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Abstract
Global withdrawals of water to satisfy human demands have grown dramatically in

this century. Between 1900 and 1995, water consumption increased by over six times, more
than double the rate of population growth. This rapid growth in water demand is. due to the
increasing reliance on irrigation to achieve food security, the growth of industrial uses, and
the increasing use per capita for domestic purposes. Given the seriousness of the situation and
future risk of crises, there is an urgent need to develop the water-efficient technologies
including economical treatment methods of wastewater and polluted water.

In the laboratory of EB-TECH Co., many industrial wastewater including leachate
from landfill area, wastewater from papermill, dyeing complex, petrochemical processes, etc.
are under investigation with electron beam irradiation. For the study of treating dyeing
wastewater combined with conventional facilities, an electron beam pilot plant for treating
1,000m 3/day of wastewater from 80,00OM3 /day of total dyeing wastewater has constructed
and operated in Taegu Dyeing Industrial Complex. 12 A commercial plant for
re-circulation of wastewater from Papennill Company is also designed for Pan Asia Paper Co.
Cheongwon Mill, and after the successful installation, up to 80% of wastewater could be
re-used in paper producing process. 3 The method for the removal of heavy metals from
wastewater and other technologies 4,5] are developed with the oint works with Institute of
Physical Chemistry (IPQ of Russian Academy of Sciences.

1. Introduction: Severity of Water Withdrawal
Rapid population growth combined with industrialization, urbanization, agricultural

intensification and water-intensive fifestyles is resulting in a global water crisis. About 20 per
cent of the population currently lacks access to safe drinking water, while 50 per cent lacks
access to a safe sanitation system. Contamination of drinking water is mostly felt in
mega-cities, while nitrate pollution and increasing loads of heavy metals affect water quality
nearly everywhere. The world supply of freshwater cannot be increased; more and more
people depend on this fixed supply; and more and more of it is polluted. Water security, like
food security, will become a major national and regional priority in many areas of the world
in the decades to come.

Global freshwater consumption rose six fold between 1900 and 995 - at more than
twice the rate of population growth. About one-third of the world's population already lives in
countries with moderate to high water stress - that is, where water consumption is more than
10 per cent of the renewable freshwater supply (see Fig.] below). 6] The problems are most
acute in West Asia but lack of water is already a major constraint to industrial and
socioeconomic growth in many other areas. If present consumption patterns continue, two
out of every three persons on Earth will live in water-stressed conditions by the year 2025.
The declining state of the world's freshwater resources, in terms of quantity and quality, may
prove to be the dominant issue on the environment and development agenda of the coming

9 



JAERI-Conf 2003-016

century. Industrial wastes are significant sources of water pollution, often giving rise to
contamination with heavy metals (lead, mercury, arsenic and cadmium) and persistent
organic compounds. Inland water bodies have suffered in many areas from industrial
pollution and poor land management.
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Fig. 1 Global water stress, 1995 and 2025

Worldwide, agriculture accounts for more than 70 per cent of freshwater consumption,
mainly for irrigation of agricultural crops. In Africa and Asia, agriculture accounts for nearly
80 per cent. Agricultural demand for water is projected to increase sharply, since much of the
additional food that will be needed to feed the world population in the future is expected to
come from an increase in irrigated land. In regions where water is in short supply, however,
there may be a good case for buying in staple foods and using the irrigation water saved for
domestic and industrial purposes.

Household demand, particularly in urban areas, is rising rapidly, particularly among
wealthy consumers, in developed and developing countries, with an abundance of household
appliances and garden irrigation. Europe and North America are the only regions currently
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using more water in industry than in agriculture. On current trends, industrial water use will
more than double by the year 2025 with a four-fold increase in pollutant emissions to
watercourses. In some countries, industrial water demand will rise even more sharply.
Groundwater supplies about one-third of the world's population, and is the only source of
water for rural dwellers in many parts of the world. Excessive withdrawal of groundwater, in
quantities greater than the ability of nature to renew the aquifers, is now widespread in parts
of the Arabian Peninsula, China, India, Mexico, the former Soviet Union and the United
States.

Limited availability, contamination and increased water demand have made
groundwater withdrawals more costly, and this has contributed to greater social inequity.
There are many natural constraints to access to freshwater, such as the uneven distribution of
water in different regions, and the variable effects of weather. It is also becoming clear that
good water management can solve many of the problems of pollution and scarcity.

2. Electron Beam Treatment of Wastewater
People have used water as a convenient sink into which to dump wastes. he

pollution comes from many sources, including untreated sewage, chemical discharges,
petroleum leaks and spills, agricultural chemicals, etc.. he wastewaters discharged have
outstripped nature's ability to break them into less harmful elements. Pollution spoils large
quantities of water that then cannot be used. Virtually all pollutants can be removed from
water, especially in the case of toxic substances, is very expensive, and requires
sophisticated techniques.

The treatment of municipal and industrial wastewater becomes a more important
subject in the field of environment engineering. The treatment of the industrial wastewater
containing refractory pollutant with electron beam is actively studied in EB TECH Co..
Electron beam treatment of wastewater often leads to their purification from various
pollutants. It is caused by the decomposition of pollutants as a result of their reactions with
highly reactive species formed from water radiolysis (hydrated electron, OH free radical and
H atom). Sometimes such reactions are accompanied by the other processes, and the
synergistic effect upon the use of combined methods such as electron beam treatment with
ozonation, electron beam and adsorption and others improves the effect of electron beam
treatment of the wastewater purification.

TABLE I. Amount of wastewater generated and discharged in Korea 7] (in 1,000m 3/day)

Number of Amount of waste- Amount of waste-
companies (%) water generated (%) water discharged (%)

Textile co. 1,423 5.6) 473 5.4) 457 19.2)
Papermill 268 1.1) 711 ( 8.1) 364 15.3)
Light Ind. 511 2.0) 390 4.5) 243 10.2)
Processing Ind. 3,376 13.3) 439 (5.0) 200 8.4)
Metal fabrication 437 17) 5,346 61.1) 169 71)
Others 19,284 76.2) 1,382 (15.8) 942 39.7)

Total 25,299 (100) 8,741 (100) 2,375 (100)

In Korea, where the industries are concentrated in urban areas, resulting in severe

_11-



JAERI-Conf 2003-016

water pollution problems in most large cities. Major sources of water pollution include
chemical-intensive industries such as textiles, metal plating, electronics, papermill and
refineries. Typical contaminants include non-biodegradable substances, grease and oils,
acids and caustics, heavy metals such as cadmium and lead, sludge and a long list of
synthetic organic compounds. The amount of wastewater generated and discharged in Korea
is summarized in TABLE 1. he wastewater under current investigation at EB-TECH Co.
are from dyeing companies, petrochemical processes, papermill and leachate from sanitary
landfill area etc.. Those are also summarized in TABLE 11. Two electron accelerators of
energy MeV each in continuous mode at Daejeon (EB-TECH Co.) and one accelerator of 
MeV in pulsed mode at Moscow (IPC) are used in experiments. Applied sets of dose for the
experiments were measured with an ordinary or modified Fricke dosimeter and dichromatic
dosimeter.

TABLE II. Wastewater under investigation at EB-TECH Co.

Wastewater (from) Purpose of investigation Results

Dyein� company Removal of color and organic Pilot plant operates and shows
Impurities Improve removal efficiencies

Papermill Decrease COD, color Reduction in impurities
Increase re-use rate Commercial plant designed

Petrochemical co. Removal of organic residues Removal of TCE, PCE, PVA,
after processing HEC and other substances

Leachate from Removal of organic impurities Bio-treatment efficiency
landfill area Improvement of Bio-treatment improved

Heavy metals Decrease the content of heavy Removal of CdCr,6,H
metal ions in water to 98% ( 95;T iunprb)

Municipal sewage Decrease organic contents and Good for uses in industries
plant microorganisms for re-use and irrigation

3. Principles of wastewater treatment with Electron Beam
Electron-Beam Treatment (EB-treatment) is a comparatively new method of

wastewater purification. Today there are several tens of the plants for wastewater treatment
and connected environmental protection on the basis of EB-method [8 9 However, the
attained results of its practical application promote the EB-method into category of most
productive and advantageous ones [8-11]. EB-method of wastewater treatment is
non-chemical. It uses fast formation of short-lived reactive particles, which are capable of
efficient decomposition of pollutants inside wastewater. For practical treatment of
wastewater the EB-method gives essential conveniences and advantages:

- strongest reducing and oxidizing agents;
- universality and interchangeability of redox agents;
- variety ofpaths for pollutant conversion;
- process controllability;
- wide choice of equipment and technological regimes;
- compatibility with conventional methods.
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Short-Lived Reducing and Oxidizing Agents
High-energy electron beam produces instantaneous radiolytical transformations by

energy transfer from accelerated electrons to orbital electrons of water molecules. Absorbed
energy disturbs electron system of the molecule and provides breakage of inter-atomic bonds

1 2]. Hydrated electron e- , atom H radicals 'OH and HO: and hydrogen peroxide H202aq

are most important products of the fragmentation and primary interactions (radiolytical
products)

EB
H20 eaq H OH, H02 H202

High reactivity is characteristic of water radiolysis products 13]. Typical time of
their reactions with natural impurities in water is, as the rule, less than I ts. At the same
time, reactivity of radiolytical products have quite different principles. Hydrogen peroxide

20 2, radicals 'OH and HO 2 are oxidizing species, but atom H and e- - reducing ones

[8]. Simultaneous existence of strong oxidants and strong reductants inside wastewater
under treatment is remarkable and important peculiarity of EB-method.

Oxidizing species.
Main properties of oxidizing particles are known 8,12,13], and dominant position

among radiolytical oxidants belongs to radical 'OH It has been formed at high radiation

chemical yield. Oxidation power of 'OH is higher than oxidation powers of conventional
industrial oxidants C12, 02, HOCI, KMnO4, K2CrO7 and 03. The typical rate constants for

the reactions of 'OH with nitrites, amides, carboxylic acids, esters, carbonyls are from I x

107 to IxIO9 dm1mol-l-s-1, but with saturated hydrocarbons, alcohols, ethers, amines,

alkenes, aromatics, pyrimidines, thiols, disulfides - higher than I x 09 dm3.mol- Ls I 3.

Reducink species

Main properties of reducing particles are known 8,12,13], and hydrated electron e-aq

is stronger reductant than atom H. At reactions with cations of metals the e- is able toaq

produce neutral atoms and ions at anomalous valency. The typical reactions of e- consistaq

in e--addition to reagent, but can be subdivide into two sorts [8].
EB-treatment gives essential change of various properties of pollutants-solubility,

volatility, absorptivity, reactivity etc. It stimulates the development of productive
combination of EB-method and various conventional methods of wastewater treatment. On
one hand, EB-pretreatment can optimize the loading and operation quality for plants based
on the conventional methods. On the other hand, conventional methods of the pollutants
removal can provide maximum detection and utilization of positive results made by
EB-niethod. Larger profit is expected with combination of EB-method and biological
treatment. EB-treatment converts many bio-resistant pollutants to biodegradable states.
Improvement of wastewater degassing and acceleration of coagulation, sedimentation and
dewatering of forming sludge's are observed simultaneously. Efficiency of separation
processes - coagulation, flocculation and foam flotation of suspended solids - can be
improved also by EB-treatment. Combination of EB-method and separation methods is
essentially expedient at the treatment of wastewater from factories producing monomers and
polymers (e.g. polyesters, polyvinyl chloride etc). EB-treatment of such wastewater finishes
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the formation of dispersed polymers and decomposes colloidal particles. Analogous
combination of EB-method and separation stage is necessary upon treatment of wastewater
at special preliminary addition of monomer.

Preliminary radiolytical oxidation improves the work of electrodialysis and
absorption plants for decomposition of organics. Collective action of accelerated electrons
and electrodialysis is 310 times higher than their separate actions. Similar effect shows the
combination of EB-treatment and absorption as a post-treatment. The reason for such
influence is essential change of chemical nature and polarity of functional groups and size of
molecules of pollutants [8-1 11. The useful combination of EB-treatment and ozonization was
mentioned above. Addition of ozonization treatment can be used both inside EB-reactor and
outside for preliminary or final decomposition of pollutants.

At present the E13-treatment has not wide application and spreads less than
conventional methods. However, first experience of the industrial application shows that
EB-treatment can occupy the quite essential place at future. Already now the EB-technology
and its combination with conventional ones provide noticeable economy of time, area and
industrial power to wastewater treatment. Continuous reinforcement of ecological standards
is additional motivation for elaboration and industrial application of EB-treatment.
Propagation of EB-technology can give improvement for environmental protection as well
as essential influence on industrial development. It is believed that wide introduction of
EB-treatment into practice can give progress for:

creation of optimal municipal or regional centers for complex purification and utilization
of wastewater;
unification of techniques for treatment of various wastewaters;
restraint of part for dangerous conventional methods such as biochemical and chemical
treatment of wastewater;
improvement of industrial design and aesthetic shape of wastewater purification systems
and increase of its scientific capacity.

4. Pilot scale test of wastewater from Papermill
A commercial plant for re-circulation of wastewater with electron beam from

Papermill Company is also under planning in Pan Asia Paper Co. Cheongwon Mill and EB
TECH Co.. Cheongwon Mill is located from 120km south of Seoul, and consumes 18,000
m 3 of water per day. The major products of this company are papers for newsprint
(450t/day) and are mainly made of recycled paper 91%) and pulps. For the economical
point of view, it is preferable to recycle the treated water to production lines, but now used
only 20-30% at total water since the amount of organic impurities after treatment are high
and some of them are accumulated during re-circulation.

Purification of wastewater is now performed by 2-stages of chemical and biological
treatment facilities which is shown in Fig.2. The existing facility for purification of
wastewater under consideration consists of the following main stages:

1) Primary chemical coagulation flocculation;
2) Biological treatment by activated sludge with subsequent sedimentation and filtration

through sand filter
3) Secondary chemical coagulation (with the addition of hypochlorite);

The COD value after the first stage gives rise to decrease in COD value to around 150
ppm. The COD value after the third stage is 45-90 ppm. The COD value of finally
purified wastewater should be less than 25ppm.
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In order to develop the most efficient method for re-circulation of wastewater, the
experiments were conducted with samples in various stages of treatment. In the experiments,

electron accelerator of MeV, 4kW with the dose rate of 4kGy/s is used. In order to carry
out the experiments, the laboratory unit schematically shown in Fig. 3 was constructed for
irradiation under flow conditions. The initial water is placed in storage vessel, which serves
as saturator-equalizer. Air or ozone-air mixture with controlled flow

..............
0
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COD 1100 COD 150
-----------

Wastewater

Papermill lst Chemical Biologicat Sedimentation

t r e a m e n t Treatment BOD 20

ICOD 45

Recirculation

50% or less 2nd Chemical
Treatment

/77777N

F uent BOD 5 BOD 10 BOD 15

COD 25 Carbon Filter COD 35 Multiple COD 40 Filtration
F i I t r a t i o n

Fig. 2 Existing Wastewater Treatment Facility in Cheongwon Mill

Raw wastewater Electron beam

Irradiated wastewater

Ozonator Saturator- Purr Multijet
equalizer Regulato nozzle

Wastewater co

Wastewater output

Fig. 3 Laboratory unit used in electron beam treatment experiments.

rate up to 40 I/min was fed to the vessel. Wastewater from the vessel is moved with

controlled consumption by pump to multi-jet nozzle. Diameter of each jet was equal to 4
min; it is equal to the range of MeV electrons in water. The rate of wastewater moving at
the exit of the nozzle was controlled within the range of 24 Ws (it corresponded to the rate
of wastewater in the industrial plant under design). The wastewater injected directed in

parallel each other in horizontal plane; their flight length was equal to -1.5 m (at the initial
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rate 3m/s). The wastewater injected along horizontal part of their flight was treated by
electron beam. Then irradiated wastewater was collected into the special container.

In order to develop the most efficient combined electron beam method for
purification of the wastewater, the experiments were conducted initially with 4 various

samples initial raw wastewater, wastewater after primary coagulation, wastewater after
biological treatment and filtration, and finally-purified wastewater. It is shown that the
decrease in absorbance is the most for first and third samples. Because of it the relative
changes in COD, BD5, TOC and absorbance at 235nm were measured for raw wastewater
and wastewater after the second stage of purification as a result of electron beam treatment

at various doses and subsequent coagulation flocculation. The A12(SO4)3 Slution was used

as a coagulant. Sometimes the A2 SO4)3 + Fe2 SO4)3 solution served as a coagulant in
this case the better results were obtained. This effect is the most at doses < RGy. Note that a
small increase in D5 value was observed in initial raw wastewater at doses < 1kGy.

It was found that the positive influence of electron beam treatment is highest for
wastewater after second stage of purification. The data obtained allowed to conclude that the
most advantageous part of existing technological line for using electron beam treatment is

after first coagulation flocculation and biological treatment. Because of it the treatment of
such a partially purified wastewater was studied in detail and under various conditions. The

values of CDc,, CODMn, TOC and color were measured. The results obtained are shown in
Fig. 4 - 6 In the figures, the following abbreviations were used LFS - the treatment by

Fe2(SO4)3 coagulant and then by polyacrylamide, LAS - the treatment by A12(SO4)3

coagulant and then by polyacrylamide flocculent, LFAS - the treatment by mixed Fe2(SO4)3

+ A12(SO4)3 (mole ratio 1:1) coagulant and then by polyacryl amide flocculent, Electron
beam treatment at maximum dose rate 4kGy/s, dose 13 kGy and rate of water flow 3 m/s.

In each figure, solid black line shows the mean value of the respective parameter for the
initial wastewater (after primary coagulation flocculation treatment and biological

purification).
The decrease in the initial value of the parameter after any treatment is shown by

vertical line. The sequence of treatments is given along vertical line. The vertical line is
ended by an arrow which indicates the achieved value of the parameter as a result of the

treatment. The best results are irradiation of water after biological treatment combined with

coagulation and filtration (Fig. 5). Irradiation in this stage, the additional removal of
impurities is up to 80% in TOC (Total Organic Carbon) values.

125 units

- LFS 91 units

or F e
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34 units

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -29 units
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Fig. 4 Color index of wastewater after various treatment
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Fig. 6 Process flow of e-beam facility for wastewater from papermill.

Commercial Plant Construction

On the base of data obtained by EB-TECH Co. and IPC the suitable doses in this
case are determined as around kGy for the flow rate of 15,000 m 3 wastewater per day
(since the 3 0OM3 of wastewater is returned to initial stage with sludge). Therefore, three

accelerators with the total power of OkW and treatment system are designed for,
- Decreasing the operation cost of wastewater treatment facility
- Improving the removal efficiency of organic impurities below 25 in COD
- Increasing the re-circulation rate up to 80%

Expected construction period includes 11 months in civil and installation works and
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3 months for trial operation. After the successful installation of electron beam treatment

facilities, up to 80% of wastewater could be re-used in paper producing process (Fig. 6.

Overall construction cost are estimated around 5M$ and operating cost for above
plant are estimated in below Table 111;

Table III Economic Evaluation of Commercial Plant (Unit: k$)

Items Existing Facility Addition of E-bearn Remarks

Operation Chemicals 3,516 2,385

Cost Sludge treat 2,698 2,595
Electricity 355 572

COD 50 25

Quality of BOD 30 15

Effluent -SS 30 10

Total cost 6,569 5,552 1,017

Others The Investment will be returned in yrs

5. Pilot plant operation and Commercial plant construction of Dyeing Wastewater

Taegu Dyeing Industrial Complex (TDIC) in Korea is composed of more than
hundred factories occupying the area of 600,000m 2 with 13,000 employees in total. The

production of TDIC requires high consumption of water (90,000m 3/day), steam, and electric

power, being characterized by large amount highly colored industrial wastewater.

Purification of the wastewater is performed by conventional methods - mixed
Chemical-Biological treatment (Fig.7), and treats p to 80,00OM3 of wastewater per day,

extracting thereby up to 730 m 3 of sludge. Rather high cost of purification results from high

contamination of water with various dyes and ultra-dispersed solids.

Fig. 7 Existing Wastewater Treatment Facility in TDIC
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- Lab-scale Feasibility Study with e-beam
Because of increase in productivity of factories and increased assortment of dyes and

other chemicals, substantial necessity appears in re-equipment of purification facilities by
application of efficient methods of wastewater treatment. The existing purification system is
close to its limit ability in treatment of incoming wastewater.

The studies have been carried out regarding the possibility of electron beam
application for purification of wastewater. The experiments on iadiation of model dye
solutions and real wastewater samples (from various stages of current treatment process) have
been performed. The results of laboratory investigations of representative sets of samples
showed the application of electron beam treatment of wastewater to be perspective for its
purification (Fig. 8). The most significant improvements result in decolorizing and
destructive oxidation of organic impurities in wastewater. Installation of the radiation
treatment on the stage of chemical treatment or immediately before biological treatment may
results in appreciable reduction of chemical reagent consumption, in reduction of the
treatment time, and in increase in flow rate limit of existing facilities by 30-40%.

1 400

1 200 MM TOC

CODmn
i 000

E CODc r
800

600

400

200

0
Seed i ng Bio only EB 2. EB 4 3

kGy) A i o kGy) A i o

Fig.8 Results of feasibility test

Construction and Operation of Pilot Plant
Being convinced with the feasibility test results, a pilot plant for a large-scale test

(flow rate Of 100OM3 per day) of wastewater has constructed and is now under operation with
the electron accelerator of 1MeV, 4kW (Fig. 9. The size of extraction window is 1500mm
wide and Titanium foil is used for window material. The accelerator was installed in Feb.
1998 and the technical lines are finished in May. For the uniform irradiation of water, nozzle
type injector with the width of 1500mm was introduced. The wastewater is injected under the
e-beam irradiation area through the injector to obtain the adequate penetration depth. The
speed of injection could be varied upon the dose and dose rate. Once the wastewater has
passed under the irradiation area, then directly into the biological treatment 3system. The
Tower Style Biological treatment facility (TSB) that could treat up to ,000m per day has
also installed in October 1998. TSB is composed of equalizer, neutralizer, and 6 steps of
contact aeration media. Each aeration basins are filled with floating or fixed bio-media to
increase the contact area and removal efficiency.
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Fig.9 Schematic Drawing of Pilot Plant
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Fig-10 Electron Accelerator and Wastewater under Injection

Operation results of Pilot Plant

Pilot plant inlet flow is a mixture of two flows: raw wastewater from dyeing process
and wastewater from polyester fiber production enriched with Terephtalic acid (TPA) and
Ethylene glycol (EG); relative flow rate of the latter being 68% of total inlet flow rate.

Concentration of terephtalic acid in a pilot plant influent is about 2 10-2 M1/1 that is much

higher than total concentration of all other dissolved pollutants. This concentration

corresponds to electron fraction of TPA about 02% that makes direct action of radiation on
TPA (or other pollutant) be negligible when treating the wastewater by electron beam. On the
other hand, this concentration is high enough to prevent recombination of radical products of

water radiolysis in the bulk of solution, taking into account high rate constants of reactions of
both reducing (hydrated electrons, hydrogen atoms) and oxidizing (hydroxyl radicals)

particles with terephtalate anion:

e-,q + 114-C6114(COO-), - R1 k 7.3x109 I mol-1 s-1

H + 1,4-C6H4(COO-), - R' k 1 x 109 mol-1 s-1
OH + 1,4-C6R4(COO-)2 - R 3 k 3.3x109 I mol-1 s-1
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Besides, because of high relative concentration of TPA comparing to other polluting
compounds, competition between listed reactions and reactions of radical products from
water with other compounds appears to be much in favor of the former ones. It follows from
above mentioned that the main (if not the only) result of electron-beam treatment of pilot
plant influent would be radiolytical transformations of TPA which can improve its removal
by biological treatment. Radiolytical transformations of other initially present compounds, if
those take place at all, can proceed via radical or molecular products from TPA. Fig. 1
shows that TPA enriched wastewater can be efficiently purified by biological treatment.
However, preliminary electron-beam treatment improves the process, resulting in more
significant decreasing TOC, CDc, and BD5-

As concerns changes in TOC, CODC, and D5 during biological treatment, from the
data presented in Fig. 1 1 it follows that preliminary electron-beam treatment make it possible
to reduce bio-treatment time twice at the saine degree of removal. Coincident results were
obtained in a separate set of experiments on the same pilot plant but with reduced wastewater
flow rate 130 I/day). In this case inlet flow was divided into two flows: the first one passed
only biological treatment while the second one passed electron-beam treatment, then
biological treatment with reduced hydraulic retention time (HRT). Averaged for one month's

period decrease in TOC values
amounted 72%, for the first flow 48 h

13 -1 2 HRT biotreatment), and 78%, for the

100 0. 5 10 15 20 second flow (1 kGy electronbeam
treatment followed by 24 h HRT

80 biotreatment).
Usually, increase in biodegradability

60 -0
d after radiation treatment of

40 aqueous-organic systems is due to
100 . . . radiolytical conversions of some

non-biodegradable compounds. It was
80 observed for the cases of

C radiation-induced elimination of60
sulfuric group from

40 isobuthylnaphtalene sulfonates or
100 chlorine from various chlorinated

organic compounds. In present pilot80
plant experiments the improvement of

60 biological treatment of wastewater
- _-Q after preliminary electron-beam

40
100 . . . . treatment was found to be caused by

C)
80

Fig. 1 1 Effect of irradiation and
60 _E3 -0 a biological treatment on wastewater

40 parameters:

0 5 10 15 20 a-TOC; bCODCr; cCODMn; dBOD
Biotreament time, h I- without EB treatment;

2- after EB treatment (dose 2 kGy).
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radiolytical transformations of biodegradable compound. Electron-beam treatment of
wastewater should not appreciably affect total biodegradability of pollutants if the main
pollutant is biodegradable, but can improve biodegradation process at initial stages. In other
words, irradiation at comparatively low doses (several Greys) for this case does not change
total amount of biodegradable substance characterized by D5 , but convert part of it into
easier digestible form. This is confirmed, also, by the data presented in Fig. 11 where one
can see that decrease in TOC, CDc,, and D5 during biological treatment is close to linear
one for non-irradiated wastewater, while for electron beam treated wastewater the decrease is
faster at the beginning of biological treatment and decelerates during the process. 1]

6. Economies of Electron Beam Treatment

- Barriers for application

Public acceptances: When radiation technologies are involved, the same as in other
industrial applications, people are uneasy for their safeties even in the case of electron beam,
which are machine-generated controllable radiation sources. Also they worry about the
production of radioactive material and dangerous new species by radiation. Up to now, most
industrial accelerators are operated with not more than 10 MeV and the possibility to produce
radioactive material is not worth consideration. Nevertheless, the change of toxicity and
transmutation that might occur in wastewater due to the irradiation needs more careful
studies.

Technical problems: In comparison with flue gas purification, radiation treatment on
wastewater has much more complicated problems. In flue gas purification, the targets to
clear would be simply Sx, Nx (and in some cases Dioxin and others) and the treatment
process are almost universal to each different case, however in wastewater treatment, each
wastewater has different contaminants and therefore independent verification and process
set-ups are required. Moreover, the by-products are no useful and difficult to analyze. Table.
IV in below showsthe comparison of e-beam flue gas purification and wastewater treatment
in several points.

Competition with other process: Conventional biological systems are inexpensive for large
amount of wastewater. Normally they cost around 1USD per cubic meters of wastewater for
operation. However some organics are not removed or long time for removal. Ozonation and
membrane filters are acceptable for small to medium scale plant, but not economical for
larger plant. Electron beam facilities With low doses are competitive power in large plant.

Economies: Electron beam processing is usually considered as expensive process since the
initial investment cost is high due to the cost of accelerator. Additional investment for
alternatives or by-pass are required in case of shutdown of electron beam facilities since the
most of all the environmental protection facilities should operate all the year round.
Non-universality of processing technology in each wastewater treatment facility also costs for
additional test and studies before installation.
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Table IV Comparison of Flue Gas Purification and Wastewater Treatment with e-beam
Flue gas purification Wastewater Treatment

Contaminants to clear SOx, Nx, (Dioxin) Complex
Cleaning Process Simple Limitation in depth

Combined with other proces,�
Competitiveness to others Proved by commercial Complicate to analyze

operation
Technology Ful!y developed Lab. to pilot scale
Economies Proved through pilot and Complicate to analyze

commercial plant
I By-products I Useful for fertilizer

- How to improve economies

The key to the successful application of electron beam in environmental protection is
how to manage the economies in its application. To compete with other processes in
economic evaluation, the electron beam system should consider following points;

Reduce the required doses
Improve efficiencies
Reduce the cost for electron beam facilities

For industrial wastewater with low impurity levels such as contaminated ground water,
cleaning water, effluent from sewage plant, with the economical point of view, it is desirable
to keep the irradiation doses not more than several kGys, and less than 1 kGy is more
preferable. To reduce the required doses for wastewater treatment, application of useful
additives or addition of radical enhancer/reducer is considerable. And the combined electron
beam processing with other methods, such as biological treatment or coagulation is another
way to decrease the irradiation doses. Treatment of textile dyeing wastewater is one example
of combined electron beam and biological treatment.

With the low doses like 1kGy, an accelerator should treat several thousand tons of
wastewater per day, and effective wastewater delivery system and efficiency of accelerator
machine itself is also important. The water delivery system should give the uniform dose
distribution as well as the massive delivery of water under electron beam. In our experiments
we choose injection of wastewater through flat nozzle and it showed the possibility of
massive delivery of water with dose uniformity.

Most important factor to control the economies is the cost of electron accelerator in
use. As is shown in Fig. 12, the price of accelerators are governed by the power and the
accelerators of power as high as possible has relatively lowest cost for unit power generation
and most economical to apply in environmental application. Up to now accelerators of
several hundred kilowatts are available from accelerator manufacturers in Japan, Russia and
Europe.
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Power Price Cost for 1kw
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(M) (M$)

0 1.5 20 0.5 2.5
44

40 0.8 2.0
100 1.0 1.0

200 1.5 0.75
0.5 400 2.0 0.5

0
40 100 400

PowerofAccelamt�roffl.

Fig. 12 Price of typical accelerators

Economical Estimation of Commercial Plant

Based on the data obtained in the previous continuous flow test and economical
evaluation, the suitable doses are determined as around kGy or less for the flow rate of
20, 00OM3 effluent per day. Therefore, accelerator with the power of 0kW could be
applicable for commercial plant and treatment system are designed on the basis of

Cost for high power accelerator is around 2.0-2.5M$ and building, piping, other
equipment and construction works could be estimated 1.0-1.5M$. Even by considering the
additional cost for tax, insurance and documentation as 0.5M$, the overall cost for plant
construction is approximately 4.0-4.5M$ as is stipulated in Table V.

Table V. Construction cost of Commercial Plant (Unit: M$)
Cost Remarks

Accelerator - 1MeV, 4OkW, double window 2.0-2.5
Water reactor other Raw Material Cost for Land, R&D,
Installation cost - welding/piping/inspection etc. Approval from
Design 1.0-1.5 Authorities are not
Shield Room Construction works included
Others - transportation, tax, insurance etc. 0.5
Total 4.0-4.5 4M$

Table VI. Economic Evaluation of Commercial Plant (Unit: k$)
Items Addition of E-bearn Remarks

Invest (k$) (4,000)
Operation Cost Interest 320 8%

Depreciation 200 20yrs
Electricity 336 8OOkW
Labor, etc. 100 3 shift

Total cost 956 1M$/yr
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This doesn't include cost for land, R & D and cost for the authority approval.
Expected construction period includes 1 1 months in civil and installation works and 3 months
for trial operation. To estimate the operation cost, the electricity consumption is estimated for
accelerator with 500kW (80% efficiency) and other equipment in additional 0kW to the
total of 8OkW. Based on the year round operation (8400hr/yr), it costs 336,000$/yr when the
cost of electricity (kWh) was assumed to be 0.05$. The labor cost is calculated 3-shift with
one additional operator and is approximately 100,000$/yr. Thus, the actual operation cost for
2OOOOm3/day plants is 436,000$/yr and if we consider the interest and depreciation of
investment, the cost comes up to around 1M$/yr. It is approximately 0.6$/m 3 for construction
and 0.15$/m 3/yr for operation of above re-use plant, and is inexpensive compared to other
advanced oxidation techniques such as Ozonation UV techniques etc..

- Plan for Commercial Plant Construction
On the economical evaluation of electron beam treatment facilities, Commercial plant

for Dyeing wastewater is under consideration in TDIC and SHI for,
- Decreasing the amount of chemical reagent up to 50%
- Improving the removal efficiency of harmful organic impurities by 30%
- Decreasing the retention time in Bio-treatment facility

The characteristics of commercial plant are with the maximum flow rate of
10,000m 3/day using one 1MeV, 4OkW accelerator, and combined with existing Bio-
treatment facility in TDIC. Expected construction schedule is shown in below,

M nth 1 2 3 4 5 6 7 8 9 10 11 1 12 3 14 15 1 16 7 R em arks

Basic Design of Plant IPC
Detail Design of Plant
Shield Room Construction
Accelerator Installation B NP
Piping and Equipment I
Trial Operation DYETEC

7. Summary

- Requirements of Electron Accelerator for Environmental Application

- Accelerators for environmental application should be satisfied in followings;
Accelerator itself has strong and firm configuration for year round operation
Economical in power consumption
Easy and safe operation

Introduction of more powerful accelerator with adequate wastewater delivery system could
make economical and technical advantages in competition with other methods.

Generals Comments for Wastewater Treatment with Electron Beam

For industrial wastewater with low impurity levels such as contaminated ground water,
cleaning water and etc., purification only with electron beam is possible, but it should be
managed carefully with reducing required iadiation doses as low as possible. Also for
industrial wastewater with high impurity levels such as dyeing wastewater, leachate and etc.,
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purification only with electron beam requires high amount of doses and far beyond
economies.
- Electron beam treatment combined with conventional purification methods such as
coagulation, biological treatment, etc. is suitable for reduction of non-biodegradable
impurities in wastewater and will extend the application area of electron beam.
- A pilot plant with electron beam for treating 1,00OM3 /day of wastewater from dyeing
industries has constructed and operated continuously since Oct 1998. Electron beam
irradiation instead of chemical treatment shows much improvement in removing impurities
and increases the efficiency of biological treatment. Actual plant is under consideration
based upon the experimental results.
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