrazine in groundwater by an ozone/electron
beam irradiation treatment. • Ozone addition as aqueous solution.
• Ozone added gaseously direct into the irradiation chamber
(gas flow 100 L/h with 100 mg O3/L; water flow 945 L/h).

Fig. 10 shows the by-product spectrum of atrazine oxidation by OH radicals. All the by-
products detected still contains the triazine ring. Accordingly the triazine ring resists the
OH radical attack and prevent by that the mineralization of atrazine. ft is supposed that
all the by-products found are less toxic than atrazine. However, a comprehensive study
about this issue has not been performed yet. It is, therefore, not guaranteed that atrazine
oxidation in general may really solve the problem.
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Fig. 10 Products ofatrazine oxidation by means of OH radicals
(according to Torrents et al, 1997).
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2.5 Advanced Reduction

The problems with TCE and PCE are based on their toxicity and persistence in
groundwater. Therefore, there were some efforts to replace these toxic substances by
another non-toxic one. 1,1,1-trichloroethane was supposed to be a proper substitution
for TCE and PCE, respectively. It is, indeed, non-toxic but in contrast to PCE and TCE
it is persistent in the atmosphere. Accordingly it is able to reach the upper layers of the
stratosphere and belongs, therefore, to the ,,ozone killer gases". Its use is not longer
recommended. However, there are some groundwater contaminations with 1,1,1-
trichloroethane; experiments to decompose it by an electron beam irradiation treatment
have been performed, therefore.

Another chlorinated compound of interest is chloroform because it is one of the main
products formed when groundwater containing natural organic material i.e. humic
substances is treated with chlorine for disinfection. Chloroform is a so-called disinfection
by-product.

Another chlorinated alkane sometimes found in groundwater is carbon tetrachloride.
Carbon tetrachloride is known to react with OH radicals only very slowly; nevertheless, a
decomposition in water by electron beam irradiation has been reported in the literature.
We, therefore, included carbon tetrachloride in our experiments concerning the
decomposition of trace amounts of chlorinated alkanes in natural groundwater by various
electron beam irradiation treatment processes.

We investigated the decomposition of 200 pg/L 1,1,1-trichloroethane, 100 ug/L
chloroform and 10 ug/L carbon tetrachloride as well in a groundwater containing
177 ppm bicarbonate, 30 ppm nitrate about 0.7 ppm DOC and 6 - 8 ppm oxygen. The
target was to reduce the 1,1,1-trichloroethane to a residual of 20 pg/L, the chloroform to
30 pg/L and the carbon tetrachloride to 2 pg/L. We did the experiments in a 3 nr/h pilot
plant using water flow rates of 270 L/h and 450 L/h, respectively. In the experiments
with ozone addition a gas flow rate of 50, 75 and 100 L/h was applied in combination
with a water flow of 450 L/h but only 50 L/h gas flow in combination with a water flow
of 270 L/h.

Fig. 11 shows the decomposition of the compounds mentioned by electron beam
irradiation with and without the addition of ozone. It is obvious that the presence of
ozone does not improve the decomposition of all 3 compounds at all. This was expected
for carbon tetrachloride CCU because it is known that CCL reacts very slowly with OH
radicals. However, the two others react with OH radicals much faster and their
bimolecular rate constants are known (Table 4).
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Fig. 1 Decomposition of some chlorinated aliphatics in groundwater by
various electron beam irradiation treatment processes

TABLE 4 Bimolecular rate constants and pseudo first-order constants
of some components for competition kinetics calculation

Compound

CCI3-CH3

CHC1?

HCO;

Concentration
moLL4

1.5 x 10"6

0.8 x 10"'1

2.9 x 10-'

Rate Constant
L.mol^.s'1

4x 107

5x 107

K.5 x 106

Reaction Rate/[OH1
s"!

6x 10

4x 10

24.7x10"

From the data given in Table 4 it is possible to calculate the probability of the reactions
between a selected compound and the OH radicals. These calculations show that 99.6 %
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of the OH radicals reacts with bicarbonate ions. It is, therefore, obvious that in such a
case an increase in the OH radical concentration (what indeed happens by the addition of
ozone) does not result in an improved pollutant decomposition. Consequently in the
present case the decomposition of the chlorinated compounds has to be mainly attributed
to the action of the solvated electrons although there is a competition, too. On the one
hand, there is nitrate and oxygen; on the other hand, there are the chlorinated
compounds. However, the bimolecular rate constants of the chlorinated compounds with
solvated electrons are much higher than that with OH radicals:

k (CCU + e") = 1.6 x 1010 L . m o r V
k (CHCli + e") = 3.0 x 1010 L.mol'.s"1

The rate constant of the reaction of CCb - CH? with solvated electrons is not known yet
but most likely in the same order of magnitude as for the 2 other compounds. According
to these high rate constants an electron beam irradiation treatment is able to decompose
these chlorinated compounds under the conditions given even down to the residual con-
centrations required. However, the necessary dose of about 9 kGy is too high to be eco-
nomically applied to groundwater remediation (see Fig. 11).

It is noteworthy that the decomposition of the three chlorinated aikanes follows a
pseudo-first order reaction kinetics. Such a kinetics was also found by Mak et al. (13)
for the decomposition of chloroform in drinking water containing almost no nitrate. (The
water contained about 27 ppm bicarbonate, 1.6 ppm nitrate, 3.9 - 6.0 ppm DOC and 3.5
- 5.6 ppm oxygen). According to the very low nitrate concentration the radiation dose
needed to reduce 9X ug/L chloroform down to a residual concentration of 8.6 ug/L
amounted to 3 kGy what is 3 times less as compared to the 9 kGy we obtained in the
groundwater with 30 ppm nitrate for the same amount of chloroform degradation. This
looks quite reasonable since nitrate scavenges solvated electrons almost as efficient as
oxygen. However, even a dose of 3 kGy (obtained under best conditions for pollutant
decomposition) seems to be a too high dose requirement for groundwater remediation.
A technical application of the radiation-induced reduction most likely is not practicable
because of economical reasons.

2.6 Effect of pH

At low pH hydrated electrons are rapidly scavenged by hydrogen ions | Eq. (3)] and
converted to hydrogen atoms. Yields of,/educing" radical in Table 1 are therefore
reported as H at pH below 1, but as a mixture of e~qu and H in neutral and basic
solutions.
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The perhydroxyl radical, which is a minor product when pure water is irradiated but may
be formed in relatively large amounts when air or oxygen is present, dissociates at pH
above 4 to give the superoxide ion, O2, which is also (generally) an oxidizing radical,

H O 2 ^ ^ O ; + H + pKa = 4.8 (13)

In basic solution (pH > 11) the hydroxyl radical and hydrogen peroxide dissociate to give
the oxide ion and a peroxide ion, respectively:

^ = ^ C T + H + pKa = 11.9 (17)
H2O2 ^ = ^ H(X-fH+ pKa = 11.6 (18)

While the neutral and ionized forms of the intermediates tend to give the same products
in radiolysis reactions, this is not invariably so, and in most cases the rate of reaction will
differ.

The usual pH values of groundwater are around 7. Accordingly the effect of pH in
groundwater remediation is negligible. However, in waste water and process water, resp.
much lower and also higher pH values than 7 are quite common. The conversion of the
species mentioned according to their corresponding equilibrium does not significantly
change their chemical behaviour (e.g. HO2 is an oxidizing species and O; its
corresponding species in the pH dependent equilibrium is also an oxidizing species
a.s.o.). However, when ozone is involved the pH dependence may become of some
essential influence.

It was already mentioned that at the usual pH values in groundwater the acid-base
equilibrium between (X and HO2 is largely on the OT side. In the combined
ozone/electron beam process a pH increase would favour the O~ formation and,
moreover, promote the ozone decomposition by hydroxy ions OH' . On the other hand,
increasing pH would shift the bicarbonate/carbonate equilibrium towards carbonate that
is about 30 times more effective for OH scavenging than bicarbonate. Most likely
pollutant decomposition will be abated with increasing pH according to the increase in
OH scavenger capacity.

More interesting than a pH increase would be a pH decrease because the bicarbonate will
then be converted into CO2 that is not an OH scavenger but an electron scavenger.
However, according to the reaction

co ; + o2 -> co2 + o;
the CO2 should not inhibit considerably the OT generation. Regarding the pollutant
decomposition an improvement is expected with pH decrease due to the reduction or
even elimination of the OH scavenger bicarbonate. Fig. 12 shows the opposite result.
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Fig. 12 Radiation-induced decomposition of perchloroethylene in
groundwater at different pH-values.

It is obvious from this figure that the ozone residual increases with falling pH. While at
pH 7.4 all the ozone is already consumed at about 185 Gy at the lower pH values ozone
is still present even at 925 Gy. Parallel with the increasing ozone residual a worse PCE
decomposition proceeds. It is an obvious conclusion that this effect is due to the pH
dependence of the O,/HO2 equilibrium whose pK value is 4.8. At pH 7.4 this
equilibrium is almost on the (X side. As a consequence a rapid ozone decomposition
together with an efficient PCE decomposition takes place. At pH 2.7 the equilibrium is
almost on the HO2 side. The ozone decomposition by (X is now blocked and the PCE
decomposition considerably worsened (almost one order of magnitude less at 185 Gy).
This is a clear indication that (X is the most important promoter of the ozone
decomposition into OH in the ozone/electron beam process.

Beside the O3/HO2 equilibrium the dissociation of H2O2 (pK = 11.8) is touched by pH
changes. For the ozone/electron beam process this equilibrium is of minor importance
only; however, for the other ozone based AOPs it is essential because HOT, the main
promoter for the ozone decomposition in these processes originates in this equilibrium.
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Accordingly at the low pH values discussed here neither O3/UV nor O1/H2O2 could work
efficiently as an AOP while the ozone/electron beam process is still working as an AOP
according to the constant OH generation by the water radiolysis which is pH independent
up to about pH 11. The overall efficiency of the process is reduced, however, though
because ozone acts mainly as scavenger for the reducing species and may neutralize
possible OH scavengers formed but it cannot longer contribute considerably to OH
generation. Likely the optimum pH value for all ozone based AOPs is around pH ~ 7
when as in groundwater the bicarbonate/carbonate equilibrium has to be considered.

3. Waste water treatment processes

In contrary to groundwater 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.

We have now performed experiments with different types of waste water and each of
them treated with

- ozone alone
- irradiation alone
- combination of ozone with irradiation.

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

3.1 Effluent from a molasses processing

Fig. 13 shows the changes in COD and BOD, respectively in an effluent from a molasses
processing as consequence of the treatment processes mentioned before.

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 radicals generated by irradiation alone. The combined ozone/y-
irradiation process does not use ozone as oxidant, in this process the oxidant is the
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hydroxy free radical. In the present case the AOP is more effective than ozonation.
Moreover, 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 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 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 radicals may contribute to the COD reduction.
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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 escorted 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
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 waste water problem !!
- an exciting and encouraging result!

We have now performed a rough cost assessment of the two oxidation processes
ozonation and advanced oxidation applied for the discoloration of the waste water
mentioned on the condition that the BOD of the finished water must not exceed
20 mg/L.

3.1,1 Basis of evaluation

The evaluation is based on a water flow of 50 m'/h and a 70 % COD reduction. With
such a COD reduction discoloration is guaranteed in both treatment processes.

The initial COD values of the water varied between 349 and 387 mg/L, the BOD values
were between 5 and K) mg/L. With ozonation ozone consumption for a 70 % COD
reduction amounted to 808 mg Oj/L attended on a BOD increase up to about 50 mg/L.

The combined ozone/y-irradiation needed 745 mg O?/L H2O together with a radiation
dose of 2.7 kGy to reduce the COD by 70 %; however, the resulting BOD increased to
about 18 mg/L only.

For the 70 ck COD reduction ozonation alone needed 37.5 min while 20 min were
sufficient when ozone was applied in combination with a y-irradiation dose of 2.7 kGy.

Under the conditions given electron beam irradiation should be more cost-effective than
y-irradiation (Cleland and McKeown, 1996). Moreover, it was assumed that there is no
dose rate effect. This assumption is supposed to be justified by results of Gehringer et al.,
1992 who reported the elimination of the dose rate effect for the decomposition of
chlorinated ethylenes in water when the irradiation is performed in the presence of
ozone. Accordingly ozone in combination with electron beam irradiation has been
considered as the advanced oxidation process in the evaluation intended.



- 2 7 -

3.1.2 Design of the ozone!electron beam irradiation process (Fig. 14)

For 50 m3/h the corresponding ozone demand is calculated to be 40.4 kg/h (O3 alone)
and 37.3 kg/h (Oi/electrons), resp. Although the ozone demand of the combined
ozone/electron beam irradiation treatment is about 8 % lower than for ozonation alone a
45 kg/h ozone generator was provided for the combined process, too. The less ozone
consumption and the shorter treatment time was considered in the calculation of the
operating cost (8 % less oxygen as compared with ozonation alone) and in the
construction of the retarding vessel.

oxygen
release

287 m-Vb
oxygen

retarding
vessel

with special
installations

15 m3

7 bar

75 kW
electron beam

accelerator

-e
ozonizer

160 g
ozone / nv1
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pressure
reduction

irradiation
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max. 2 bar

Fig. 14 Schematic view of an ozone/electron beam facility for waste water treatment.

In our conception of the process ozone is introduced into the wastewater under a
pressure of about 8 bar what increases significantly the initial concentration of aqueous
ozone and accelerates by that the direct ozone reactions. Accordingly the amount of
gaseous ozone in the retarding vessel should be small, therefore. This is important with
regard to the removal of the oxygen. The solubility of oxygen in water is rather low. For
that reason and because of its large amount (gas/water ratio about 5:1 at normal
conditions) almost all of the oxygen introduced is present gaseously. For technical
reasons most of the gaseous oxygen has to be removed before irradiation and this should
happen, of course, with a minimum loss in ozone. The retarding vessel has, therefore,
special installations to avoid the formation of bigger gas bubbles and to support the
ozone transfer from gas into the water phase. Moreover, the oxygen release takes place
continuously at the high pressure. Under such conditions and considering the high
amount of direct ozone reactions ozone losses should not exceed about 10 %. On the
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other hand, the acceleration of the direct ozone reactions by the elevated pressure does
also influence the sizing of the retarding vessel. Since a certain amount of the ozone will
react already in the static mixing unit a 10 min duration of the water in the retarding
vessel has been supposed to be sufficient. Accordingly the following process design
results.

To irradiate 50 rrrVh with a dose of 2.7 kGy a 75 kW accelerator would be necessary
when a beam utilization factor of 0.5 is considered. Since under turbulent flow conditions
water layers of 3 mm have been successfully treated with a 500 keV accelerator
(Gehringer et al., 1995) such a machine (500 kV; 150 mA; 1.8 m scan) has been chosen
for the cost evaluation (Table 5).

Table 5 Capital costs and operating costs of the ozone/electron
beam irradiation process

CAPITAL REQUIREMENTS (in USD)
Electron Beam System 75 kW 1 000.000.-
Water Handling Equipment 50 nrVh 200.000.-
Ozone Generator 45 kg/h 1 100.000.-

Total Capital 2 300.000.-

CAPITAL COSTS (in USD/yr)
Total Interest Cost

E-beam System (10 % over 20 years) 120.000.-
Ozone Generator and Water
Handling Equipment (10 C7c over 10 years) 221.000.-

HOURLY CHARGE (in USD/h)
N500 h/yr 40.-

OPERATING COSTS (in USD/h)
Electric Power (0.13 USD/kWh)

Electron beam System 85 kW 11.24
Water Handling Equipment 45 kW 5.95
Ozone Equipment 529 kW 68.77

Oxygen (0.07 USD/kg) 26.24
Maintenance

Electron Beam System 3.56
Water Handling 0.35
Ozone Equipment 2.16

Total Variable Cost 118.27

The total cost (capital plus variable) would be about USD 3.17 per cubic meter.
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3.1.3 Design of the ozone/biology process

A conventional process for the treatment of said waste water could be constructed as
shown in Figure 15.

OZONE
45kg/h

WASTEWATER
50mJ/h

OZONE TREATMENT
2 vessels (35 m3) and

2 injectors

BIOLOGICAL TREATMENT
4 containers with ventilators

Fig. 15 Flow diagram of a waste water treatment process

Dimension and design of the both vessels guarantee a sufficient contact time of ozone
and wastewater. After ozonation the wastewater is pumped to a biological treatment
(activated sludge system) in order to reduce the BOD to 20 mg/1. For the design of the
biological stage the following data have been used: BOD 50 mg/1; NH4-N -10 mg/1;
NO.t-N up to 40 mg/L and P-total 0.5 mg/L.

Based on these data the volume of the aeration tank was calculated for 300 m3 with an
oxygen consumption of about 100 kg 02/day. In the technical conception a container
design has been chosen (consisting of 4 containers; each of it has 17 m in length).

In the costs calculated (Table 6) pumps, ventilators, all installations as well as sludge
handling and sludge disposal is included. The operating costs of the biological treatment
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are calculated with 3.5 % of the capital requirement and include energy consumption and
maintenance.

Based on these data a capital requirement of about USD 2 250.000.- has been calculated
what is only insignificant less than the sum calculated for the ozone/electron beam
process. Accordingly the capital costs of about 40 USD/h are similar. The operating
costs were computed at about 111.85 USD/h what is somewhat less although the ozone
demand is higher. The total cost of the combined ozone/biology treatment process would
be USD 3.04 per cubic meter.

Table 6 Capital costs and operating costs of the ozone/biology
treatment process

CAPITAL REQUIREMENTS (in USD)
Ozone Generator 45 kg/h 1 100.000.-
Water Handling and Ozone Introduction System 375.000.-
Biological Processing 775.000.-

Total Capital 2 250.000.-

CAPITAL COSTS (in USD/yr)
Total Interest Cost

Ozone Generator, Water Handling
and Ozone Introduction (10 % over 10 years) 250.750.-
Biological Processing (10 % over 10 years) 93.000.-

HOURLY CHARGE (in USD/h)
8500 h/yr 40.-

OPERATING COSTS (in USD/h)
Electric Power (0.13 USD/kWh)

Ozone Equipment 529 kW
Water Handling 66 kW
Biological Processing (includes also maintenance)

Oxygen (0.07 USD/kg)
Maintenance

Ozone Equipment
Water Handling

Total Variable Cost

68.77
8.58
3.15

28.52

2.16
0.67

111.85

The total cost (capital plus variable) would be about USD 3.04 per cubic meter.
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The combination of ozone with ionizing radiation is equivalent to the combination of an
ozonation with subsequent biology with regard to discoloration and COD reduction of a
waste water from a molasses processing. However, the former solves the problem in one
single step without by-products for disposal while the latter produces some sludge as by-
product. A rough cost estimation favours slightly the conventional process.

3.2 Landfill lea chute

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 10 kGy!

Ozonation reduced the COD from about 2400 ppm down to about 1000 ppm and again
escorted with a simultaneous distinct BOD increase. The AOP finally resulted in an even
better COD reduction without simultaneous BOD increase (see Fig. 16).

However, it is amazing to get almost identical results with two very ciifferent types of
waste water but this is a mere coincidence! With an effluent from a pulp bleaching
process (see 3.3) almost opposite results were obtained - with one exception: irradiation
alone produced the worst results. They are, therefore, not included in the next figures.

3.3 Effluents from a pulp bleaching process

Experiments performed with a biologically pretreated effluent have shown (Fig. 17) 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.
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Fig. 16 Changes in COD and BOD, respectively in a biologicaUy
pretreated landfill leachate by different treatment processes
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Fig. 17 Changes in COD and BOD, respectively of a biologically
pretreated effluent from a pulp bleaching processes after
different treatment processes 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: they had already passed a biological treatment. This has economical reasons what
is illustrated by the results of the experiments with native chlorination stage effluents
from a pulp bleaching process (Fig. 18).
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This figure shows the results of the same effluent as before but without a biological
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 pollutants only.
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Fig. 18 Changes in COD and BOD, respectively of an effluent from a
pulp bleaching process after different treatment processes applied
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3.4 Full scale waste water treatment plant in Russia

Extensive studies have been carried out on the purification of industrial effluents by
irradiation, though generally on the laboratory and, to a lesser extent, the pilot plant
scale. Only one full scale application has been reported, the purification of waste water at
the Voronezh synthetic rubber plant in Russia. The Voronezh plant has two production
lines, each equipped with an electron accelerator (0.7 - 1 MeV, 50 kW) to convert the
non-biodegradable emulsifier ,,nekar* present in the plant wastes to a biodegradable
form. Nekal is a mixture of isomeric isobutylnaphthalene sulfonates.

The dose required for complete decomposition of 10"3 mol/L nekal in aqueous solution is
300 kGy. However, it is only necessary to remove the alkyl or sulfonate group to render
the molecule biodegradable since the products (naphthalene sulfonate, alkyl naphtha-
lenes, and naphthalene) are biodegradable. Based on this observation and following the
radiation treatment by tertiary biological purification, the installation can treat up to
about 2 x 10* m' effluent per day. Efficiency is increased if the waste water is saturated
with an ozone-air mixture.

3.5 Resume

Of the various processes discussed here most of the attention has been focused on those
using OH radicals. This is because the OH radical is a very powerful, non-selective
oxidant that has the potential to completely oxidize organics to carbon dioxide. The OH
radical is so reactive that it will react with virtually any organic in solution so it could
form the basis of a treatment system of general applicability. However, it is by no means
certain that the complete oxidation of toxic organics to carbon dioxide is either necessary
or desirable. For substrates that are biodegradable, biological treatment can be effective
and inexpensive. The wisdom of using expensive chemical oxidants such as the OH
radical to accomplish something that microbes could do cheaper and with less fuss is
questionable. There is considerable evidence that partial oxidation significantly enhances
the biodegradability of many problem organic compounds. For a complex effluent
containing biodegradable components, the possibility of only partially oxidizing the
organics to enhance biodegradability should be considered. This could be especially
important for an industry with many waste streams of different composition. Selectively
treating waste streams to partially oxidize problem compounds followed by biological
treatment of combined effluents could be an effective strategy.
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4. Conclusions and future prospects

Much research activity is underway on the development of radiation energy for water
and waste water. Many of the problems are technical; how to ensure the proper dosage
delivered uniformly to the material at a price competitive with other methods. Some
problems are regulatory; how to ensure safety both in the irradiation facility and in the
environment. The main problem is societal; how to attain public acceptance of the use of
ionizing radiation in general, and of the use of irradiated materials in the marketplace. It
may be possible that resolution of these problems will proceed in parallel.
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