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RIASSUNTO

L'inquinamento da rifiuti industriali tossici e nocivi costituisce un serio problema per i
paesi industrializzati, a causa sia della carenza di soluzioni tecnologiche adeguate per
il trattamento e lo smaltimento, sia della crescente severità della normativa in merito.
I marcati limiti tecnici ed i notevoli costi unitari associati ai metodi convenzionali di
trattamento potrebbero essere superati dalle tecnologie di irraggiamento mediante
radiazioni ionizzanti (in particolare quelle basate sull'irraggiamento con fasci di
elettroni accelerati), attualmente considerate a livello internazionale emergenti per
quanto riguarda le applicazioni al settore della tutela ambientale.
Considerando l'ampio e diversificato contesto dell'inquinamento ambientale, una
possibile applicazione delle tecnologie di irraggiamento può essere individuata
relativamente al trattamento delle acque di falda contaminate da composti di sintesi
impiegati in agricoltura. Pesticidi, clorofenoli ed altri composti organoclorurati di largo
utilizzo possono infatti essere considerati microinquinanti ubiquitari delle acque sia
superficiali che profonde; l'impiego di acqua per il consumo umano è stato spesso
limitato in conseguenza di una loro eccessiva presenza nelle fonti di
approvvigionamento idrico.
Nel presente rapporto viene valutata la possibilità tecnica ed economica di effettuare
mediante irraggiamento con fasci di elettroni accelerati la decontaminazione di acque
di falda pesantemente compromesse dalla presenza dei contaminanti sopra menzionati,
consentendone il recupero ai fini del consumo come acque potabili.
A questo scopo, è stato sviluppato uno specifico programma di calcolo, che prende in
considerazione i parametri sia ingegneristici che economici relativi alla soluzione
tecnologica in questione (dose, tipo di acceleratore, caratteristiche dell'installazione
impiantistica, etc.). Il programma è stato utilizzato per la valutazione economica di un
ampio spettro di situazioni: le portate da trattare sono comprese tra 1 e 100 ton/h,
mentre le dosi di irraggiamento, in relazione alle indicazioni desunte dalla letteratura
internazionale, sono state selezionate in un intervallo di 2-̂ 50 kGy.
I risultati ottenuti sono basati su costi di investimento e operativi riferiti all'attuale
situazione industriale italiana; dalla stima dei costi unitari di trattamento effettuata
risulta, in alcune delle situazioni prese in esame, un'apprezzabile convenienza
economica dei processi di trattamento con fasci di elettroni accelerati.

ABSTRACT

Environmental pollution from industrial hazardous wastes (HW) is, in industrially
advanced countries, a very serious problem, due to both the recognized lack of adequate
technological solutions to several waste treatment needs and the increasing severity of
national laws on the matter.
Technical limits and relevant unit costs shown from current treatment technologies could
be overcome by an emerging technology like ionizing radiation treatment carried out by
means of EB-machines.
In the wide pollution scenario, a possible effective application of radiation technologies
can be recognized with reference to the case of groundwater contamination by agro-
chemicals. Pesticides, chlorophenols and other organic chlorinated compounds have
been considered, since, due to their widespread use, they can be regarded as ubiquitous
micropollutants in surface and groundwater; water use for human consumption has been
often limited as a consequence of their excessive presence in public supply sources.
In the present work, an engineering approach to technical solutions, considering
accelerated electron beams as radiation source, is carried out, in order to allow and
evaluate an effective recovery of drinking water from highly chemically polluted
groundwaters. In connection with different engineering technical and economic
parameters (suitable doses, EB-machine type, plant features, etc.) and with reference to
1+100 ton/hr contaminated stream flow rate range (2+50 kGy as considered absorbed
dose range), a specifically developed computer code was run. Analysis results, based on
investment and functioning cost figures evaluated with reference to industrial plant
management scenarios, are treatment unit costs showing a noticeable economic
attractiveness of radiation EB-technologies in the field of considered applications.



1. Introduction

Over the past years ionizing radiation processes have emerged as commercial technologies in
many industrial fields; well known are their applications for medical supplies sterilization,
foodstuffs treatment (decontamination, disinfestation, shelf-life extension, etc.), crosslinking of
wires, tires, plastics and foams, curing of video tapes, paper, wood panels, etc.
Environmental applications of irradiation technologies are comparatively recent; some
applications are nevertheless already potential candidates for wider commercialization, others
are at demonstration stage with operating pilot-scale facilities. Some others have given
promising laboratory scale results, and are under study to evaluate the actual technical-
economic feasibility of potential industrial processes.
An example of first kind applications is the disinfection of sewage sludge from municipal
wastewater treatment plants, with the purpose of land application as a fertilizer and soil
conditioner H].
A demonstrative stage application is, among the others, stack gases irradiation in order to
simultaneously remove both sulphur and nitrogen oxides from combustion gases (mainly in
plants burning high-sulfur coal), having as a final goal the reduction of acid rains [2,3]
As concerning laboratory stage research, over some years, several studies have been carried out
to analyze and evaluate the effectiveness and technological feasibility of the treatment of a large
spectrum of industrial wastes with particular emphasis to toxic and hazardous wastes, such as:
• surfactants and dyes originating from textile and dye works industry [4,5];

• cyanides coming from electroplating activities [6];

• mercury compounds from chloro-soda electrolytic cells 171;

• polychlorinated-biphenyls (PCBs) coming from electrotechnical transformer or condenser
decommissioning [«»"];

• polychlorinated-dibenzo-dioxins (PCDDs) produced in many low-temperature and chloro-
presence combustion processes [10];

• pesticides (i.e. DDT, Dieldrin, Lindane, etc.), chlorophenols and organo-chlorine
compounds, utilized particularly in agriculture or wide industrial fields. Since, due to their
ubiquitousness, these compounds are often responsible for surface and groundwater
contamination [H], considerable research activity on this subject has been carried out
during the last two decades; related experimental results about the performances of radiation
treatment are subsequently reported.

Current scientific results from radiation treatment of hazardous and toxic wastes are very
promising and this area of R&D is set for accelerated growth towards industrial applications,
because of the more and more increasing heaviness of environmental pollution situation, in
advanced as well as in non-industrialized countries, and the inadequacy of conventional
remediation technologies.
In order to match research with real problems, in this paper the attention has been drawn on the
particular as well as dramatic case of drinking water contamination. At present, in Italy, as a
matter of fact, the industrial waste production reaches about 35 millions tons per year, being the
HW fraction, originated from industrial (70%) and agricultural (30%) activities, about 3.6 tons
per year, only one fourth of which properly processed.
The underground water pollution due to waste streams, and mainly pesticides and organic
chlorinated compounds, with the consequent cutting out of wells from the drinking water
distribution network, have happened in Italy, particularly in northern industrialized areas, and in



a few extreme episodes entire villages had drinking water distribution completely interrupted.
Such cases had relevant impact under economic and social point of view for the potential
hazard to public health.
Relating to the above mentioned subject, a cost analysis of an electron beam irradiation facility
for drinking water detoxification has been carried out, and the technical and economic feasibility
of the process has been evaluated.

2. Toxic micropollutants

Various toxic organic compounds are contained in different kind of industrial wastewater
streams and can be found as micropollutants in contaminated surface and groundwater, whose
presence has been related to health and environmental harmful effects. Many other toxic
contaminants that can be found in surface and groundwater result from surface runoff and/or
infiltration from agricultural lands.
Some of these trace pollutants are resistant to biological removal mechanisms, among which
many halogenated organics, used in agriculture (pesticides, herbicides, fungicides), and
industrial activities (solvents, dielectric fluids, flame retardants, propellants).
Chlorophenols, used as fungicides, herbicides and bactericides, also are key intermediates for
other compounds widely utilized in agriculture, forestry and wood industry; their annual world
production is estimated to be about some hundred thousands tons.
Halogenated organics can also arise from chemical disinfection of water and wastewater; it's
well known that conventional chlorine treatment leads, if organic precursors are present, to an
increase in chlorine consumption and to the formation of various halogenated hydrocarbons
[12].
In Italy, as in many other advanced countries, particularly felt is the problem of surface and
even groundwater contamination with those halogenated organics widely used in agricultural
activities, that, due their limited biodegradability, can be considered as ubiquitous
micropollutants; because of their proved health effects, their maximum allowed levels in
drinking as well as in wastewater are below ppb level.
DDT, Dieldrin, Endrin and other active compounds have been found in traces in human body
(fat tissues and blood) U1] ; over 90% of the DDT present in body tissues has been estimated
to originate by ingestion from food, and the remaining 10% from drinking water, thus
representing a significant intake source.
The removal efficiencies of these biorecalcitrant compounds by means of conventional
treatment systems (namely biological oxidation, coagulation, activated carbon filtration) can be
not fully satisfactory, and besides the above mentioned processes often originate hazardous
solid waste, which has to be properly treated and disposed of.

3. Radiation effects on toxic micropollutants

Electron beam irradiation is currently considered an emerging technology for water and
wastewater treatment; beside destroying organic pollutants, its efficacy as a disinfection process
has also been reported [13].
Considerable experimental activity about water detoxification using EB machines has been
carried out, mostly by means of bench scale studies (including both batch and flow studies),
and in some cases using large scale facilities i^]\ portable electron accelerators are also
industrially available, and can be applied for water remediation.
Electron beam irradiation is documented to destroy a wide series of hardly biodegradable
organic compounds; a list of tested molecules and related treatment efficiencies is presented in



Kurucz et al. work [14]. It includes various halogenated hydrocarbons: methanes, among
which THMs, ethanes, ethenes, propanes, phenols and polynuclear aromatic compounds;
required doses are reported to range from less to some tens of kGy, depending on the reactivity
of the specific pollutants.
Some early laboratory studies have been carried out by gamma irradiation at 3 kGy on active
substances used in commercial pesticides, diluted at 10 ppm concentration, observing the
following removal efficiencies: 100% for Paraquat and Coumachlor, 99% for Atrazine, 97%
for Methyl Parathion, 95% for Dimethoate and 90% for Malathion. Some other active agents
such as Parathion, Diazinone, Stimazine, Lindane and Heptachlor have shown to be more resi-
stant: under the same experimental conditions their removal efficiencies were respectively
74%, 80%, 52%, 65% and 31%. il5l
Some tests have also been run on Monuron, widely used as herbicide; 0.4 ppm and 4.2 ppm
solutions were irradiated at doses up to 0.3 kGy. In 0.4 ppm samples the active agent was
totally destroyed at 0.25 kGy, while in 4.2 ppm solutions 97% removal was observed at 0.3
kGy [16].
Dieldrin has been irradiated at 0.1 ppm concentration; total removal was achieved at doses
greater than some tens of kGy [17].
As for chlorophenols, 2-Cl-phenol was totally destroyed at 10 kGy in water solutions at 16
ppm concentration [18], 4-Cl-phenol, under different experimental conditions, was totally
destroyed at doses between 1 and 10 kGy, in water solutions at 23 ppm concentration [19]. 5-
Cl-phenol, in water solutions of 5, 15 and 25 ppm, was totally destroyed at doses of 1, 2 and 3
kGy respectively [20].
Laboratory results are anyway hardly extrapolable to natural water, because of the presence of
naturally occurring compounds such as inorganic ions (carbonates, nitrates, phosphates) and
humic substances, that can consume part of the radical species produced by water irradiation,
leading to treatment performances different than expected, and side reactions not observed in
laboratory studies [21], In addition to inorganic solutes, suspended solids and pH have also
been reported to exert a significant influence on the efficiency of detoxification processes [22],
with mechanisms not clear yet. Current research is indeed aimed at investigating on parameters
and mechanisms affecting irradiation treatment efficiency in natural waters.
Attention is also to be paid to product formation, particularly nitrite, originating from nitrate by
reducing species produced during irradiation. Nitrite is highly toxic and its allowed levels in
drinking water are particularly strict; anyway, back oxidation to nitrate is easily achievable by
means of conventional methods, or with simultaneous ozone administration [21].
Due to the many interfering parameters, among which the simultaneous presence of various
pollutants, at present required irradiation dose for natural waters can be assessed only by means
of an experimental approach, though some empirical models are under development, whose
aim is to evaluate needed dose as a function of water composition [23]

4. Industrial treatment of contaminated drinkable waters: technical and economic
evaluations

Some economic evaluations have been carried out with reference to an industrial irradiation
facility designed for detoxification of drinking water flowrates contaminated with a liquid
wastes mixture of typical ubiquitous pollutants like pesticides, chlorophenols and
organochlorine compounds. In fig. 1, a flow diagram of a typical plant installation for liquid
streams processing, including an EB irradiation stage, is shown.
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Fig. 1 - Liquid hazardous wastes treatment: flow process diagram.

In order to comply with this aim, a specific computer code, has been developed in MS-
DOS/IBM ambient, for EB-plant costs assessment as a function of process parameters.
Input data consider the specific waste stream (flowrate, density), operative parameters (required
dose, beam energy, irradiation geometry, plant utilization factor, personnel, maintenance, etc.)
and financial constraints (depreciation period, interest rate, etc.).
Basing on literature data, requested treatment doses have been defined in the range 2-̂ 50 kGy,
depending on specific pollutants considered, their initial concentrations and water
characteristics. It should be remembered, anyway, that high percentage removal is not always
requested, since some concentration is allowed in drinking water.
Calculations are referred to 1-s-100 ton/hr flowrates, in order to evaluate treatment economics of
a large range of situations.
As plant siting, a technologically well developed country, like Italy, has been chosen, to reduce
data uncertainty; analysis results are however easily transferable to other countries having
similar socio-economic conditions, as well as environment protection restrictive laws and
regulations.
In consideration of present radiation sources market situation and, moreover, taking into
account the wide relative literature regarding pros and cons of gamma sources versus electron
beam accelerators, an EB-machine has been selected as irradiation unit also considering that
target liquid material can flow in thin layers (few centimeters) and that, due to the industrial
"cut" of the process, large flowrates are to be treated.
With reference to commercially available EB-machines, the following plant capital cost (C) has
been calculated, basing on data collected from personal communications got from western EB-
manufacturers (U.S.A., Europe);



a) for beam energy E < 2 MeV :

C = 300 " Pbeam
025- E0 5 + 1 • 103 • Pbeam°' [USk$]

b) for beam energy E > 2 MeV and < 10 MeV :

C = 84.375 • Pbeam022 + 1 103" Pbeam° ' [USk$]

The beam power (Pbeam) c a n De derived from the total absorbed electric power (P):

P = D W / 3 . 6 n m - Uf [kW]

where:

D = dose [kGy]
W = process flowrate [ton/hr]
Hm = machine efficiency
fif = beam utilization efficiency

being the beam power represented by:

Pbeam = ^m • P [kW]

The following basic data have been setup:

- dose range = 2 kGy •*• 50 kGy
- flowrate range = 1 -̂  100 ton/hr
- machine efficiency = 40 % (mean value considering e.s. or r.f. EB-machines)
- beam utilization efficiency = 60 %
- plant utilization factor = 90 %
- depreciation factor = 15 %
- reference plant life = 10 years
- yearly maintenance cost = 5 % of plant cost
- electrical power cost = 0.11 US$/kWh

Personnel cost has been evaluated considering an hourly cost of 22 US$/hr and manpower
needs so connected to beam power:
- 5100 hours (nr. 3 units) for beam powers up to 20 kW;
- 6800 hours (nr. 4 units) for beam powers between 20 and 50 kW;
- 8200 hours (about nr. 5 units) for beam powers over 50 kW.



5. Results and Discussion

Results coming from computer calculations are summarized in Tab. 1, where unit costs of EB
water decontamination treatment are reported as a function of operation parameters such as
water flowrate, beam energy and radiation absorbed dose.

FLOWR

(ton/hr)

1.0
5.0
10.0
50.0
100.0

DOSE (kGy)

2

BEAM ENERGY
(MeV)

1
56.)

13.6

7.6

2.2

1.3

2
60.3

14.9

8.3
2.4

1.5

10
72.1

17.9

10.0

2.9

1.8

5

BEAM ENERGY
(MeV)

1
62.3

15.6

9.3

2.9

1.9

2
67.8

17.3

10.3

3.2

2.1

10
81.3

20.7

12.2

3.6

2.3

10

BEAM ENERGY
(MeV)

1
68.1

18.6

10.7

3.7

2.6

2
74.7

20.6

11.4

4.1

2.9

10
89.7

24.9

14.0

4.6

3.1

25

BEAM1 ENERGY
(MeV)

1
78.0

23.5

14.3

6.0

4.7

2
86.4

26.1

15.9

6.5

5.0

10
103.5

31.3

18.1

7.0

5.3

50

B E A M E N E R G Y
(MeV)

1
93.0

28.6

18.6

9.5

8.1

2
103.

1
31.8

20.5

10.1

8.5

10
121.9

36.3

22.9

10.6

8.7

Tab. 1 - EB treatment of contaminated drinking water: unit cost (US$/ton) at different
operational conditions.

Calculation results show a foreseeable strong influence of processed flowrate on unit treatment
cost: the intense scale effect is to be mostly ascribed to the typically high and not compressible
minimum capital cost of the "EB island" (over 1 USM$).
As a consequence of it, taking into account the reference plant life (10 years) and the applied
financial depreciation rate (15 %), depreciation alone represents the main component of unit
treatment cost (over 60 %), when processing water flowrates lower than 10 ton/hr (fig. 2). Its
relative importance strongly reduces with flowrate increase; the same trend is followed by other
cost items (personnel, maintenance), thus making electrical power cost to be more and more
incisive on unit treatment costs (about 30 % at 100 ton/hr).
Fig. 3 shows unit treatment cost versus water flowrate at different absorbed doses, in the 2-s-50
kGy range, at 2 MeV beam energy (i.e. considering an electrostatic machine); a significant
dose effect on EB unit cost can be remarked, which anyway tends to be slightly attenuated
with flowrate increase. A similar trend can be delineated with radiofrequency type accelerators
(LINACs).
As concerning the machine type, whose choice depends on the flowrate to be processed (cross
section, geometry) and the required dose, the present market trends give preference to the
electrostatic ones, characterized by lower costs.
Fig. 4 shows unit treatment cost at 5 kGy absorbed dose versus water flowrate at different
beam energies: it results a noticeable convenience of using electrostatic machines, with beam
energy as low as possible, when water flowrate is low.
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Fig. 2 - EB treatment of contaminated drinking water (5 kGy/2 MeV):
relative weight of main cost items on unit treatment cost.
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Fig. 3 - EB treatment of contaminated drinking water: unit cost at 2 MeV
(beam energy)
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Fig. 4 - EB treatment of contaminated drinking water: unit cost at 5 kGy dose

At flowrates over 50 ton/hr, in fact, unit cost of radiofrequency machines, though being still
higher than the corresponding electrostatic ones, becomes comparable.
Thus, the use of LINACs is technically justifiable and economically feasible only when an
higher electron beam penetration is to be achieved (i.e. E=10 MeV), in order to process
elevated water flowrates at high dose rates; in this case, however, linear accelerators application
is strongly limited by the scarce commercial availability of machine with beam power over 50
kW. On the contrary, electrostatic machines can reach some hundreds kW as beam power and,
moreover, with higher machine total efficiency (0.70 versus 0.15*0.20 of LINACs).
Anyway, is to be pointed out that even at the higher flowrate considered in computer
calculations, treatment with low beam energy machines is still possible, being acceptable the
maximum flow velocity.

Conclusions

The EB detoxification of contaminated liquid streams has been analyzed by carrying out a
dedicated computer program, able to perform specific economic assessment in case of radiation
treatment.
Cost evaluation has been specifically focused on the application to groundwater
decontamination from xenobiotics, but the results can be extended to any liquid flow to be
processed by irradiation, such as liquid industrial waste, municipal effluent etc., taking into
account the operation parameters requested by the circumstances.
Calculation results show that EB treatment cost depends on various operational factors, of
which the most relevant is the flowrate value; required dose and beam energy/power also
influence unit treatment cost. Electrostatic machines are to be preferred to the radiofrequency
ones, on a mere economic basis, if dose rate and flowrate are compatible with their use.
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EB water decontamination can be considered an economically feasible alternative to
conventional water treatments processes (i.e. activated carbon filtration, coagulation/flocculation
etc.) when flowrate values are at least 10 ton/hr as throughput rate (unit cost of some US$/ton
at 5 kGy as a reference dose). Anyway, it has to be pointed out that conventional treatment
processes are not always as effective as needed, depending on the toxic contaminant considered
and its concentration, which could in some cases, where other alternative water supply sources
are not possible, justify EB treatment even at low flowrates.
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