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FOREWORD
It is now widely recognized that radiation technology is seeing greater use in various
industrial areas, and that the success of these applications is based primarily on its technological and
economic benefits. However, these benefits are often obscured by a lack of appropriate
information, by misunderstanding or even misconceptions. As the potential users and beneficiaries
become better informed of the unique advantages of this technology, new fields of application will
emerge. One of the emerging applications of ionizing radiation is in the conservation of the
environment.
To cite two examples, pollution as a result of the emission of toxic gases, sulphur dioxide
and nitrogen oxides by electric utilities and industry has been increasingly considered as a serious
environmental problem. As a result of past disposal practices, there exists today significant amounts
of contaminated groundwater and s o i During the last few decades, there has been a worldwide
emphasis on mitigating the amount of contaminants released to the environment. However, as the
cost of conventional treatment techniques used to solve these problems continues to rise and the
environmental problems become more complex, new and innovative technologies are being
developed and slowly accepted as alternatives. Ionizing radiation has emerged as a very effective
tool by itself or in combination with other agents for the removal of toxic gases from flue gases, in
the decomposition of refractory organic compounds and in the removal or inactivation of
pathogenic microorganisms and parasites in wastewaters.
In March 1992, the IAEA held an international symposium in Karlsruhe, Germany, on the
applications of isotopes and radiation in conservation of the environment. Radiation technology
was one of the subjects of the symposium. Several new and important developments in radiation
processing technology have taken place since then which justified the convening of a symposium
dealing solely with the applications of radiation technology for conservation of the environment.
The objective of the present symposium was to review the status of current developments
and applications of radiation processing in the control of environmental pollution and to discuss
potential future developments. The scientific programme covered a wide range of different
applications of radiation technology, such as purification of exhaust gases, decontamination of
wastewater from industrial and municipal sources, sewage sludge treatment, disinfection and
detoxification of solid waste, recycling and the treatment of plastic and solid waste. The lessons
learned during the transfer of this technology through Agency technical co-operation projects were
discussed at a panel The potential needs of developing countries in terms of applied research in
radiation processing and mechanisms for the promotion of technology were also discussed.
The symposium was attended by 110 participants representing 38 Member States. The
IAEA gratefully acknowledges the generous assistance of the Government of Poland and the
Institute of Nuclear Chemistry and Technology, Warsaw, in providing technical, scientific and
administrative support.
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ELECTRON BEAMS FOR POWER PLANT
FLUE GAS TREATMENT
A.G. CHMIELEWSKI
Institute of Nuclear Chemistry and Technology,
Warsaw, Poland
Abstract
Among the processes in which fuel is used for energy generation coal burning plays
leading role. On the other hand combustion of fossil fuels is the biggest source of air pollution.
When burning fossil fuels pollutants such as paniculate, sulfur oxides, nitrogen oxides, volatile
organic compounds and others are emitted. Air pollution caused by these pollutants not only
acts directly on environment but by contamination of water and soil leads to their degradation.
The advanced technology for simultaneous SO2, N0 x and VOC removal is discussed in the
paper. The technology is based on electron accelerators applications.
Many new solutions have benn introduced in the new pilot plants which have been
operated at coal fired power stations. 98 % SO2 and up to 90 % N0 x removals were obtained at
very moderate energy consumption (for de S0 x ). Additional agricultural test have proved full
applicability of byproduct in pure form or as a blending stock for NPK fertilizers. Two full
scale industrial plant are being built in China (640 kW accelerators) and Poland (1.2 MW
accelerators). These will be the biggest radiation processing units using accelerator technology
all over the world.

1. INTRODUCTION
The electron beams generated by accelerators have found broad technical and
technological applications. Machines which produce electrons of 150 keV -H 10 MeV [1]
are applied for polymer modification [2], sterilization [3], food irradiation [4], rubber
vulcanization [5] etc.
The unique possibilities of energy transfer were quikly adopted for environment
protection technologies. The possibilities concerning sewage sludge hygenization [6] or
waste water treatment [7] were very quikly recognized. However, the biggest

developments have been achieved in the field of flue gas treatment. This technology is in
a phase of industrial implementation.
2. FUEL COMBUSTION AND AIR POLLUTION
The most important source of air pollution is combustion of fossil fuels. Among
the processes in which fuel is used for the energy (electricity and heat) production coal
burning plays leading role. Burning fossil fuel is and will be a main source of energy for a
long time. In the year 1995 the power installed based on the coal fired boilers was equal
to 870 GW, oil fired boilers 435 GW, while the total world power installed was equal to
2900 GW. According to the predictions total number increase to 5400 GW by the year
2020, including 1836 GW installed in power stations using coal and 648 GW in oil fired
power stations [8]. When burning fossil fuels air polluting substances as paniculate, S02,
N0x, volatile organic compounds (VOC) and other are generated. Exemplary flue gas
compositions are presented in Table 1.
Worldwide emission of S02 from coal fired power stations only reach about 55
millions metric tons annualy. Emission of N0x (recalculated as nitrogen) created by fossil
fuel combustion including engines is equal to 21 minions tons (N) annualy.
TABLE I
Concentrations of pollutants in flue gases from coal fired boiler

Hard coal
Pollutants
S02
S03/S0x
N02
N02/N0x
HC1

HF
CO
VOC (mg/m3)
particulate (mg/m3)
Carrier gas

N2
C02

o2

H20

Lignite
ppm

350 - 1700
-0.01
200 - 1600
-0.05
30 - 125
5-60
300 - 680
-

100 - 2700
-0.01
100 - 500
-0.05
12-60
0.3-2.6
_
-

500 - 35 000
1500-25 000
vol %
70-80
60-78
11-15
11-15
4-7
4-7
3-8
8-24

Air pollution caused by particulate matter and other pollutants not only act
directly on environment but by contamination of waters and soil lead to their
degradation.
Transportation distance of the pollutants, before transfered to the acids and
deposited, is equal to hundreds or thousands kilometers. In many cases pollutants are
deposited over the teritory of another country where emitted. Therefore this in a global
problem being an subject of international treaties. This is a reason that in the most of the
countries, all over the world emission standards have been introduced [9].
The mechanisms of pollutants transformation in atmosphere are described by
environmental chemistry. The processes are rather complicated, some not very well clear
so the reactions scheme differ from source to source. The pathways depends on many
conditions (e.g. darkness, sunshine, air humidity or presence of dust or water droplets,
presence of other pollutants). There is very big similarity between those reactions which
occurs in atmosphere and in irradiated gas.
Different technologies have been applied for air pollution control e.g. coal and oil
desulfurization, combustion modification or flue gas purification. The most widly applied
system for coal fired boilers are wet flue gas desulfurization (FGD) using lime or lime
stone as reagent and selective catalytic reduction (SCR) for N0x reduction. In the first
case commercial or throw away gypsum is generated as a byproduct and in second case
N0 x are reduced to nitrogen using ammonia over catalyst. The scheme of the process is
presented in Fig.l. The different FGT processes and their technical and economical
aspects are presented in many reports [10, 11].
The both processes are rather complicated chemical technologies and different
problems occurs during installations operation (undesierable reactions, scale formation,
clogging etc) [12].

Coal
240 t/h

Carbon 87
Minerals 6
Sulfur
1

Air
2.3 mio. m3/h
(dry)
105 m3/h water

Ammonia
0.5 t/h

9 t/h limestone

Stack
Furnace ash
4 t/h
Flue gas composition
Carcon dioxide (CO2)
Oxygen
(O2)
Nitrogen oxides (NO+NO2)
Sulfur dioxide (SO2)
Nitrogen (N2)
Particles

Flue dust
15 t/h

Gypsum
12 t/h

'o^lOg/m-1
•"

6 %

: 0.04% = 650mg/m3
: 0.1% = 2000mg/m3
: 77.5%
3 ESP
: ca. 6.5 g/m

DENOX
FGD

• 200mg/m3
> ca. 200mg/m3

ca. 10mg/m3

FIG. 1. Mass flows and flue gas composition of the 700 MWpowe plant block [11].

3. ELECTRON BEAM PROCESS THEORY
3.1. Electrons interaction with the gas
The fast electrons which have limited penetration range in the matter are good
tool for processing of gases which have low density, three orders of magnitude lower
than for liquids or solids. During the movement of electrons through a medium which
consists mostly of hght nuclei its energy is dissipated mainly through interactions with the
orbital electrons. These are moved from the former positions and ionization or excitation
occurs.
Energy of electrons is absorbed by the components of gaseous mixture
proportionally to their mass fraction. In the case of air or flue gases matrix consists of
nitrogen, oxygen, water and carbon dioxide. In the case of election - beam irradiation
only 6% or less of absorbed energy is dissipated in vibrational excitation of the
molecules. Most of it is consumed in dissociation and ionization of molecules what is
illustrated by data given in Table 2 [13]. As it can be noticed from the curves for the low
electrical fields (e.g. electrical discharge) input energy is consumed predominantly by the
vibrational excitation of N2. These are important information for selection of economical
methods for gas processing.
TABLEH
Energy dissipation in the plasma produced by electron-beam irradiation
of dry air (80 % N2 + 20 % 02) (according to Penetrante [16])
Process
N 2 Vibrational
N 2 (A 3 Z» + )

N 2 (B 3 n)

N 2 Dissociation
N 2 Dissociative Ionization
N 2 Molecular Ionization
02 Vibrational
(^(a'Ag)
02 Dissociation
02 Dissociative Ionization
02 Molecular Ionization
Others

Energy Dissipation
(% of Input Power)
5.3
1.1
1.8
24.0
13.9
28.3
0.6
0.7
8.3
2.9
2.8
10.3

The radiolytic yield of primary reactive species is given in literature [14, 15].
100 eV

4.43 N2

•

0.29 N2* +0.885 N(2D) +0.295 N( 2 P)
+ 1.87 N(4S) + 2.27 N2+ + 0.69 N* + 2.96 e"

(1)

100 eV

> 0.077 02* + 2.25 O^D) + 2.8 0(3P) + 0.18 0*

5.377 02

+ 2.07 02+ + 1.23 0+ + 3.3 e-

(2)

100 eV

> 0.51H2 + 0.46 0(3P) + 4.25 0H + 4.15H

7.33 H20

+ 1.99 H20+ + 0.01 H2+ + 0.57 OH* + 0.67 H*
+ 0.06 0+ + 3.3 e"

(3)

100 eV

7.54 C02

> 4.72 CO + 5.16 0(3P) +2.24 C02+ +0.51 C0+
+ 0.07 C+ + 0.21 0+ + 3.03 e'

(4)

The G-values for the reactions presented in equations (1-4) are 6 ± 2 what
corresponds to radiolysis of 25 ± 10 ppm of gas molecules per kGy. Some of the excited
molecules react rapidly with the background molecules to produce additional
dissociation. E.g. excited oxygen atoms 0('D) react rapidly with H20 to form additional
OH radicals.
The radicals produced initially through direct and ionic decomposition processes
are OH, N, H2O, O and H. These radicals react with NO and SO2 which are good radical
scavengers.

3.2. Nitrogen oxides removal pathways
The biggest amount of nitrogen oxides is emitted by power plants which burn
coal. In such a case 95% of the oxides is mono oxide (NO) and NO2 is a rest. NO is
unsoluble, little reactive. Therefore in most cases it is necessary to oxidize it to NO2
before removal or reduce to gaseous nitrogen as in the case of SCR. In the case of
electron beam treatment the most effective removal pathways are as follow:
+M

(5)
(6)
(7)

The other possible reactions are gfven in Table 3 and discussed by Busi et aL [16].
TABLE HI
Radiation induced NO transformation pathways
M-*HN02 + M
N 0 2 2 - > N 0 + H0 2
OH + HN0 2 -> N0 2 + H 2 0
N( 2 D) + 0 2 -> NO + 0
N( 2 P) + 0 2 -+ NO + 0
H0 2 + NO ->• N0 2 0H
H0 2 + N0 2 + M - » H0 2 N0 2 + M
0( 3 P) + NO + M -+ N0 2 + M
0( 3 P) + N0 2 + M -> N0 3 + M
H0 2 N0 2 -> N0 2 + H0 2
H0 2 N0 2 + 0 -> N0 2 + OH + 0 2
H0 2 N0 2 + OH -> N0 2 + H 2 0 + 0 2

3.3. Sulfur dioxide removal pathways
SO2 removal is based on two different pathways. One thennochemical oxidation,
the second radiation induced reaction. SO2 oxidation in gas phase is possible through
direct photooxidation or oxidation through photochemically formed components (e.g.
9

radicals). Even in absence of light, SO2 in air is oxidized in the presence of several metal
oxides (aluminum, calcium, and iron).
However conversion of SO2 within liquid droplets, dew and on solid particles
surfaces is of special significance for oxidation of SO2. This is an heterogenous oxidation.
The process is based on two steps ab(ad) sorption and chemical oxidation. The solution
of SO2 in water depends on partical pressure and solubility which is temperature
dependent.
Depending on the pH value of the water the SO2 hydrate dissociates to hydrogen
sulfite (HSO3) in an acidic environment or to sulfite (SO32) in an alkaline environment
whereby protons (H*) are released which are then present in the water as hydronium ions
(H3O+). For small droplets and pH values below six the equilibrium between SO2 in the
gaseous phase and hydrogen sulfite or hydrate in the liquid phase is quickly reached. With
decreasing pH values it shifts towards the gasous phase. The factor determining the SO2
transformation is the oxidation stage and not SO2 absorption in the water. The oxidation
of SO2 by O2 can be accelerated in polluted air by catalysts, in particular by magnese and
ferrous ions.
In the case of electron beam treatment the radical reactions leads to SO2 oxidation
and these are listed in Table 4. The mechanism of SO2 oxidation is rather simple and can
be represented by following sequence:
H2O

O,HO2

S0 2 ;

* SO 3

> H 2 SO 4

iHSQ

> H2SO4

(8)

OH

The reaction with OH radicals as it is seen from this reaction plays most important
role in SO2 transformation. The rate constant of the first reaction (with OH) depends on
temperature, pressure and on water vapor content. In the case of water droplets spray
10

present in irradiation region observed chain recation in liquid phase leads to significantly
energy consumption reduction for SO2 removal in a heterophaseous air stream [17].

TABLE IV
Main radical reactions concerning SO2 transformation
OH + S02 + M -> HSO3 + M
OH + HSO3 -> S03 + H20
H02 + S02 -+ S03 + OH
OH + H20 + S02 -> HSO3 + H20
HSO3 + 0 2 -> S03 + H20
S02 + 02 ->• S03
502 + OH -> H0S02
H0S02 + OH -> H2SO4
503 + H20 -» H2SO4

3.4. NOX and SO2 reactions with ammonia
Additional reactions should be considered in presence of ammonia. Oxidation
process leads to the ammonium nitrate formation partly NO is reduced through reaction
with ground state nitrogen radical (4S) or NH2 radical to elemental nitrogen and in
smaller portion to dinitrogen monoxide. SO2 is converted to sulfuric acid which reects
with ammonia to form ammonium sulfate. The pathways of NOX and SO2 removal are
presented in Fig. 2 [18].
It should be noted that SO2 beside of radical reactions is removed via
thermo chemical reaction. The mechanism of the second reaction is not fully known and
some differences in the results obtained by different investigators were reported.
According to the observations from the environmental chemistry presence of
ammonia in the air polluted by SO2 does not lead to the formation of particles. But it has
been realized that air photolytic particles, enriched in SO2, are of larger size when NH3 is
added. SO2 dissolved in atmospheric water droplets form H2SO3 which is then oxidized
11

Removal

HNO 2

* N2O5
SO? Removal

Nil,

-- O " iO -» (NH 4 ) 2 SO 4
FIG. 2. Main reaction path remove N0x and SO2 [18].
by oxygen dissolved in droplets to the sulfuric acid. The oxidizing action diminishes in
proportion to increase acidity. The embryos NH4HSO4 • 11H2O are formed and are the
medium resulting in SO2 cataliytic oxidation. Particle development continues as long as
NH3 is fixed and is able to neutralize the acid resulting from catalytic oxidation, and
while SO2 is fixed by the particle.
When electron beam is applied the oxidation of SO2 is much faster due to radical
reactions discussed earlier. Formed SO3 condensate in presence of water vapour in high
temperature even. The reaction of ammonia with SO2 was studied by many reserchers in
laboratory experiments. Role of water vapour was proven, as it can be noticed from data
presented in [19] reaction practically stops in temperatures below dew point. However in
this investigations gas mixtures containing pure SO2 were studied and dew point
12

temperature is characteristic for the given content of water vapor. Quite different case
concerns real flue gases from power plant where SO3 is always present. Dew point
temperature is quite high, therefore condensation of sulfuric acid occurs and
heterogeneous/catalytic reactions discussed earlier take place.
Temperature dependence of thermochemical reaction in the real conditions of
coal fired power plant is presented in [20]. The reaction is irreversible and has the first
order with the respect to both SO2 and NH3:
d[SO2]/dt = - kt[SO2] [NH3]

(9)

The rate-limiting step is reaction NH3 + SO2 -> NH3 SO2 having a rate constant
kt = 7.3 10"16cm3/s at 23°C. The further reactions leading to condensation and product
oxidation occur rather rapidly. The temperature dependence of reaction constant could
be presented by equation [20]:
K, = 4.55 1029 exp (9000/T)

(10)

Understanding of physico-chemical mechanism of the process allows optimization
of the removal process to achive highest SO2 removal efficiency at lowest power (beam)
consumption.
4. LABORATORY AND PILOT INSTALLATIONS
The small laboratory or pilot plants with the gas flow up to 1000 Nm3/h were
constructed by Ebara-JAERI, KfK Karlsruhe and TU Karlsruhe. The installation with
gas flow 400 Nm3/h has started in INCT, Warsaw, Poland. Small laboratory units have
been in operation in JAERI JPEN, Brasil, INPAS, Shanghai and TU, Helsinki In all
cases, simulated off-gases or gases from oil or gas fired furnaced were treated.
The larger installations of up to 20 000 Nm3/h in capacity were constructed in
Japan (Ebara), the USA (Ebara) and Germany (Badenwerk). The first pilot was installed
to clean flue gases from an iron-ore sintering machine. The others were used for cleaning
gases from coal-fired boilers.
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The combined technology of the spray drayer-electron beam system, using lime as alkali
reagent was investigated in the USA (Cottrel).
Two modern pilot plants based on multistage gas irradiation principle were constructed in
Poland (INCT-EPS Kaw^czyn) and in Japan (Ebara-JAERI-Chubu Electric). The first
pilot plant is still operational. Review of the works done was reported earlier by Frank
[21].

4.1. Pilot plant at EPS Kaweczyn
The pilot plant was constructed at the Electropower Station Kaw^czyn (Fig. 3).
Two accelerators ELV-3a (50kW, 500 -800 keV) were installed in series on a reaction
vesseL For the first time in an industrial pilot installation, cascade double gas irradiation
was applied [22, 23].
The flue gases are cooled down in a spray cooler working in a ,,dry-bottom"
conditions and then irradiated in two steps in the reaction vesseL The double window
system was employed, with the windows made of 50 \xm thick titanium foil [24].
Aerosols formed in the process (ammonium sulfate and nitrate) are captured in filters,
size distribution is given in Fig.4. the formed particles are small with diameter lower than
1 micron and sticky. Two types of filters were applied - bag filter and gravel bed filter
[25, 26]. Very high aerosol removal efficiences has been achieved (over 99.8%).
However, to obtain stable operation of the filter (constant pressure drop) it is necessary
to apply filtration aid (silica, fly ash, dolomite etc.) and to keep filter temperature in the
range 70-80°C.
The wet gravel bed filter has been designed together with Forschungszentrum,
Kalsruhe where this type (dry and wet) of equipment has been developed for the process.
In this case byproduct (soluble) can be easly separated from fly-ash (unsoluble).
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The pilot plant is equipped in modern monitoring and control system [27]. The
manual sample grab methods were used for their vertification [28].
Fact that NOX removal efficiency depends mostly on dose and on the other hand
SO2 is mostly removed via thermal reaction impose interesting observation concerning
ammonia consumption in both reactions. The thermal reaction efficiency for SO2
removal decrease with temperature. Thus in higher temperatures the more ammonia (at
constant stoichiometric ratio) is available for concurence NOX removal processes.
The humidity of flue gases at the pilot plant can be increased up to 15% vol and inlet
temperature reduced up to 45°C. At this conditions SO2 removal efficiency as high as
98% can be achieved (Fig. 5). Due to thermal reaction very low dose is required to obtain
high removal efficiency (Fig.6). Important to note that adequate dose is necessary to
obtain oxidized byproducts (sulfate and nitrate). In the case when moderate NOX removal
16
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FIG. 6. Removal efficiency of SO2 and N0x vs dose.

efficiency is required the economical competiveness of eb process with conventional
technologies increase further.
The high removal efficiency was obtained using bag filter, the other methods of
filtration, gravel bed [29] and wet gravel bed filters were investigated. However all this
experiments have proved that no speciall methods of filtration should be developed, the
most adequate are already offered by equipment manufactures e.g. dry and wet ESP's.
Most important problem to be solved in process upscaling is irradiation vessel
construction. In the Kaw^czyn's pilot plant longitudinal, double irradiation of the flue
gases has been applied. Because of limited electrons penetration the adequate beam
energy is required.
The losses in the beam energy delivered to the gas consist of two components;
one stopping power of two titanium foil windows and air in the gap between them and
the second-absorption in the walls of the irradiation chamber. Of course losses connected
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with gas heat dissapation are not discussed here. For electrons with lower energy the
loses of power in the windows system are higher. On the other hand for higher energy
electrons the energy absorbed by vessel walls (and losses) are higher. Therefore an
optimum energy of electrons for given vessel design exists. For the optimum energy the
highest NOX removal efficiency can be achieved.
The improvement of removal efficiency due to limited electron penetration
through flowing gas can be achieved by multistage irradiation. The gas mixing between
irradiation stages is favorable for the process. The further optimization can be achieved
by adequate dose distribution between irradiation stages [30].

4.2. Pilot plant at Chubu EPC
The pilot plant was built in the site of Shin-Nagoya Thermal Power Plant of
Chubu Electric Power Company. The test was conducted from November 1992 to
December 1993. The main purpose of the test was to obtain engineering data for the
designing of full scale plant [31].
The flow chart of the plant is shown in Fig. 7. A pulverized-coal-firing-boiler was
exclusively operated to produce gas (12 000 Nm3/hr) for the test. The burning condition
of the boiler was regulated to get NOX concentration expected. Powdered sulfur was
burned with coal to control SO2 concentration in flue gas. After removing fly ash with a
dry electrostatic precipitator (ESP), the flue gas was cooled down to 110°C by a gas-gas
heat exchanger (GGH), and cooled again by sprayed water to any temperature between
55 to 110°C in a towering spray cooler (SC). The sprayed water was perfectly
evaporated in the cooling tower with 30 meters high.
The high energy electrons from three electron accelerators were introduced to the
flue gas in a process vessel (PV) through two titanium window foils, after the addition of
ammonia, the accelerators were set on line during first period of test (one side
19
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FIG. 7. Flow diagram of pilot plant in Nagoyafor electron beam treatment of
coal-firedflue gas [31].
irradiation), whereas next period of test, the center accelerator was moved to another
side of the process vessel (both side irradiation) to compare the effect of the uniformity
of dose distribution in the process vessel on NOX and SO2 removal efficiency.
Byproduct was collected by combination of an ESP and bag filters in a bag house
SO2 removal efficiency showed strong dependence on temperature what is presented in
Fig. 8. Dose of 8 kGy was enough to achive 95% SO2 removal at 62 -64°C outlet
temperature. NOX removal was strongly dependent on initial NOX concentration (Fig. 9),
no very much affected by temperature changes. For 80% removal of NOX, 8 kGy was
enough at NOX inlet concentration 160 180ppm, where dose 10.5 kGy was necesary to
achive the same efficiency at 200 - 220ppm.
The aerosol produced was composed of very fine particles with concentration 3.1
- 3.3g/Nm3. The ESP demonstrated 99.5% removal efficiency and outlet paniculate
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concentration was 1 0 - 2 2 mg/Nm3, additional bag filter gave final aerosol concentration
0.4 mg/Nm3, (total removal efficiency 99.99%).
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4.3. Byproduct application
In principle byproduct with small fly ash content (less then 2%) is equivalent to
commercial fertilizer- ammonium sulfate. The granulated form has better value and can
be sold for higher price, so dry granulators are proposed for byproduct final treatment.
Another possibility is to use byproduct as a component of NPK fertilizer. Test
performed in Poland has proved that blend obtained with the apphcation of byproduct
meets standards established for this kind of fertilizers.
Agriculture tests have been performed for pure byproduct and byproduct with
different fly-ash content. Results are very positive.
Byproduct was registred as a fertilizer in Japanese Fertilizer act as welL
The content of heavy metals e.g. [ppm]:
Pb

Cd

Cr

Hg

As

<5

0.5-0.6

1-24

0.025-0.05

0.25-0.39

is much lower them values allowable for commercial fertilizers which are:
As-50ppm,

Cd-140ppm, Pb-140ppm,

Hg-2ppm.

Worldwide consumption of ammonium sulfate is estimated to be aproximately 15
million tons/year, in US 2 million tons/year. It interesting that demand on fertilizer
containing sulfur will increase in future.
E.g. increasing S deficiency symptoms in Brassica Napus is observed in Germany.
The reduction of the S supply has also caused inccreased ecological problems
because of the reduction of fertiliser N efficiency in S-deficient crops, resulting in
increased leaching of nitrate into groundwater and probably increased accumulation of
surface ozone [32].
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5. INDUSTRIAL PROJECTS
Two industrial projects are under development (China, Poland). Other are planed,
for example in the US [33]. The last project will apply a modern technology based upon
high-power transformer accelerator (HPTA).
5.1. Industrial project in China
Ebara Corporation, Japan constructed electron beam desulfurization plant at Seito
Electrical Plant, Sichuan Electric Power Administration [34]. The scheme of the plant is
given in Fig.9. The installation treat flue gases from 100 MW coal (2% S) fired boiler.
Flue gas throughput is 300 000 Nm3/h and is treated with 3.2 kGy dose assuring 80%
SO2 and 10% NOX removal. The inlet concentrations of SO2 are 2000ppm and 400 ppm
for N0x. Two sets of accelerators 800 keV and 400 mA are applied. The byproduct
fertilizer production rate will be approximately 2470 kg/h.

5.2. Industrial project in Poland
The experience gathered during laboratory and pilot plant tests has allowed
preparation of the full scale industrial plant design. The plant will be built in Electropower
Station Pomorzany (,,Dolna Odra" Group). The flow rate of the gas will be 270 000
Nm3/h [35]. The flue gas purification will treat flue gases from the block which consists
of two Benson type boilers of power 56 MWe each supplying additional steam for heating
purposes up to 40 MW each. The boilers will be reconstructed during the flue gas
treatment plant construction, to reach the power 60 MWe and 100 MWu, each. Annual
operating time is 6500 h/year of equivalent to full-load operation. Scheme of the
industrial e-b plant is presented in Fig. 10. Boilers fire pulverized bituminus coal that has
the following characteristics: caloric value 22820 kJ/kg, sulfur content 0.72 - 0.8 %, ash
content 21.8 % moisture content 7.8 %. The boilers are equipped in modem four zone
electrostatic precipitators with fly-ash removal efficiency 99.8 %. The emission of S02
23
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and NOX has to meet Polish standards which will be 870 g/GJ and 170 g/GJ respectively.
Local ambient air standards must be observed as well The guaranted removal efficiency
must be equal to minimum 80 % for N0x and 70 % for S02. However, possible to obtain
efficiences are 80 and 95 % respectively. This range allows to operate installation in quite
high (over 100°C) stack temperature.
The flue gas will be humidified up to 10 % by volume in dry bottom spray cooler.
Then ammonia injected before two parallel irradiation vessels equipped in two 300 kW,
800 kV accelerators installed in the series (Kaw^czyn pilot plant's solution). The
longitudinal gas irradiation will be applied. Finally formed aerosol will be collected in dry
ESP with flat heated bottom furnished in scraping device. The manufactures guarantee
high removal efficiency (particulate at the outlet less than 20 mg/Nm3) and corrosion
resistivity of the equipment. The product will be granulated.
The ammonia consumption is estimated on 180 - 200 kg/h and byproduct yield
ca. 800 kg/h. High power accelerators has to be applied in such big systems [36]. Two
accelerators 2 x 2 x 300 kW (two HVS plus two heads each) with 800 keV electrons
energy will be applied.

6. CONCLUISIONS
The tests performed on laboratory installations and pilot plants resulted in the
preparation of industrial plants design. The all technical and economical analyses proved
advantages of the technology over conventional nowdays used technologies.
The designed flue gas treatment plant with the 1.2 MW beam power will be the
biggest radiation processing unit all over the world.
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Abstract
In the e-b process SO2 and NOX are

converted into ammonium sulphate and

ammonium nitrate,which condenses from gas phase in the form of submicrone particles.
These salts are valuable fertilizer and should be removed from cleaned gas. Bag filter, ESP and
wet gravel bed filter were applied for collecting of salt particles in pilot plant facilities. Up to
now ESP is considered to be the best filtration method of aerosols formed after irradiation of
flue gas.
Collected salts after granulation may be used as a fertilizer enriching soil in nitrogen and
sulphur or as a component of mixed fertilizer. Analysis of by-products from different e-b pilot
plants confirms that it does not contain an harmful substances like heavy metals and fulfill all
standards for commercial fitihzers. Also field experiments show that by-product have the same
properties as a comercial fertilizer.
Introduction
One of the advantages of e-b process of flue gas purification is beside of effective and
economic reduction of SO2 and NOX content, production of ammonium sulphate and nitrate
salts which are valuable fertilizer. These salts forms as a result of a

very fast radical and

much slowler normal chemical reactions as well as physical processes like condensation,
absorption, particle growth and aglomeration of particles. One of important part

of e-b flue

gas purification process is separation of very fine salt aerosols and its preparation for sale in the
form proper to use by farmers.
The problem of by-product separation was investigated in all e-b pilot plants. Bag filter was
tested in all e-b pilot plant installations, ESP was tested in Indianapolis and Nagoya [1, 2]. The
wet method of filtration on gravel bed was tested in Kaw?czyn [7]. There also considered
31

another wet methods of aerosol removal like wet ESP and venture scruber, but they yet were
not egzamined in this process experimentaly in pilot plant scale.

Properties of aerosol
Most important parameters describing properties of aerosols are their concentration,
size distribution and composition. In e-b pilot plant Kaw^czyn concentration of aerosols varied
from 170 to 600 mg/Nm3. Aerosols contain fly ash. Amount of fly ash depend on efficiency of
ESP after boiler which generaly should be lower than 50 mg/Nm3 but in our experiments
sometime was much higher. Particle size distribution was determined with

8-stage Andersen

impactor Mark V.Measurements were made after process vessel. Typical results of
measurements of particles size distribution are given in Fig. 1 and Fig. 2.
From these graphs it follows that about 50% of aerosols have diameter less than 0.46 nm. For
higher concentrats of SO2 and lower flow rate forms little greater particles are formed.
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Fig. 1. Size distribution of aerosols
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Fig. 2. Size distribution of aerosols

Similar result was published by Namba et al [3]. In Fig. 1 and Fig. 2 are presented distribution
of N0~,S0~',NHti

ions and soluble part of aerosoL Smaller particles contain more

ions.

Bag Filter
In all e-b pilot plant installations were used bag filters with pulse-jet method cleaning of
bags. In Indianapolis [1] were tested 11 bag materials. In EPS Badenwark [4] were
investigated pressure pulses inside the bag for various air pressure, jet period and size of valve.
In Nagoya [2] bag filter was located after ESP for collecting small amount of aerosols which
was not deposed in ESP. In e-b pilot plant in Kaweczyn bag house was the first filter in which
was by-product collected [6].
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It consists of four filters with 128 bags in each (Fig 3). Bags were ca 150 mm in diameter and
were 2.5 m long. Three filters were in operation and one of them was cleaned. Cleaning cycle
consist of pulse jetting, reverse flow of hot air and setting off filtration aid on bag surface.
After cleaning filter was put in operation and next which time of operation was longest was
cleaned. Clean part of each filter was divided into two part. In each part was measured gas
flow rate and pressure drop on bags. Efficiency of filtration was determined in laboratory stand
with use of standard dust in Institute of Textile Materials MORATEX. The kinds of tested
bags, efficiency of filtration and kind of cage used are presented in Table 1. In the first
experiments observed not efficient cleaning of bags was observed. The first idea to improve
the removal of depossit from bag surface was to find the proper bag materiaL Long time tests
made with bags from different material in season 1993 show that drop pressure on one kind of
bags can be a few time higher than on other (Fig. 4). According to our observation the drop
pressure on bags which tightly were put on cages drop pressure was higher. In the next season
we modifield some cages according to Fig. 5 (c,d and e) to increase loose space between the
cages and the bags.
The bags

in next season of experimets were the same as in 1993. For comparison in the

same filter in one part were unmodifyed cages and in the second modifyed. The ratio of drop

Fig. 3. Scheme of bag filter
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Table 1.

Kinds of bags and cages used in bag filter

Filter 1
Bags
Efficiency
Cages
Bags

Efficiency
Cages
Bags
Efficiency
Cages

1

Filter 2

b
a
b
a
Polyester new Polyester new Acryl used
Acryl used
99.98
99.98
99.99
99.99
a
a
a
a
Goretex/
Goretex/
Goretex new Goretex new
Moratex EC Moratex EC
new
new
99.95/00.91 99.95/99.91
99.94
99.94
b
b
b
b
Moratex EC Moratex EC
Goretex used Goretex used
new
new
99.93
99.95
99.95
99.93
c
b
d
b

Filter 3

a

Filter 4

b

Acryl used Acryl used
99.98
99.98

a

a
Moratex

a
Moratex
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Fig. 4. Change of drop pressure in operation

Fig. 5. Cages used in bag filter
pressure on modified cages to unmodified one is presented in Fig. 6. The curves I and II
evident confirms improvement in pressure drop after modification. Line HI represents no
effect in filter 3. In this case

loose space before modification was 9.4 mm and after

modification 18.4 mm.
Our experiments confirm earlier observation of significant reduction of SO 2 concentration on
filtration cake

[5].

10

15

20

timefh]
dP1b/dP1a x dP2b/dP2a c dP3a/dP4b v dP3b/dP4a
Fig. 6. Influence of cages modification on drop pressure
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Wet Gravel Bed Filter
The wet filtration is some cases have adventages like
1. separation of unsoluble particles
2. absoprtion of other impurities likeHCl
3. product after crystalization have bigger crystals.
At Kaw^czyn pilot plant was tested two stage wet gravel bed filter (Fig. 7)
The high of bed layer in first stage 1 0.85 to 0.95 m. First filter is divided into 5 chambers.
Each chamber can be washed using water from tank 4 if unsoluble particles collected in pores
causes pressure drop increase too much. Gas inlet is in the top of filter and above of bed is
sprayed solution. The droplets of solution cocurently with gas flows down. Solution from the
bed flows through hydraulic sealing to the settle tank 2. Unsoluable particles were collected in
conic bottom of tank and clear solution overflow tp part 3 of the tank. Clear solution is

Fig. 7. Scheme of wet gravel bed filter
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calculated by pump 6 to one fluid nozzle spray system. Gas pass to second filter 5 and similar
like filter 1 is sprayed by circulating solution and flow through 1.8 to 1.9 m layer of bed.
Filtration experiments were performed with granules of bloating clay 2 to 4 mm and 4 to 8
mm.
Aerosol removal efficiency is presented in Tables 2 and 3. The total removal efficiency is of
order 70 to 89%. For granules 2 to 4 mm low separation efficiency were observed for the
second filter. It seems that there are two reasons:
1. after first filter reminded very fine aerosols for which separation efficiency is low,
2. We observed formation of new aerosols as a result of reaction between SO2 and NH3.
According to our observations in wet gravel bed filter, due to evaporation of water, gas is
almost saturated and its temperature decreases to 40-45°C. That conditions are very suitable
for reaction between SO2 and NH3 and formation of new salt aerosols.
Observed reduction of SO2 concentrations are presented in Tables 2 and 3. The high humidity
of gas causes condensation of water vapour on salt particles and formation of liquid aerosols
which was observed after the second filter. Drop pressure for granules 2 to 4 mm and gas
velocity 0.29 m/s was 19.8 mbar for the first 1 and 12.8 for the second one. For granules 4 to
8 mm and the same gas velocity the corresponding numbers was 7.1 and 6.5 mbar.
About 40 to 50% of these value was a drop pressure on the supporting net and other devices of
the filter. For gravel 2 to 4 mm in filter 1 after ca 52 hours of operation rapid increase of drop
pressure was observed. After cleaning of bed drop pressure returned to former value. We also
observe some increase of drop pressure with increase the amount of sprayed solution.
Solution had low pH of order 1.4 to 3.

Filtration of Aerosols in Electrostatic Precipitator (ESP)
ESP was applied for dedusting of gas in Indianopolis [1] and Nagoya [2]
pilotplants.The problems connected with very small size od particles and small apperent
densityof product were solved. Finaly ESP in Nagoya aparated continuosly with efficiency
more than 99.5%. The drop pressure at long operation remain constant and operation
problems were not observed. At that state of our knowledge it seems that ESP is the best
method for collecting of aerosols formed in eb process of flue gas purification

By-product application
The composition of by-product is suitable for use as a fertilizer. Up to now were made
a few tests in which were compared growth of a number plants on the by-product and
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Removal eficiency of dust, SO2 and NOX Grain diameter of 2 to 4 mm (in %)

Table 2.

Run Accelerator Gas flow

Process vessel

Filter 1

Filter 2

Total

power

no.

kW

1

48.45
36.46
24.00
12.24
12.26

2
3
4
5
6

7
8
9

0

36.30
36.30
0

14

SO2

NOX

68.8
66.1
57.9
35.1
34.6
17.9
60.4
59.3
18.0

71.9
51.4
47.7
36.0
32.9
6.16
59.7
67.4
12.8

Dust
48.0
54.2
46.6
42.7
-

75.9
74.2
87.5
83.9

Dust
3.44
16.4
17.2

SO2

NOX

80.6
82.8
85.0
87.2
96.7
87.4
81.6
87.5
88.9

9.9
44.0
30.7
15.0
20.1
5.92
12.9
28.3
12.4

Dust

75.1
89.6
86.6

SO2

NOX

94.0
94.2
93.7
91.7
91.3
89.7
92.7
94.9
90.9

74.7
72.8
63.8
45.5
46.4
11.7
64.9
76.6
23.6

Removal efficiency of dust, SO2 and Nox Grain diameter 4 to 8 mm (in %)

Table 3.
Run
No.
1
2
3
4
5
6
7
8
9
10
11
12
13

m 3 /h
5100
5100
4700
5350
4700
4700
4000
3500
4950

Process vessel
NO,
84.6
51.2
50.2
70.3
44.3
64.3
53.3
65.9
44.6
61.1
74.5
65.3
61.1
72.7
74.6
71.1
65.0
69.7
76.3
69.4
70.9
62.2
68.3
75.0
55.9
62.5
55.1
74.2
SO2

FUter 1
Dust
42.6
39.5
16.5
33.0
33.0
27.0
51.9
35.5
30.6
41.9
24.4

Dust
51.2
54.4
63.7
67.4
78.1
76.8
63.3
69.1
62.7
65.5
80.6

Filter 2
SO2
90.9
87.2
86.0
57.8
56.6
90.5
83.5
95.2
88.0
89.5
79.9
92.0
96.3
98.8

NO,
2.9
3.0
10.2

4.7
6.9
11.4
7.0

12.6
7.6
7.8
11.3
28.6
6.6
4.9

Dust
72.0
72.4
69.7
78.1
85.3
83.1
82.3
80.1
74.1
79.94
85.3

Total
SO2
98.6
96.2
95.0
85.6
83.1
96.7
93.6
98.6
95.8
97.5
92.4
98.0
98.6
99.7

NO,
52.6
51.7
50.0
55.5
48.4
77.4
74.6
78.0
72.0
71.8
74.2
73.8
58.8
57.3

commercial fertilizer. In all cases the results of cultivation the tested plants were the same In
Japan by-product got a certificate as fertilizer. Analyzis of heavy metals in by-product from
Kawe_czyn where was relatively a lot of fly ash show that content of such elements as Hg, As,
Pb, Cd is far below of limits for commercial fertilizer [6].
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Abstract

This paper compares the results of experiments with plasma chemistry
calculations to study the effect of dose rate, pulse length and pulse repetition
rate on pulsed electron beam processing of nitrogen oxides (NOX) and sulfur
dioxide (SO2) in gases. The main objectives are to determine if the proposed
combination of dose rate, pulse length and pulse repetition rate would have
any deleterious effect on the utilization of radials for pollutant removal.
We find that for a dose rate of 2xl(P Mrad/s and pulse length of 30 ns, the
dose per pulse is sufficiently low to prevent any deleterious effect on process
efficiency because of radical-radical recombination reactions. During each
post-pulse period, the radicals are utilized in the oxidation of NOX and SO2 in
a time scale of around 200 /JS; thus, with pulse frequencies of around 5 kHz or
less, the radical concentrations remain sufficiently low to prevent any
significant competition between radical-pollutant and radical-radical
reactions.
The main conclusion is that a pulsed electron beam system, operating with a
dose rate of 2x10^ Mrad/s, pulse length of 30 ns, and pulse repetition rate of
up to around 5 kHz, will have at least the same plasma chemistry efficiency as
an continuous wave electron beam system.

43

Electron beam dry scrubbing is a technique for removing in a single step both SO2
and NO X from the off-gas generated by utilities burning high sulfur coal. The use of
pulsed electron beams may provide the most cost-effective solution to the
i m p l e m e n t a t i o n of this technique. This project studies the plasma-chemical kinetics
of electron beam assisted removal of SO2 and NO* in flue gas streams under pulsed
conditions. The main objective is to determine if the proposed combinations of dose
rate, pulse length and pulse repetition rate would have any deleterious effect on the
utilization of radicals for pollutant r e m o v a l .
The OH radical plays the key role in the simultaneous removal of NOX and SO2. The
important primary radical-pollutant reactions that consume OH radicals are:
(1)

OH + SO 2 + M -> HSO3 + M
followed by
HSO3 + O 2 -» HO 2 + S O 3
(This induces the formation of sulfuric acid products:
S O 3 + H 2 O -> H 2 SO 4 .)
H O 2 + NO -» NO 2 + OH
(The OH radical is regenerated.)
This sequence of reactions simultaneously oxidize NO and SO 2 while
regenerating the OH radical. This is the reason why this technique is
particularly efficient for off-gases generated by utilities burning high sulfur
coal.

(2)

OH + NO2 + M -» HNO3 + M
(This induces the formation of nitric acid products.)

Under high dose rate conditions, it is possible that radical-radical reactions may
occur that would consume the OH radicals a n d / or produce NO. These reactions are:
(1)

N + O H - > NO + H
(This reaction consumes OH and produces NO.)

(2)

OH + HO2 + M -» H 2 O + C^ + M
(This reaction depletes the two important oxidizing radicals OH and HO2).

(3)

N + H O 2 -> N O + OH
(This reaction depletes HO 2 , gives back OH, but produces NO.)

(4)

OH + OH -» H 2 O + O
(This reactions depletes two OH radicals and gives back only one of the less
effective oxidizing radical O.)

Table I shows the effective two-body rate constants (in units of cm 3 per moleculesecond) for some of the more important radical-pollutant and radical-radical
reactions. It is clear from the rate constant values that if the concentration of radicals
is too high relative to the concentration of the pollutant molecules, then loss of
radicals via radical-radical recombination would become deleterious to the efficiency
of the process. Such a condition could exist if the rate of production of radicals is
high because of excessive electron beam dose rates.

44

Table I. Effective two-body rate constants at atmospheric pressure for some radicalpollutant and radical-radical reactions.
Reaction
SO 2 + OH + M -^ HSO 3 + M
N O + HO2 -* NO 2 + OH
NO2 + OH + M -> HNO3 + M
N + OH -> NO + H
N + HO 2 -» NO + OH
OH + OH -» H 2 O + O
OH + HO 2 + M -> H 2 O + O 2 + M

Effective 2-Body Rate Constant (cm3/s)
7.8xlO-l3
7.5x10-12
3.5x10-11
5.8xlO-n
2.2xlO-H
l.OxlO-H
1.0x10-1°

In addition to the rate constants, one needs to know the concentrations of the
radicals in order to determine their rate of loss or utilization. The radical production
rates are determined by a set of electron-impact reactions representing the excitation,
dissociation and ionization of the background gas molecules by the electron beam.
The set of primary electron-impact reactions included in my plasma chemistry
calculations are shown in Table II. The initial gas concentrations used in the
calculations are shown in Table HI. Some ion-molecule reactions are important
particularly in determining the production rate of OH radicals. The calculations
followed the evolution of 89 species, shown in Appendix A. In addition to the
electron-impact reactions shown in Table II, there are 1129 reactions included in the
plasma chemistry calculations, as shown in Appendix B. The electron beam
parameters used in the calculations are shown in Table IV.
The average dose per pulse is the important parameter that determines the
maximum concentration of radicals produced during each pulse. As shown in Table
IV, the average dose is only 6000 rads per pulse. Note that the length of each pulse is
much shorter compared to the time interval between pulses. Whether the radicals
are completely utilized between pulses is determined by the pulse repetition rate.
The maximum concentration of radicals formed per pulse during electron beam
irradiation with an average dose of 6000 rad per pulse is shown in Table V. Note
that the maximum concentration per pulse is around, or less than, 1 ppm. The rate
constants shown in Table I, the pollutant concentrations shown in Table III, and the
radical concentrations shown in Table V can be used together to get a rough estimate
of the radical utilization and destruction rates for radical-pollutant and radicalradical reactions. These radical utilization and destruction rates are shown in Table
VI. Note that the rates for radical-pollutant reactions are much greater than the rates
for radical-radical recombination reactions.
The evolution of the concentration of radicals during a single pulse is shown in
Figures 1-4. Note that the most important oxidizing radicals, OH and HO 2 , and the
reducing radical, N(4S), are consumed by radical-pollutant reactions in 200
microseconds or less. Thus, for pulse repetition rates of up to around 5 kHz, the
concentration of these radicals remain sufficiently low to prevent any significant
loss due to radical-radical recombination reactions.
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Table II. Electron-impact excitation, dissociation and ionization reactions included
in the plasma chemistry calculations.
Reaction
3
e + N 2 -> e 4- N 2 (A E)
e + N2 -> e4- N(4S) 4- N( 4 S)

1

2
3
4

e 4- N 2 -> e + N(4S) + N(2D)
e + N 2 -» e 4- N(4S) + N(2P)

6

e + N 2 -K + e + N 2 e + N 2 ^ e 4- e + N(4S) 4- N+

7

e + N2 -> e -f e + N(2D) 4- N+

8

e4-O 2 -^ e 4- O(}A)
3
3
e 4- O2 —» e 4- O( P) + O( P)
3
e + O 2 -> e 4- O( P) 4- O(!D)

5

9
10
11
12

3
1
e 4- O2 -» e 4-O( P)4-O( S)
e + O 2 --> e + e + O2+

13

e + O 2 -> e 4- e 4- O( 1 D) 4- O+

14

15

e + H 2 O -> e 4- H 2 4- O
e 4- H 2 O->e + OH 4- H

16

e + H 2 O -* e + e + H2O-

17
IS
19
20

e + H 2 O -»e 4- e + OH + H +
e 4- H 2 O -»e 4- e + H 4- O H +
e 4- H 2 O ->e + e + H 2 4- O +
e 4- CO 2 ->
- e 4- CO 4- O

23

e 4- CO 2 -*• e + e 4- CO 2 +
e + CO2-> e 4- e 4- O 4- CO+
e 4- CO 2 -> e 4- e 4- O 4- O 4- C^

24

+
e + C O 2 ^e 4- e + CO 4- O

21
22

Table III. Initial concentrations used in the plasma chemistry calculations.
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Species

Initial Concentration

NO

200 ppm

NO 2

50 ppm

SO2

NH3

3000 ppm
3250 ppm

N2

70%

O2

5%

CO 2

10%

H2O

15%

Table IV.
Pulsed electron
calculations.

beam parameters

Parameter

used in

the plasma

Condition 1

chemistry

Condition 2

Dose Rate (Mrad/s)

2x10

2xl0 5

Pulse Length (ns)

3000

30

Frequency (Hz)

67

6667

Average Dose per Pulse (rad)

6000

6000

Gas Temperature (°C)

70

70

3

Table V. Maximum concentration of radicals formed per pulse during electron
beam irradiation with an average dose of 6000 rad per pulse.
Radical

Maximum Concentration Formed (ppm)

OH

1.2

HO 2

1.0

4

N( S)

0.25

O(3P)

0.35
0.12

Table VI. Radical utilization and destruction rates for some radical-pollutant and
radical-radical reactions.
Reaction

Rate (pprn/s)

SO2 + OH + M -> HSO3 + M

55000

NO + HO 2 -*• NO 2 + OH

30000

NO2 + OH + M -» HNO3 + M

42000

N + O H - ^ NO + H

350

N + HO 2 -> NO + OH

111

OH + OH -» H2O + O

290

OH + HO 2 + M -> H2O + O2 + M

2400

As mentioned previously,, the OH radical plays the key role in the simultaneous
removal of NOX and SO2. The energy efficiency for creation of O radicals is relatively
low in an electron beam reactor. Furthermore, a large fraction of the O radicals is
consumed in the formation of ozone, O3. Figure 5 shows the evolution of the
concentration of ozone. Because of the relatively longer timescale for formation and
depletion of ozone, the concentration of ozone will tend to build up after a large
number of pulses. The efficiency for oxidation of NO* and SC^ by ozone is relatively
low.
Figures 6 and 7 show the evolution of the concentrations of NO and NO2,
respectively, during a single pulse. Note that the concentrations of NO and NO2
reach a quasi-steady-state value before each next pulse. The amount of NO oxidation
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• 2x10*5 Mrad/s, 30 ns, 6667 Hz

OH

1.2

10"

10

10"°

10 -6

10"

10

-3

Time (s)
Figure 1. Evolution of the concentration of OH radicals during a single pulse of
electron beam. Solid line: dose rate of 2x105 Mrad/s, pulse length oi 30 ns and pulse
frequency of 6667 Hz; dashed line: dose rate of 2xl03 Mrad/s, pulse length of 3000 ns
and pulse frequency of 67 Hz.
1.2
2x10*3 Mrad/s, 3000 ns, 67 Hz I
Mrad/s, 30 ns, 6667 Hz I

HO

E 0.8

•B 0.6
cs

.1=

£

c
o
O

0.4

0.2

0
10"

1 0 -8

10"

10

-3

Time (s)
Figure 2. Evolution of the concentration of HO2 radicals during a single pulse of
electron beam. Solid line: dose rate of 2xl05 Mrad/s, pulse length of 30 ns and pulse
frequency of 6667 Hz; dashed line: dose rate of 2xlO3 Mrad/s, pulse length of 3000 ns
and pulse frequency of 67 Hz.
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Figure 3. Evolution of the concentration of ground state nitrogen5 atoms,
during a single pulse of electron beam. Solid line: dose rate of 2xlO Mrad/s, pulse
length of 30 ns and pulse frequency of 6667 Hz; dashed line: dose rate oi 2x103
Mrad/s, pulse length of 3000 ns and pulse frequency of 67 Hz.
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Figure 4. Evolution of the concentration of ground state oxygen atoms, O(3P),
during a single pulse of electron beam. Solid line: dose rate of 2xlCj5 Mrad/s, pulse
length of 30 ns and pulse frequency of 6667 Hz; dashed line: dose rate of 2xlO3
Mrad/s, pulse length of 3000 ns and pulse frequency of 67 Hz.
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Figure 5. Evolution of the concentration of ozone, O3, during a single pulse of
electron beam. Solid line: dose rate of 2xlO5 Mrad/s, pulse length of 30 ns and pulse
frequency of 6667 Hz; dashed line: dose rate of 2xl0 3 Mrad/s, pulse length of 3000 ns
and pulse frequency of 67 Hz.
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Figure 6. Evolution of the concentration of NO during a single pulse of electron
beam. Solid line: dose rate of 2x105 Mrad/s, pulse length of 30 ns and pulse
frequency of 6667 Hz; dashed line: dose rate of 2xl0 3 Mrad/s, pulse length of 3000 ns
and pulse frequency of 67 Hz.
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Figure 7. Evolution of the concentration of NOj during a single pulse of electron
beam. Solid line: dose rate of 2xlO5 Mrad/s, pulse
length of 30 ns and pulse
frequency of 6667 Hz; dashed line: dose rate of 2xlO3 Mrad/s, pulse length of 3000 ns
and pulse frequency of 67 Hz.

after each pulse is approximately the same for a dose rate of 2xlCP Mrad/s, pulse
length of 30 ns, repetition rate of 6667 Hz, and a dose rate of 2xl03 Mrad/s, pulse
length of 3000 ns and repetition rate of 67 Hz. The oxidizing radicals are utilized
effectively in both cases. Figures 8 and 9 show the evolution of the concentrations of
NO and SO2, respectively, during the first 15 pulses of electron beam irradiation. For
the case of 2x10= Mrad/s, 30 ns pulse, and 6667 Hz rep-rate, a small degradation in
removal efficiency is evident after many pulses because the oxidation process is not
completely finished before each next pulse. This degradation however is very small
and can be prevented completely by reducing the pulse repetition rate to 5 kHz or
less.
The timescale for formation and depletion of ozone is relatively long, as shown in
Figure 5. With a pulse repetition rate of 6667 Hz, the concentration of ozone builds
up after many pulses, as shown in Figure 10. Any deleterious effect due to zone
build-up can can be prevented by reducing the pulse repetition rate.
The main conclusion of this study is that a pulsed electron beam reactor, operating
with a dose rate of 2x105 Mrad/s, pulse length of 30 ns and pulse repetition rate of up
to around 5 kHz, will have the same efficiency for the simultaneous removal of
NOX and SO2 as an electron beam reactor operating with a very low dose rate in
continuous mode.
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Figure 8a. Evolution of the concentration of NO during the first 15 pulses of
electron beam. Dose rate of 2x103 Mrad/s, pulse length of 3000 ns and pulse
frequency of 67 Hz.
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Figure 8b. Evolution of the concentration of NO during the first 15 pulses of
electron beam. Dose rate of2xlO5 Mrad/s, pulse length of 30 ns and pulse frequency
of 6667 Hz.
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Figure 9a. Evolution of the concentration of SO2 during the first 15 pulses of
electron beam. Dose rate of 2xl0 3 Mrad/s, pulse length of 3000 ns and pulse
frequency of 67 Hz.
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Figure 9b. Evolution of the concentration of SO2 during the first 15 pulses of
electron beam. Dose rate of 2x10^ Mrad/s, pulse length of 30 ns and pulse frequency
of 6667 Hz.
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Figure 10a. Evolution of the concentration of O3 during the first 15 pulses of
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Abstract
Decomposition of tetrachloroethylene and other chloroethenes by ionizing radiation were
examined to get information on treatment of industrial off-gas. Model gases, airs containing
chloroethenes,' were confined in batch reactors and irradiated with electron beam and gamma ray. The
G-values of decomposition were larger in the order of tetrachloro- > trichloro- > trans-dichloro- >
cis-dichloro- > monochloroethylene in electron beam irradiation and tetrachloro-, trichloro-, transdichloro- > cis-dichloro- > monochloroethylene in gamma ray irradiation. For tetrachloro-, trichloroand trans-dichloroethylene, G-values of decomposition in EB irradiation increased with increase of
chlorine atom in a molecule, while those in gamma ray irradiation were almost kept constant. The Gvalue of decomposition for tetrachloroethylene in EB irradiation was the largest of those for all
chloroethenes. In order to examine the effect of the initial concentration on G-value of decomposition,
airs containing 300 to 1,800 ppm of tetrachloroethylene were irradiated with electron beam and
gamma ray. The G-values of decomposition in both irradiation increased with the initial concentration.
Those in electron beam irradiation were two times larger than those in gamma ray irradiation.
1.

Introduction
Volatile organic compounds(VOCs) released in the atmosphere from various industrial

processes cause a serious and large scale environmental contamination. Several kinds of VOCs are
very harmful to human health because of carcinogenic effects and also produce toxic substances by
photo-chemical oxidation in the atmosphere. Recently, the Environmental Agency of Japan has
evaluated toxicity of various air pollutants including VOCs in order to set up a new emission
regulation[l]. Among VOCs, tetrachloroethylene and trichloroethylene belong to the most toxic
group.
Off-gas containing VOCs has been cleaned by conventional methods such as thermal
decomposition and active carbon treatment. The VOCs absorbed on the active carbon are also treated
by heating for regeneration. Such treatment methods using heat usually have a production of NOX. In
addition to this, thermal treatment of air and regeneration of the active carbon contaminated with
chloroethenes would produce dioxin, because chloroethenes are usually released with aromatic
VOCs.
Electrical discharge treatment[2] and electron beam(EB) treatment[3] seem to be an alternative
technology for the reduction of chloroethenes contained in air. These treatments have an advantage of
operating at ambient temperature as compared with thermal treatments and would not produce dioxin.
Moreover these treatments are more economical for low concentration of chloroethenes. In electrical
discharge and EB treatments, the energetic electrons induce dissociation and ionization of air
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components, N2 and O2, to produce free radicals and ions which oxidize and decompose
chloroethenes. Penetrante et al. compared the efficiency of decomposition of methanol and
trichloroethylene in electrical discharge and EB treatment and concluded that EB treatment needs less
energy than electrical discharge treatment[4].
In this work, the model gases, airs containing tetrachloroethylene and other chloroethenes,
were confined in batch reactors and irradiated with EB and gamma ray to evaluate decomposition
efficiency by ionizing radiation. Moreover, for tetrachloroethylene, the relationship between
decomposition efficiency and initial concentration was examined.
2
2.1

Experimental
Materials
Carbon dioxide free air(less than 1 ppm) was used as a base gas. Chloroethenes used in this

experiment were tetrachloroethylene(PCE) trichloroethylene(TCE), trans-dichloroethylene(transDCE) and cis-dichloroethylene(cis-DCE), which were used without further purification. For
monochloroethylene(MCE), a commercial standard gas with 51 ppm in carbon dioxide free air was
used as the model gas.

2.2

Preparation of model gas
The Pyrex glass reactors were used for irradiation. The reactor is 50 mm wide, 200 mm long

and 50 mm high and has a stop cock at both sides. The thickness of the reactor wall is 1 mm at the top
and 2 mm at other sides. The layout of equipment for preparation of the model gas is shown in Fig. 1.
The model gas containing each chloroethene was prepared by bubbling the base gas through the liquid
chloroethene. The bubbled gas was diluted with the same base gas in a gas mixer and introduced into
the five reactors connected in series. The concentration of each chloroethene in the model gas was
adjusted by changing the flow rates of bubbling gas and dilution gas as well as the temperature of
liquid chloroethene. After the concentration of chloroethenes in the last reactor became constant, the
reactors were sealed by the stop cocks. The concentrations of chloroethenes except MCE in EB and
gamma ray irradiation were adjusted to be about 300 ppm. For PCE, various concentrations ranged
from 300 to 1,800 ppm were also prepared for irradiation. The moisture content in the model gas was
measured to be about 300 ppm by a moisture analyzer(MAH-50D, Shimadzu Seisakusho Ltd.).
2.3

Irradiation and analysis
An electron accelerator(3 MeV max., 25 mA max., Cockcroft-Walton type, Nisshin High-

Voltage Co. Ltd.) was used for EB irradiation. An average dose rate in the reactor at 1 mA of beam
current was measured by CTA film dosimeter(FTR-125, Fuji Photo Film Co.) and evaluated to be 7.5
X 103 kGy/h. The reactors were put on a conveyor and passed through under the scan horn of the
electron accelerator with a speed of 9.08 m/min. Irradiation time of the model gas per 1 pass was 2.9
X 10"4 hour so that the dose per 1 pass was estimated to be 2.2 kGy/pass. Total dose was adjusted by
changing the number of pass of the conveyor under the scan horn.
A plate type Co-60 with the capacity of 12,000 Ci was used for gamma ray irradiation. The
distance of the reactor from the Co-60 source was 70 cm. The dose rate in the reactor measured by
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i

i

i

ex

Dose (kGy)
Fig. 2. Concentrations of chloroethenes vs. dose in EB irradiation
O PCE(322 ppm), A TCE(316 ppm), • trans-DCE(321 ppm),
O cis-DCE(321 ppm) and V MCE(51 ppm)

CTA film dosimeter was evaluated to be 2.8 kGy/h. Total dose was adjusted by changing the time of
irradiation.
The concentration of each chloroethene in the irradiated gas was measured by a gas
chromatograph(GC-8A, Shimadzu Seisakusho Ltd.) with a packed column(1001-51033, Shimadzu
Seisakusho Ltd.) and a flame ionizing detector(FID). The temperatures of injection port, column and
detector were kept constant at 120 °C. The concentrations of total carbon(TC) and inorganic
carbon(IC) were measured by a TOC-analyzer with an infrared detector(TOC-10B, Shimadzu
Seisakusho Ltd.). The temperatures of the columns for the measurement of TC and IC were kept
constant at 850 and 160 X), respectively.
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3

Results
Figure 2 shows the concentrations of chloroethenes vs. dose in EB irradiation. It can be seen

from the slope of each curve in this figure that chloroethenes are more easily decomposed in the order
of PCE > TCE > trans-DCE > cis-DCE > MCE. The doses necessary to decompose more than 90 %
of PCE, TCE, trans-DCE, cis-DCE and MCE are 2.2, 3.5, 5.7, 8.0 and 4.0 kGy.
Figure 3 shows the concentrations of chloroethenes vs. dose in gamma ray irradiation. The
curves for PCE, TCE and trans-DCE are almost same. The cis-DCE and MCE are less decomposed
than these chloroethenes. The doses necessary to decompose 90 % of PCE, TCE, trans-DCE, cisDCE and MCE are 5.0, 4.8, 5.0, 6.8 and 3.2 kGy.
In order to examine the relationship between decomposition efficiency and initial concentration,
the model gases containing 300 to 1,800 ppm of PCE were irradiated with EB. Gamma ray irradiation
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Fig. 3. Concentrations of chloroethenes vs. dose in gamma ray irradiation
O PCE(322 ppm), A TCE(316 ppm), • trans-DCE(321 ppm),
O cis-DCE(299 ppm) and V MCE(51 ppm)
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was also carried out as a reference experiment. Figure 4 shows the concentrations vs. dose in both
irradiation. It can be seen from this figure that EB irradiation is more effective than gamma ray
irradiation. The doses necessary to decompose 90 % of the initial concentration in both irradiation are
summarized in Table 1. The ratio of necessary doses for EB irradiation to that for gamma ray
irradiation gradually increases from 44 to 68 % with increase of the initial concentration.
In order to get information on the balance of carbon in the irradiated gas, the changes of
relative carbon concentration as total carbon(TC) and inorganic carbon(IC) were examined. Figure 5
shows the changes of relative carbon concentration vs. dose at a concentration of 722 ppm in EB
irradiation. The relative concentration of PCE is also shown in this figure. The carbon concentration
as TC was constant during the irradiation. After EB irradiation, organic and inorganic gaseous
products are formed.
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Table 1. Doses neccesary to decompose 90 % of PCE

Initial cone, (ppm)

Dose (kGy)
EB

r

300

2.1

4.8

600

3.2

6.2

900

3.9

5.7

1,800

5.4

8.0

EB : Electron beam irradiation, 7 : Gamma ray irradiation
The relative carbon concentration as organic gaseous product, shown in Fig. 5, can be obtained
from the difference between TC and IC. The relative concentration of organic gaseous product
increases with dose from 0 to 6 kGy and gradually decreases in the range from 6 to 13 kGy. This
indicates that organic gaseous product formed by low dose irradiation is decomposed to IC with
further irradiation. The relative carbon concentration as IC such as carbon dioxide is 22 % at 13 kGy.
4. Discussion
4.1

G-values of decomposition
In order to evaluate decomposition efficiency of chloroethenes, G-values of decomposition

were calculated from the initial slope of decomposition curve of chloroethenes shown in Fig. 2 and 3.
These values are summarized in Table 2.
The G-value of decomposition for PCE in EB irradiation is the largest of those for all
chloroethenes and two times larger than that in gamma ray irradiation. For trans-DCE and cis-DCE,
G-values of decomposition in EB irradiation are the same as those in gamma ray irradiation. The
values of trans-DCE in both irradiation are two times larger than those of cis-DCE. For MCE, Gvalue of decomposition in EB irradiation is 70 % of that in gamma ray irradiation.
4.2

Difference between EB and gamma ray irradiation
It is well known that there is no difference in the chemical effects on materials between EB and

gamma ray irradiation. When the air containing vaporized water is irradiated with ionizing radiation,
OH, HO2, O, N and H radicals and O 3 are produced as the active species[5]. Among these active
species, OH radical has a larger reaction rate constant with chloroethenes than other active species.
For example, the reaction rate constants with PCE are 1.67 X 1O13 cm3molcule"'s' for OH radical[6]
and < 2 x 10"23 cm 3 molecule'V for O3[7]. Therefore, the reaction of OH radical with chloroethene
seems to be the first step of the reaction in the decomposition process. The G-values of
decomposition for PCE, TCE, trans-DCE and cis-DCE in both EB and gamma ray irradiation are
much larger than that of formation for OH radical which is 4.2[8]. The large values can be accounted
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for by the decomposition mechanism with a chain reaction. According to the research of Prager et
al.[3], OH radical formed in EB irradiation attaches to chloroethene double bond to produce Cl
radical. In the presence of O2, this Cl radical reacts with chloroethene to induce a chain reaction. The
mechanism for PCE decomposition can be described as follows.
The OH radical reacts with PCE to form Cl radical via reaction(l) and (2)
OH

+

c c i 2 - CC12

OHCC12 --CC1 2
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=> OHCC1 2 --CCI2
OHCC1-CC1 2

+

Cl

(1)
(2)

The Cl radical can attach to the double bond of PCE. The resulting radical reacts with oxygen and
forms the peroxyl radical[9].
Cl

+ CC12 = CC12

CCI3 - CC12 +
2CC1 3 -CC1 2 (O 2 )

-»

CC1 3 -CC1 2

(3)

CC13-CC12(O2)

02

2CC1 3 -CC1 2 (O)
CC13-COC1

+

(4)
+

O2

Cl

(5)
(6)

CC1 3 -CC1 2 (O)
CC13 +

COC12

(7)

The peroxyl radical, CC13 - CC12(O2), produces alkoxyl radical, CC13 - CC12(O), and oxygen via
reaction(5). The alkoxyl radical produces trichloroacethylchloride and Cl radical which can proceed
the chain reaction via reaction(6) or CC13 radical and phosgene via reaction(7). Phosgene is oxidized
with OH radical and produce carbon dioxide, hydrogen chloride and Cl radical.
COC12

+

OH

-*- CO2

+ HC1 +

Cl

The termination reaction of the chain reaction seems to be bimolecular reactions of Cl radicals and/or
CC13 radicals.

Table 2.

G-values of decomposition for chloroethenes

Chloroethene

G-value of decomposition
EB

PCE

45

7
22

TCE

36

26

trans-DCE

25

26

cis-DCE

14

14

MCE

5.4

7.4

EB : Electron beam irradiation, 7 : Gamma ray irradiation
The concentrations were adjusted to be about 300 ppm, except MCE(51 ppm).
Tetrachloroethylene is decomposed with ionizing radiation to form CC13 — COC1, COC12, CO2,
HC1, Cl2 and CCL, as the irradiated products. Instead of CC1 3 -COC1 and CCL,, CHC1 2 -COC1 and
CHC13 for TCE, CH 2 C1-COC1 and CH2C12 for trans- and cis-DCE are expected to be produced.
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For PCE, TCE and trans-DCE, G-values of decomposition in EB irradiation increase with
increase of chlorine atom in a molecule, while those are almost kept constant in gamma ray irradiation.
In decomposition process of chloroethenes, a chain reaction is induced by OH radical and proceeds
by Cl radical and O2. Therefore the reaction rate constant of OH radical with chloroethene and the
chain length would have a profound effect on G-value of decomposition. Sanhueza et al.[9] reported
for oxidation of chloroethenes initiated by Cl radical formed in photochemical reaction that the chain
lengths, at sufficiently high oxygen pressure, are 300 for PCE, 200 for TCE and 21.5 for trans-DCE.
In EB irradiation, the difference in G-value of decomposition for PCE, TCE and trans-DCE
corresponds to the difference of the chain length. On the other hands, the chain lengths in gamma ray
irradiation would be short compared with those in EB irradiation.
4.3

Effects of the initial concentration
For 300 to 1,800 ppm of PCE, G-values of decomposition in EB and gamma ray irradiation can

be calculated from the initial slope of the corresponding decomposition curve in Fig. 4. Figure 6
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Fig. 6. G-values of decomposition vs. initial concentration for PCE
O EB irradiation, A Gamma ray irradiation
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shows G-values of decomposition vs. initial concentration of PCE. It can be seen from this figure that
G-values of decomposition in both irradiation increase with the initial concentration. For example, the
values at 900 and 1,800 ppm are 91 and 139 in EB irradiation and 44 and 76 in gamma ray irradiation.
The increase in G-value of decomposition with the initial concentration can be accounted for by the
chain length in the chain reaction. As mentioned in section 4.2, the OH radical reacts with PCE and
form Cl radical via reaction(l) and (2). The Cl radical can attach to the double bond of PCE and
finally forms the irradiated products and Cl radical. Moreover this Cl radical can proceed the chain
reaction and decompose PCE until the bimolecular termination reactions of Cl radicals and/or CC13
radicals would occur. The large concentration of PCE would increase the possibility of the reaction of
Cl radical and PCE.
At the same concentration, G-values of decomposition in EB irradiation are about two times
larger than those in gamma ray irradiation. Since the dose rates of EB and gamma ray irradiation are
7.5 X 103 and 2.8 kGy/h in this experiment, production of the active species formed per unit time
should be 2 X io 3 times larger in EB irradiation than those in gamma ray irradiation. The G-values of
decomposition of aromatic VOCs is generally smaller in EB irradiation than in gamma ray irradiation
because of large recombination rate of the active species formed from air components. In case of oxylene, one of aromatic VOCs, G-value of decomposition in EB irradiation is 1.5 times smaller than
that in gamma ray irradiation[10]. In case of PCE, TCE and trans-DCE, G-values of decomposition in
EB irradiation have same or larger value compared with that in gamma ray irradiation because of very
complicated chain reaction mechanism. But this reason should be discussed by further research.

6.

Conclusion
The main results of this study can be summarized as follows.
1) Vaporized chloroethenes in air were irradiated with ionizing radiation to evaluate

decomposition efficiency. In EB irradiation, G-values of decomposition were larger in the order of
PCE > TCE > trans-DCE > cis-DCE > MCE for EB irradiation and PCE, TCE, trans-DCE > cisDCE > MCE for gamma ray irradiation. The values for trans-DCE and cis-DCE in EB irradiation
were almost equal to those in gamma ray irradiation. The G-values of decomposition in EB
irradiation increased with increase of chlorine atom in a molecule, while those in gamma ray
irradiation were almost kept constant. The G-value of decomposition for PCE in EB irradiation was
the largest of those for all chloroethenes.
2)

The G-value of decomposition of PCE in EB and gamma ray irradiation increased with the

initial concentration ranged from 300 to 1,800 ppm. The G-values of decomposition in EB irradiation
were about two times larger than those in gamma ray irradiation.
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Abstract
The electron beam induced decomposition of volatile organic compounds (e.g. aromatic
compounds, esters, chlorinated hydrocarbons) and polycyclic aromatic hydrocarbons
(e.g. chlorinated dibenzo-dioxins) in industrial off gas has been investigated by several
research groups in Germany and Japan. The method was shown to be effective for
cleaning the waste gas of a paint factory, the waste air discharged from an automobile
tunnel, the off gas cleaning from a groundwater remedation plant and the flue gas of a
waste incinerator.

The electron beam process achieves high removal efficiencies for

volatile organic compounds. Reaction models have been developed, which suggest, the
organic compounds are oxidized by hydroxyl radicals. The electron beam process may
treat very large off-gas volumes at ambient temperatures and has a low energy
consumption. The production of secondary wastes can be avoided or minimized.
Compared to conventional methods the investment and operation costs of the process
seem to be attractive for selected applications.

1.

Introduction

Off gases containing Volatile Organic Compounds (VOC) and Polycyclic Aromatic
Hydrocarbons (PAH) are emitted from industrial solvent applications, automobiles and
incineration processes. Many different compounds must be considered among
classes VOC and PAH. Some of these compounds

the

e.g. alkenes and aromatic
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hydrocarbons are contributing to the formation of photochemical smog (ozone),

some

are highly toxic e.g. polychlorinated dibenzodioxins and -furanes (PCDD/F) from waste
incineration. During the last decade the emission limits for VOC and PCDD/F have been
reinforced in Germany and elsewhere. This has initiated a rapid development of cleaning
processes for off gases and is leading to a change of production processes, to avoid or
minimize the gaseous emissions.
Cleaning processes for most off gases are meanwhile developed and supplied by
industry. Among these are absorption, incineration and biological methods. In general
these methods achieve the required emission limits, but some problems still exist: The
cleaning processes are rather expensive, when compared to the emitting production
facilities. Their energy consumption may be quite high, especially for off gases containing
only low concentrations of VOC. Sometimes new waste is generated by adsorption
processes, if the adsorbent cannot be regenerated. Secondary gaseous emissions may
occur from incineration processes of chlorinated VOC such as HCI, CO and PCDD/F,
which require additional scrubbing of the treated off gas.

Certain VOC such as

chlorinated compounds cannot be treated efficiently by biological filters.
Several problems remain to be solved with respect to off gas cleaning, such as the
high costs, high energy consumption and the formation of secondary wastes. This has
promoted the investigation of the application of electron beam (EB) for the cleaning of
industrial off gases other than flue gases from power plants. This paper reviews the state
of this development and the main results. The economics of the process are discussed
and the most promising EB-applications are suggested.

2.

Experimental Facilities
Several experimental facilities have been built, to investigate the EB induced off

gas cleaning processes. These plants are listed in Tab. 1.
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Tab. 1: Pilot Plants for EB-Treatment of Industrial Emissions
Operator

Pollutants

Applications

Flow Rate

operation

[m3h-1]
AGATE

FZK

NOx, SO2,

(Germany)

VOC

1,200

since 1989

NOx (VOC)

Tunnel Off Gas

50,000

1991-3

FZK and

VOC,

Solvent

1,000

since 1994

IOM

PCDD/F

Emissions,

(Germany)

CHC

waste

Tokyo Bay EB- EBARA
Cleaning Plant Corp.
(Japan)
AGATE-M

incinerator, site
remediation
IOM

MINE

CHC

Site remediation 300

since 1995

CHC

Site remediation ?

since 1992

(Germany)
Mobile Plant

Zapit
Technology
Inc. (USA)

Some of these EB-plants are stationary such as the AGATE of FZK and the Tokyo
Bay plant of EBARA Corp. For development and for demonstration of the EB-technology
the mobile plants of FZK [1] and IOM were built. These plants have been used for the
VOC-removal from the off gas of a paint factory, a waste incinerator and for the air
discharged from a ground water remediation plant. Zapit Inc. (USA) has patented a
mobile EB facility and offers their service to industrial customers in the field of site
remediation [2].
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The plants of FZK and IOM are built in a similar way. The off gas is introduced into an
reaction chamber interfaced to an electron accelerator. The accelerated electrons ionize
the air and the pollutants are oxidized (acids, CO2, CO). These products are then
collected by dry bag filter or by wet product scrubbers. In a final stage an active coal filter
is installed to remove excess ozone. The AGATE-M plant (Fig.1), which was built jointly
by IOM and FZK has been described previously in more detail [1]. The Tokyo Bay plant of
Ebara uses a 550 keV electron accelerator to treat a flow of 50,000 mN3 h"1 of tunnel offgas [fig. 2]. The tunnel off gas contains NOX and VOC, which are efficiently oxidized by
the EB treatment in the presence of ammonia. The products are trapped by a wet
electrostatic precipitator and an active coal filter. The product of the process is liquid
fertilizer an ammonium nitrate solution.

3.

Review of present state

The electron beam irradiation of industrial off gases (flue gas or other) leads to the
formation of ions, radicals, atoms and excited species by radiolysis of the matrix gases
(N2, O2, H2O, CO2). These species further react with O2 and H2O thereby forming OH and
other radicals. The radicals oxidize in fast reaction chains the trace components such as
SO2 , NOX or VOC. The oxidation products nucleate rapidly if their vapor pressure is
sufficiently low to form an aerosol. The reactions occurring in the process therefore
resemble the chemistry, which has been proposed for the formation of the photochemical
smog. A detailed analysis of the gas phase reaction chains has been achieved

by the

development of large computer models [3].

3.1. Site Remediation (Chlorinated Hydrocarbons)
The careless handling of solvents in earlier times caused a wide spread ground
water pollution underneath German cities. Besides direct cleaning of the polluted water
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Fig. 1: Mobile off gas cleaning plant AGATE-M [1]
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Fig. 2: Tokyo bay EB-p!ant for tunnel off gas cleaning

by absorption or oxidation, degassing or stripping of the water is applied. This process
transfers the volatile chlorinated hydrocarbons (CHC)

into the gas phase. The off gas

may be cleaned by activated coal absorption, to remove the CHC. To reach the emission
limits for CHC (10 mg mN"3 ) the coal is exchanged frequently and high costs (e.g. 1 - 5
DM m'3 of cleaned water) have been reported.

Previously several studies had been performed with respect to the direct
irradiation of CHC contaminated water. The treatment of volatile chlorinated alkanes in
air

by

UV

and

EB-processing

trichloroethylene (TCE)

was

investigated

[4]. The

UV-

photolysis

of

at the wavelength of 222 nm yielded mainly phosgene and

dichloroacetylchloride. These toxic gases must be hydrolyzed completely by alkaline
scrubbing of the treated gas. The reaction proceeds with a quantum yield of 10 for the
TCE decomposition, suggesting a radical chain reaction plays an important role in the
UV-degradation of TCE. Compared to the photolysis the radiolytic destruction of CHC
leads to almost complete mineralization. The radiolysis of TCE (375 mg/m3) with a dose
of 7 kGy produces as main products CO2, HCI and Cl2. The products can be removed
from the off gas by alkaline sorbents in dry or wet scrubbers.

The mobile irradiation plant AGATE-M was installed at a remediation site in
Germany to test the potential of the EB-technology [5] for this application. The polluted
air contained

15.7 mg CHC

mN"3, with

1,2-cis-dichloroethene

(DCE), TCE

and

tetrachloroethene being the major components. At an irradiation dose of 2.5 kGy DCE
and TCE were

decomposed

to >90% and converted

into inorganic

products.

Tetrachloroethene and other saturated CHC were more stable (Fig. 3). Only minor
concentrations of hazardous products (phosgene, chloroacetic acid) were detected and
minimized by proper irradiation conditions. Interestingly the EB- treatment is effective for
compounds which are hardly trapped by active coal adsorption such as vinyl chloride
and 1,2-cis-dichloroethene [6].
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Fig. 3: Decomposition of chlorinated hydrocarbons in the off-gas from a
remediation plant treating CHC-contaminated groundwater [6].

The plant offered by Zapit Technology for site remediation has been mentioned
above. Unfortunately no published data are available, with respect to the performance of
their technology.

3.2. Solvent Emissions

Early experimental and theoretical studies regarding the decomposition of
benzene, toluene and H2S have been performed in our laboratory' [7], It was found that
toluene was more reactive in the EB-process than benzene (Fig. A).
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Fig. 4: Decomposition of benzene and toluene in ambient air by treatment with EB
The removal efficiencies for an industrial solvent mixture, as determined by FID
downstream of the accelerator, depend on several parameters: dose, concentration and
chemical composition of the mixture. As shown in fig. 5 efficiencies up to 90% were
measured for low concentrations (20, 40 mg m 3 ) in the dose range between 1 - 5 kGy.
Lower efficiencies up to 75% were found for a VOC concentration of 110 mg m"3 in the
same dose range.

The products of the irradiation induced degradation of VOC were detected and
quantified [8]. For butyl-acetate simple organic acids (formic, acetic, propionic) for xylene
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Fig. 5: Decomposition of industrial solvent vapors in ambient air by EB treatment

the acids and also aerosols were detected. A complete carbon balance was established.
On the basis of the product study a tentative reaction mechanism for the OH-induced
degradation of Butylacetate was developed (Fig.6) . Wu et.al. [9] have reported on the
decomposition of benzene and toluene by irradiation. They observed and characterized
the aerosol formation in air and nitrogen.

To test the process--under realistic conditions, the AGATE-M pilot plant was
installed at a paint factory. About 800 m3 h'1 of waste gas from the ventilation system of
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Fig. 6: Reaction mechanism for the decomposition of butyl acetate by OH-radicals in
irradiated air [19]
the paint factory was treated by a dose of 9 ± 2 kGy. The irradiated gas was filtered by a
high efficiency particle filter and then by an active coal bed. The VOC inlet concentration
varied between 20 - 300 mg C m'3. During certain days of the experiment a stable
concentration of 110 ± 10 mg C m'3'was measured byTID. The removal efficiencies by
irradiation were comparable to the laboratory data. During longer experimental runs e.g.
1 day, the acidic products accumulated in the particle filter of the pilot plant and finally
penetrated the filter. This caused smelly secondary emissions. The

problem will be

solved by using more efficient product filters, suitable to remove the smelly organic acids.
The ozone emission (measured by the KJ-method) from the irradiation of the air/VOC mixture was at 5 - 7 ppm downstream of the product filter of the pilot plant during typical
operation conditions [10].
3.3. Tunnel off

gas

Large volumes of air are vented from automobile tunnels to improve the air
quality within the tunnels with respect to visibility and toxic trace gases (NO, NO2 VOC).
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Some of the VOC might be harmful (e.g. benzene, PAH) to close-by residents, who are
exposed permanently. Due to the large off gas volumes of tunnel ventilation systems
(>10 6 m 3 h 1 ) the total mass flow of NOX emission is comparable to a large power plant.
Especially for tunnels off gas, which is exhausted within residential areas a cleaning
technology having low energy consumption and low space requirements is desirable.
Some major European (Hamburg, Basel) and Japanese (Tokyo) cities have investigated
processes suitable for cleaning these very dilute and high-volume off-gases. Our model
calculations using the AGATE code [11] had predicted, the electron beam treatment of
tunnel off gases will require a dose of less than 1 kGy, due to the low concentrations of
pollutants to be removed. In order to trap the irradiation products (HNO3, NO2, aerosols)
the development of compact filter units is necessary.

A plant for a flow of 50,000 m3h"1 of tunnel off gases was operated for 2 years
successfully by Ebara Corp. in the Tokyo Bay [12]. Their process closely resembles the
EBDS-process for flue gas cleaning. The tunnel gas is spiked with traces of ammonia
and subsequently irradiated with electrons. The paniculate products (ammonium nitrate),
dust and soot from the tunnel are trapped in a wet electrostatic precipitator. Finally traces
of excess ozone are decomposed by an activated carbon filter. The product, a solution of
ammonium nitrate is cleaned from solid exhaust components and may be used as liquid
fertilizer.

3.4. Incinerator Flue Gas
The flue gas generated by the incineration of municipal wastes contains

acidic

trace gases such as HCI, SO2 and NOX . These compounds may be treated by EBprocessing and neutralized by lime addition. A pilot plant has been in operation at the
incinerator of Matsudo in the Tokyo area during recent years [13]. According to the results
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obtained, HCI and SO 2 were removed to over 90% from the gas and sufficiently high
efficiencies were obtained for NOX removal, even at higher temperatures. The product of
this process is a mixture of fly ash and soluble organic salts, which must be disposed of.
The method might be useful as a low-cost retrofit for existing incinerators.

Besides HCI, NOX and SO2

the emissions of gaseous and particulate heavy

metals and chlorinated aromatic compounds like phenols, benzene, dioxins and furanes
are of public concern. Present technology uses adsorption onto active coal to trap these
highly

toxic

compounds,

which

subsequently

creates a new

waste

stream

of

contaminated coal. On the long run the complete destruction of toxics by oxidative
technologies (catalysts, addition of H2O2 or non-thermal plasma processes like EBDS)
seems to be technically superior and a more economic solution to the problem.

By model calculations we had previously tested if gaseous dioxins might be
decomposed by EB-processing of flue gas [14]. Very high decomposition rates (>99%)
were predicted . In our laboratory fundamental studies on the EB-induced oxidation of
chlorinated aromatic compounds were performed by Fengler [15], who investigated the
removal efficiencies

and products of this reaction. He found that this

decomposes the toxic chlorinated compounds

reaction

at rather low energy consumption into

organic acids such as formic and acetic. Minor traces of chloroacetic acid were detected.

The mobile off gas cleaning plant (AGATE-M) was used to treat a flow of 1,000
mN3h"1 of flue gas from a waste incinerator. The concentrations of PCDD in the untreated
flue gas were between 21 - 110 ng mN"3and for PCDF a total of 45 - 263 ng m N 3 was
determined. Very high decomposition efficiencies were obtained at a dose of 5 - 10 kGy.
Gaseous emissions of polychlorinated dibenzo-dioxins

and -furanes (PCDD/F) in
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incinerator flue gas are decomposed to below 0.1 ng mN3 by the irradiation
accelerated electrons [16]. Besides the experimental results

with

the previously calculated

graph for TCDD is shown in Fig. 7 for comparison. The coincidence

of the calculated

and the measured values is in agreement with the proposed reaction mechanism
involving the primary attack by OH radicals to the PCDD structure. This is also supported
by experimental product studies on EB induced gas phase oxidation of PCDD [15].
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Fig. 7: Decomposition of PCDD/F in incinerator flue gas [16].

4.

Economical Considerations

The aforementioned EB-applications for cleaning of industrial off gas have been tested
with real off gas at a scale, which permits preliminary estimates
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of the costs of larger

industrial installations. Presently industrial scale flue gas cleaning plants are built at
power plants, which require accelerators with a power of more than 1 MW. These
accelerators have been delivered at specific costs of 2 - 3 $/W for a plant size of 290,000
mN3 h"1 and their cost represents about 20 % of the total costs of the flue gas cleaning
plant.

In small scale applications discussed above, such as the mobile plants for CHC-removal
the accelerator represents a very high fraction of the total plant costs e.g. 80 %. These
high costs may be acceptable at certain market niches such as site remediation. Prager
et. al. [17] have discussed the costs of the EB-process for a specific site and compared
the EB process to a active coal adsorption method. They found, that the EB process had
a significant cost advantage over the existing technology (adsorption). Nevertheless it
should be noted, that this estimation is valid for specific technical conditions such as low
CHC concentrations and higher fractions of DCE and TCE, which can be removed at low
EB energy consumption.

Despite low investment costs the active coal adsorption is

rather expensive for these conditions, because large amounts of fresh coal are needed
due to low equilibrium pressures of CHC and poor adsorption properties of DCE and
TCE.

For larger applications such as retrofit installation for dioxin control at waste incineration
plants, having a flow rate of e.g. 90,000 mN3 h"1 , Siret and Gilman [18] have compared
the typical costs for conventional methods (Table 2).

From our pilot experiment we conclude, that for this application a 400 kW EB will be
sufficient to treat a flow of 90,000 mN3 h"1. Assuming large scale accelerators may be
manufactured at 2.5 $ / W the total costs of the EB-plant for this application are estimated
preliminary

to US

$ 2,700,000

including

hardware

(50%), engineering

(10%),
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Tab. 2 : Estimated costs for PCDD/F control processes

Investment

Operation

(in US $ 1000)

(US $/to waste)

0

4.9

2,800

3.7

11,000

7.8

Wet Carbon Process

1,300

2.2

SCR Catalytic Process (incl. de-

8,400

4.1

2,700

1.9

Process

Dry Process (Lime/Carbon)
Active Carbon Injection
(,,Flugstrom")
Static Carbon Bed

NO X )
EB Process (preliminary
estimation)

contingencies

(20%), installation (10%) and tax/insurance (10%).

incinerated waste

At 20 to/h of

the energy consumption of the EB amounts to 20 kWh per ton of

waste, equivalent to 1$ at 5 ct per kWh. Including some parasitic power and spare parts
the total amounts to about 1.9 $ per to of incinerated waste. Despite the difficulty
uncertainty

for these estimations

concluded, that the

at the stage of pilot experiments

and

it is therefore

EB induced decomposition of dioxins is economically attractive

compared to conventional methods.

5.

Conclusions
The EB-processing of industrial off gas has been investigated for several

applications such as the cleaning of waste air containing organic solvents, the exhaust
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from automobile

tunnels,

the remediation

of CHC-contaminated

sites and the

decomposition of dioxins in waste incinerator off gas. It is concluded, that sufficient
materials are available

to assess the technical and economic feasibility of the

investigated applications on a preliminary basis.
The cleaning of automobile tunnel offgas may be suitable for selected locations
and has been tested already in an industrial scale. The decomposition of dioxins and site
remediation may be seen as most attractive for further development in pilot and industrial
scale. The removal of solvent emissions by EB still requires additional development
work, to solve some inherent problems, such as secondary emissions.
Summarizing the main advantages of

radiation processing for emission control

are: the method avoids or minimizes secondary waste production, has a moderate
energy consumption and attractive investment costs. The next step in the development
will be the installation of larger plants, to obtain more relevant technical and economical
data.
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Abstract
During the recent years the stringent legislation and the public environmental knowledge has
led to the situation in which many companies have to reduce their process and ventilation gas
emissions consisting of volatile organic compounds (VOCs) and being noxious for environment.
There are several different methods for VOC controls. In this research project we will focus to
combine two novel and promising methods; electron beam treatment and biofiltration. Both of
them are sufficient alone in many cases but with combination we hope to get more advantages.
Now preliminary test series (phenol and styrene as test VOC matter) have been done to become
certain that the radiation byproducts from electron beam irradiation are suitable for biofiltration and
are not toxic to bio-organisms of a biofilter. Test series involved reference samples without
irradiating and irradiated samples containing wet and dry air; dry air and VOC, and wet air and
phenol. After e-beam irradiation with 13.5 kGy mean dose gas samples were collected to TENAXTA sampling tube and were later analyzed with gas chromatograph and mass selective detector
combination. The results show that among the decomposition products in the gas there are mostly
aldehydes and few esters, ketons and aromatic compounds which are known to be biodegradable.
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1. INTRODUCTION

Volatile organic compounds (VOCs) include by definition all organic compounds that are
capable of producing photochemical oxidants by reactions with nitrogen oxides in the presence of
sunlight. Because VOCs are harmful for environment and human health there are nationals and
international agreements and legislation to reduce VOC emissions, for example Geneve Protocol
[ 1 ] and the forthcoming directive of European Union concerning the use of organic solvents in
some industrial actions [2]. Now the stringent legislation and the public environmental knowledge
have led to the situation where many companies have to reduce process and ventilation gas
emissions which consist of VOCs. There are several methods for VOC controls, many kind of
scrubbers, carbon adsorption, thermal and catalytic oxidation. In this research project we will focus
to combine two novel and promising methods, i.e. electron beam treatment followed by
biofiltration.

1.2. E-beam treatment of VOCs

Electron beam treatment of VOCs has been under the growing interest during the recent years.
It has been found in the earlier investigations that electron beam can effectively clean different kind
of dilute VOC contaminated gases [3-7]. In electron beam treatment the clean-up efficiency for
VOCs depends on the organic compound to be treated and its concentration together with the total
dose. Hirota et al. [5] found the removal efficiency at 10 kGy dose to be nearly 90% for xylene but
only about 50 % for butylacetate. The curve of removal efficiency versus dose has typically the
shape of (l-exp(-x*D))-function, where D is the dose and x is a constant depending from the
compound to be treated and from its concentration (see Refs [3,5]).
The electron beam treatment of VOCs is similar to the e-beam flue gas treatment process.
Electrons are first accelerated to high energies under vacuum conditions in a vessel outside the
intended reaction chamber. Then the fast electrons in the electron beam enter a reaction chamber,
where they ionize VOCs and carrier gas molecules, creating a nonequilibrium plasma. This process
creates a high amount of secondary electrons for every primary electron produced by the beam. The
fast electrons and secondary electrons slow down quickly on the neutral species in the reaction
chamber. These slow electrons then create reactive radicals through collisions with carrier gas and
VOC molecules in the airstream. And these radicals are responsible to remove most of VOCs.
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1.2 Biofiltration of VOCs

Together with the e-beam treatment a new environment and user friendly alternative for VOC
control is biofiltration. Although different biofilter realisations have great differences the basic idea
is same for all of them. Biofiltration is the use of microorganism growing in the media (solid or
liquid) through which the gas to be treated is forced [8,9]. A schematic line drawing from a popular
trickling filter system can be seen in Fig. 1.
While moving through the filter the VOCs in the air transfer from gas phase to water phase
where the bioorganisms can destroy (metabolize) the contaminants. The end products of this VOC
destruction process are carbon dioxide, water and different metabolism residues. The microorganisms are maintained by nutrients provided by medium or carried by water, oxygen and
different components absorbed from the air stream to be treated.
Biofiltration has notable advantages compared to other VOC control techniques. It has
moderate capital costs and low operating costs. The process has no hazardous by-products. Biofilters can be use to control various odours and dilute VOCs. The clean-up efficiency is in many
case over 90 %. Biofiltration is a "natural" way to remove VOCs. The water need of biofiltration is
small and wastewater flow from the biofilter is fairly clean. Disadvantages of biofiltration are its
relatively large space requirement and that it is not possible to handle effectively sources where
the concentration fluctuate highly. The large space requirement is to provide adequate residence
time for VOC adsorption and destruction. In some cases VOCs with high concentration are

Liquid
«—I Distribution
(System

FIG. 1. Schematic presentation of a tricling filter system.
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poisonous also for decomposing microorganisms. Therefore the actual filters might be supported
by dilution chambers to confirm the filter operation. In addition, biofilter is not an on/off filter, it
must have some time to adapt a certain gas stream.
1.3. Advantages of joint filtration

The aim of our study is to solve the biofiltration problems described above by our joint
filtration technique. By joining electron beam treatment and biofiltration we can combine the
properties of two good choice. With low emission rate the biofilter can purify the air stream alone
and we have the minimum energy consumption, i.e. minimum operating costs. With higher
emission rates the electron beam treatment is a powerful prefilter which change VOC
concentrations to optimal levels applied to the biofilter. Because of the typical dependence of
electron beam removal efficiency from dose is something like (l-exp(-x*D))-function, in the most
cases only moderate doses should be needed to drop the concentration to the optimal level used in
the biofilter.
In many industrial processes the sudden leakage spikes as a result from system temporary
malfunction are quite common. In that situation a biofilter doesn't have enough time to adapt to the
change of the concentration. But if we would have a continuous on-line monitoring of VOC
concetration before the filtration unit we could cut the spikes away with electron beam treatment.

2. MATERIAL AND METHODS
The gas samples used in the preliminary tests were prepared as shown in the Fig. 2.
Pressurised air was flowing through a VDO pressure control valve to a glass bottle which was
fulfilled with CaCl2*2 H2O (Riedel-deHaer). After this drying bottle the flow was devided to two
VOC
source
Compressed air
Airflow
devider

Sample

FIG. 2. Preparation of the gas samples.
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GASMET

parts. One part was used to evaporate VOC (in this case phenol or styrene) and the other part was
used for dilution the gas mixture. When the wet samples were done the dilution part from air flow
was bubbled through a water bed. The volume flow of gases were measured with GIMONT (2000
ml/min) rotameters. The evaporation and dilution flows were fed through a 3 way valves to the
sample boxes (40*100*25 mm, stainless steel with 0.025 mm 99.6 % titanium window) made for
the irradiation tests. The concentrations of VOCs and the humidity of the samples were measured
by GASMET™ FT-IR multicomponent gas analyser to secure that the concentrations were
between the desired limits. In dry samples the amount of water was 0.1% (equal to 4 % relativ
humidity) and in the wet phenol samples the amount of water was between 2.6 % (equal to 98%
relativ humidity).
The gas samples were prepared in the University of Kuopio from where they were transported
to Abo Akademi University to be irradiated. During the transportation and storage over a night the
samples were kept at 0 °C temperature. The samples were irradiated with 175 kV ESI
Electroncurtain accelerator with 13.5 kGy mean dose. The mean of absorbed doses was detected by
two film dosimeters the placed just under the window and at the bottom of the sample box.
The irradiated samples and 100 ml nitrogen which flowed through a sample box were pumped
through glass pipes containing about 130 mg Chrompack Tenax-TA 60-80 MESH. These Tenax
tubes were transported back to Kuopio (stored at temperature 0 °C) and analysed with Chrompact
TCT, Hewlett-Packard 5890A gas chromatograph with J & W Scientific colone (length 30 m, ID0.25 mm, film thickness 0.25 fim) and Hewlett-Packard 5970 series mass selective detector.

3. RESULTS

Chromatograms of the irradiated air and VOC samples with the lists of identified compounds
with their retention times are shown in Figs. 3-6. From the chromatograms of irradiated VOC
samples the background of irradiated air and non-irradiated samples with VOCs were substracted.
The compounds which were probable irradiation products of phenol in dry air were found to be
phenol, 2-nitro; pentanal; acetic acid, phenylmethyl ester; aceticacid, phenyl ester and butanal. In
the case of phenol in wet air the compounds were heptanal; hexanal; acetic acid, phenylmethyl
ester; butanal and pentanal. In the chromatogram of irradiated styrene in dry air was very high peak
of benzaldehyde (see Fig. 6). Other plausible compounds of styrene degradation process were
toluene; pentanal; methyl ethyl ketone; heptanal; hexanal; methanamine, N-methyl-N-nitro;
butanal; acetophenone and benzene.
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4. DISCUSSION

In the earlier research it has been shown that a big part of the irradiation products of VOC
treatment will be in the solid (aerosol) phase. In these preliminary test we made a sensible
conclusion to investigate only gas phase compounds of the samples. When we will have a joint
filtration unit which will have a trickling filter as a biofilter then we can be sure that all (at least
most) of the solid particles will be washed away from the air stream with the water trickling
through the filter unit. Now we wanted to become certain that the irradiation of phenol or styrene
samples does not produce any substances which would be more harmful to the environment or to
the biofilter than what phenol and styrene are by themselves. The compounds found in the
irradiated samples were mostly aldehydes and few esters, ketons and aromatic compounds which
are known to be biodegradable. Earlier Anderson et al. (1997) studied oxidation of styrene using a
silent discharge plasma. They noticed many same products (acetophenone, benzaldehyde, phenol
and benzene) which were presents also in our samples [10]. Unfortunately degradation products of
used TENAX resin in the background seemed to be similar as compounds we were observing from
samples. That's why we were not able to be absolutely sure if some of those products were coming
from irradiation of VOCs or from TENAX resin. Our results partly show that TENAX resin cause a
quite high background level in the analyse. Further investigation are needed to select suitable
absorbents for collecting byproducts after irradiation of VOCs.
In this preliminary test the removal efficiencies of styrene and phenol in dry air were 38 % and
32 %, respectively. One reason to this low efficiency might be the irregular dose distribution in the
sample box.
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Abstract
This paper describes the pre-feasibility study for a 50MW electron beam flue
gas treatment demonstration plant at Piratininga Power Plant located at Sao Paulo, a
big city in Brazil, around 16 million inhabitants, with serious problems concerning air
pollution. This power plant belongs to Eletropaulo - Eletricidade de Sao Paulo S. A., a
public service electric utility responsible for the supply of energy to more than
5,800,000 customers, covering an area of 21,168 km2 where approximately 20,2
million people live. This plant is a 470MW, 2xl00MW built in 1954 and 2xl35MW
erected in 1960, oil fueled (at fuel load, 2,800 ton per day). The oil is BTE low sulphur
content (<1%), but the study considered the mode of operation and another options for
the fuel supply, with a sulphur content from 1.0 to 5.0%. It was decided to use a
medium point of 2,5% sulphur, flue gas rate of 150,000 NmVh for 50MW.

1. Introduction
Brazil is the largest country in South America and the fifth in the world in area,
with 8,511,996 km2, 146,960,141 inhabitants, an annual demographic growth of 1,9%
and nowadays economic growth of 3,5%.
Its economy is the most diversified and with the challenge of modernization and
international competition. The country, also, is a big exporter of agricultural products,
such as soybean, coffee, sugar, tobacco and meat.
The main electric supply sources in Brazil are hydraulic power plant (around
90%) and thermal power plants are responsible for around 10% of total power supply
[1].
But, there are nowadays in Brazil uncertainties concerning market growth and
development of the regions with hydroelectric potential, then it is reasonable to assume
that the country useful hydro potential will be depleted in the next 15 to 25 years. The
need thus arises to plan for after 2010 a predominantly thermal expansion replacing
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hydro growth: that situation is prevent by Eletrobras Plan 2015, the National Electric
Energy Plan of Brazil among 1993 - 2015.
Expansion and operating planning for the Brazilian electric systems are carried
out by collective bodies formed by power utilities and coordinated by Eletrobras.
These collective bodies seek to strike a balance between the local regional interests of
power utilities and those of the country and power sector as a whole, so that the
consumer market may be supplied with high reliability and at low costs.
Further, the must of thermal power plants are near great consumers located in
Brazil in urban areas and industrial cities like Sao Paulo and despite of the Plan 2015 to
prevent the use of clean sources like natural gas for the minimum thermal program to
be implemented, the existing plants are mainly in oil or coal consumption fuel.
Considering that the existing plants have also an important status to supply energy
during dry seasons (winter in Brazilian southeast region), the air pollutants level
increases critically during this period, near these regions. Then, it causes hard
environmental problems like emissions of SO2 and NOX into the atmosphere and acid
rain, combined with thermal inversion.

2. Air Quality Control
In Brazil there are laws to control pollutants emission fixed by "CONAMA", the
Brazilian National Environmental Council, which establishes maximum values for
emissions mainly the SO2. The CONAMA Resolution number 008 dated December 06,
1990 [2] affects new fixed sources of pollution that are coal or oil fuel burning:
incinerators, thermal power plants and so on. According to these laws, the
development of combustion gases dessulfurization methods is necessary, and in a near
future also the denitrification, mainly in attention to the "Agenda 21" adopted in Rio de
Janeiro for environmental conservation in 1992. The established emission standards are
presented in Table I. Any economic activity producing air pollution is forbidden on
first class areas that have to be atmospherically preserved. In areas to be preserved
(leisure, watering, hydromineral and hydrothermal places) new fixed sources with
nominal power over 70 MW are not allowed to be installed.
Eletropaulo - Eletricidade de Sao Paulo S. A. is the public service electric
utility responsible for the supply of energy to more than 5,800,000 customers settled in
the city of Sao Paulo and in other 78 locations, covering an area of 21,168km2 where
approximately 20,2 million people live.
Table I. Maximum levels of air pollutants in pollution fixed sources according
to CONAMA 008, Dec/06/1990 expressed in weight of pollutants by
caloric power (g/Gcal).
TYPE
FACILITY
NOMINAL
POWER
<70MW
NOMINAL
POWER
>70MW
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OF TYPE
OF
POLLUTANTS

CLASS OF

PARTICLES

I
120

SO2
PARTICLES

2000
—

SO2

...

AREA

II /III
350 OIL / 1500
COAL
5000 NOMINAL
120 OIL / 800
COAL
2000

Eletropaulo's Piratininga Power Plant is located near Sao Paulo downtown;
this big city, in the southeast of Brazil, in Sao Paulo state, has around 16 million
inhabitants. Sao Paulo city has serious problems concerning air pollution and the Plant
is trying to reach the parameters established by the CETESB (Company of
Environment Sanitation), a Governmental Institution responsible for the environmental
control in Sao Paulo state. When this plant operates at full load it is the main emission
source of SO2 in the city and it had serious difficulties to operate at full load, when
necessary in 1986. This situation is occurring nowadays and the tendency increases for
the next years according to the electric system needs.
Piratininga Power Plant is a 470MW - plant, 2 x 100MW, built in 1954 and 2 x
135MW, erected in 1960, which are oil-fueled. The consumption at full load is 2,800
ton per day (full load). The oil is BTE low sulphur content (< 1%).
Eletropaulo has been worried with air pollution problems since seven years
ago, when it started, together with IPEN-CNEN/SP, studies concerning electron beam
technology for flue gas treatment, which has the following advantages: efficient
simultaneous removal of SO2 and NOX; dry process without waste water treatment,
producing a valuable fertilizer by-product; easy to operate with an easy system start-up
and shut-down; lower capital investment and competitive operation costs; minimum
space requirement and possibility of using in retrofit installations [3].

3. Piratininga Power Plant
Piratininga Power Plant is located at Sao Paulo municipality, and was erected
in 1954 (unit number 1 and 2, 2 x 100 MW) and 1960 (units number 3 and 4, 2 x
135MW) generating, a total of 470 MW.
It is oil - fueled, pumped by pipeline and have a storage capacity of 100,000
ton, sufficient for 1 - month operation at full load.
The steam conditions in units 1 and 2 is 61 kgf/cm2, 500°C and 395 ton/h each
unit and in units 3 and 4 is 133 kg/cm2, 538°C and 427 ton/h each unit.
The fuel oil consumption is shown in Table II.
The turbo generators are General Electric Co. and the Boilers are manufactured
by Babcock and Wilcox (Canada & USA).

4. Eletropaulo Project
The IPEN has been collaborating with Eletropaulo in the project entitled
"Conversion of pollutants parts from combustion gases of thermal power plants in raw
Table II. Fuel oil consumption in Piratininga Power Plant
FUEL

OIL
UNITS 1 AND 2
FULL LOAD (T/h^
26,5 (100 MW)
MINIMUM TECHNICAL " 6 > (20~MW)
VALUE OF LOAD (T/h)
EFFICIENCY AT FULL 30,8%
LOAD

CONSUMPTION
UNITS 3 AND 4
32M36MW)
8,6 (30 MW)

j

34,6%

|
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material for fertilizer". The Piratininga Power Station, with 470MW power, normally
works in cases of energy peak and burns fuel oil with 1% sulphur content (see attached
6). The staff of Eletropaulo have been studying the possibility to use fuel oil 20%
cheaper with 3% sulphur content, if they can use some dessulfurization method.
In this study we estimated the cost of a 50MW power demonstration plant for
flue gas treatment with electron beam accelerator. The preliminary calculation was
carried out with the help of the IAEA expert visitor, Dr. Norman Frank. We also
discussed about accelerators, and the sizes that would be required. Dr. Frank brought
information from Nissin High Voltage Co. It appears we can use a standard 300kW
machine for the proposed project. The following input conditions were assumed:
- Temperature into process: 374 °F;
- Water in flue gas: 9%;
- Temperature of inlet spray water: 80 °F;
- SO2 concentration: 2200 ppmv;
- NOX concentration: 400 ppmv;
- Temperature of gas existing in process vessel: 167 °F.
The considered output conditions are shown in the Table HI.

Table III. Assumed output conditions for a 50MW demonstration plant.
80%
OF 80%
OF
REMOVAL
REMOVAL
Flue gas flow 120.000
172.500
rate (Nm3/h)
0,41
Minimum
0,41
Dose (Mrad)
NOX Removal 40
40
& dose(%)
Electron
208
300
beam power
(kW)
NH3 required 705
1009
(l/h)
Byproduct
33
47
(t/d)
1
No. of zones 1

80%
OF 90%
OF
REMOVAL
REMOVAL
120.000
225.000
0,41

0,67

40

50

392

340

1337

792

62

37

1

1

This project proposal has as objectives:
- Installation of one pilot plant, in commercial scale, 50MW, for flue gas treatment by
electron beam accelerator, in the Piratininga Thermal Power Plant;
- To reduce the atmospheric pollution because of the Piratininga operation;
- Study of the technical and economical feasibility of the process in Brazil;
- Determination of the removal efficiency of SO2 and NOX for the burn of fuel oil up to
3% sulphur content, using the pilot plant;
- Obtain usable byproducts what represents one contribution part for the society;
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- Data acquisition to extend the process for the total power of Thermal Power Station,
472MW;
- Human resources capability in environmental area, with experience in flue gas
treatment process;
- Demonstrate to the future users in Brazil (Thermal Power Stations, steel industries,
incinerators, chemical industries, industries of paper and cellulose) the viability of the
process.
The executive plan consists of:
Activity 1: Collecting data about the Thermal Power Station, such as: gas flow,
temperature, velocity, moisture and pressure, concentration of SO2 e NOX, O2, CO2,
CO and paniculate materials;
Activity 2: Environment legislation data collection;
Activity 3: Preparation of the report EIA/RIMA;
Activity 4: Preparation of the basic engineering project, including the purchase
technical specification and the procedures for legal approval;
Activity 5: Equipment acquisition;
Activity 6: Preparation of the executive project for each component of the
demonstration plant;
Activity 7: Building services;
Activity 8: Installation of the pilot plant;
Activity 9: Operational preliminary assays;
Activity 10: Preliminary assays and optimization of the process using fuel oil with until
3% of sulphur content;
Activity 11: Preparation of the final report with the feasibility study for large scale
application.
The technical goals:
Goal 1: Acquisition of large technical knowledge about all the necessary parameters
for the project and installation of the pilot plant in order to attend the environmental
legislation;
Goal 2: To get experience in project and operation of the flue gas treatment
installation;
Goal 3: Building services;
Goal 4: To obtain experience in installation and operation of the flue gas treatment
system from the burn of fossil fuels;
Goal 5: Technical evaluation of the electron beam process for fuel oil burn with 3%
sulphur content for future utilization in Piratininga Power Station in order to substitute
the 1% sulphur content fuel oil, and comparation with the conventional processes;
Goal 6: Enable the professionals of energetic companies to be monitors / instructors of
the acquired know-how, passing on the concepts, procedures and the technology.
The estimated cost for this installation is shown in the Table IV.
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Table IV. Estimated cost for a 50MW demonstration plant.

ITEMS
1
2
3
4
5
6
7

8
9
10

11
12
Total

Accelerator
Installation
Spray cooler
Electrostatic
precipitator
Byproduct
handling
system
NH3 storage
Analyzers, monitoring,
control systems
Accelerator
building,
construction,
reaction
chamber
Flue gas duct work
Electrical system
Ventilation
system,
cooling
system
(accelerator room)
Engineering,
supervision, training
Contingency

ESTIMATED COST
(US$)
2.500.000,00
300.000,00
400.000,00
1.800.000,00
500.000,00
500.000,00
800.000,00
1.500.000,00

8000.000,00
500.000,00
500.000,00

1.200.000,00
1.200.000,00
12.500.000,00

5. Comments
According to Brazil's National Electric Energy Plan (1993-2015) for the next
years a minimum thermal program must be implemented to ensure the country's
technological development in this area using coal, natural gas, oil products, fuel oil and
biomass [1]. Also, the existing thermal power plants have an important status to supply
energy during dry seasons, once most of electrical energy in Brazil comes from
hydraulic source and also to supply energy in emergency situations such as
transmission problems. These plants are usually near great urban centers with all the
environmental problems common to these centers: emissions of SO2 and NOX into the
atmosphere causing air pollution and acid rain.
In this study it was discussed the mode of operation for the plant and various
options that we have for fuel supply, with a sulphur range of 1.0 to 5.0%. It was
decided to use a medium point of 2.5% sulphur, since the process is capable of
handling swings in the SO2 content. It was also decided to look at a size of about
15O,OOONm3/h. This is equivalent to about 50MW. Electron beam accelerators and the
sizes that would be required were also discussed. Dr. Frank brought information from
Nissin High Voltage Co. So, we can use a standard 300kW machine for the proposed
study.
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For this evaluation, we considered some gas input condition and we obtained
an output condition for the process of 80% SO2 removal for different flue gas flow
rates. The estimated implantation cost for flue gas rate of 15O,OOONm3/h is around
240US$/kW.
Besides, if Eletropaulo uses this process burning only 4400 ton of fuel oil per
month, equivalent to operating with 18MW, with high sulphur oil content (2.5%) that
is cheaper than BTE low sulphur, it will save US$ 1590000 per year. So, it pays the
project in around eight years.
The Japan Consulting Institute - JCI, has approved the support for a Feasibility
Study for a Commercial scale Plant of the electron beam flue gas treatment process in
the Piratininga Power Plant. In a further discussion, Eletropaulo has decided to ask this
study for a 100MW single unit, with estimated flue gas of 320,0O0Nm3/h, considering
three alternatives to remove: 70%, 80% and 90% of SO2 and the correspondent NOX.
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Abstract
The Institute Energostal with its co-authors has carried out real gas
tests of the EB flue gas treatment technology at a 1000 m 3 /h experimental
installation at Lipetsk Metallurgical Plant (Lipetsk, Russia),
including
agricultural tests to utilize the by-product. On the basis of the results
obtained, a "wet" variant of the EB technology has been developed.
A conceptual, basic and working design was engineered for a 100 000
m 3 /h EB demonstration unit at Slavyanskaya Power Plant (Donbass,
Ukraine). In a "wet" variant of the technology, the following problems are
believed to be harmoniously solved: reduction of power consumption for
irradiation due to heterogenous reactions based on the so-called droplet
mechanism, efficiency and reliability of collecting ammonia salts by wet dust
catchers, wet granulation of the by-product using traditional equipment. A
"wet" variant of the EB technology has a low capital cost and requires less
floor area. Therefore, despite all its disadvantages typical for any wet
method of gas purification, the "wet" EB technology can find its application
in developing countries with low levels of economy. In many countries of this
type, in particular, in the countries of the former Soviet Union, wet methods
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of gas treatment and fertilizer granulation are still widely used. As a matter
of fact, it is a conventionally wet method (hence the inverted comas), since
no waste water is discharged into the environment.
1. INTRODUCTION
The Institute Energostal (Kharkov, Ukraine) together with its co-authors
(see the list of authors) since 1988 has been involved in a program to
investigate and optimize the EB technology of NOX, SO2 and particulate
removal. Within the program, designs have been worked out of industrial
EB installations for thermal power plants and ferrous metallurgy units. The
comprehensive research program ranges from investigations of
physicochemical, radiation chemical, and crystallophysical processes at a
small-scale industrial 1000 m 3 /h pilot plant to development of a commercial
technology to utilize the by-product, ammonia sulphate-nitrate (ASN),
including its granulation and application in farming as a fertilizer.
One of the objectives of the program is the adaptation of powerful electron
accelerators for the EB gas treatment technology. This paper is mainly
focused on describing our design of a 100 000 m 3 /h EB demonstration unit
at Slavyanskaya thermal power plant (Donbass, Ukraine). The design is
based on a "wet" variant of the EB technology using wet collection of
particulate matter upstream and downstream of the irradiation chamber.
This variant of the technology is more suitable for the power plants of
Ukraine since about half of the Ukrainian thermal power plants are
presently equipped with wet fly ash collectors with the appropriate
infrastructure of fly ash disposal including a closed loop water supply
system. As a matter of fact, our variant of the EB technology is actually
semi-dry (or semi-wet) since no waste water is discharged
into the
environment. The paper also describes some investigations aimed at
utilization of the by-product as a fertilizer and gives a brief survey of the
Ukrainian market fertilizer confirming a great demand in Ukraine for ASN,
that is for the fertilizer generated as a by-product by the EB technology.
2.
BACKGROUND OF EB TECHNOLOGY
INSTITUTE ENERGOSTAL (UKRAINE)

DEVELOPMENT

IN

The engineering
of large-scale EB installations in the Institute
Energostal was preceded (as in other research centres) by a period of
investigations on a small-scale pilot installation.
2.1. Investigations of EB proceses on a pilot installation at Novolipetsk
Metallurgical
plant
2.1.1. Testl
The first round of experiments (1989-1990) [1,2,3] was aimed at studying
the basic processes of SO2 NO and NOX conversion in real flue gas without
ammonia addition upstream of the irradiation on a pilot 1000 m 3 /h
installation at Novolipetsk Metallurgical Plant (Lipetsk, Russia).
Real flue gas (see Fig.l) (low grade coal and coke combustion products)
after cooling and dedusting in a wet dust collector were irradiated with the
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Fig. 1. Electron beam experimental installation. Test 1. No NH3 injection.
A high degree of irradiation uniformity.
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help of an electron accelerator ELV-4 (E=1.5 MeV, 45 kW) designed by
Nuclear Physics Institute, Siberian Department of Russian Academy of
Sciences, the electron beam being let out through a foil. The reaction
chamber was designed as a gas duct of rectangular cross-section, its bottom
and top horisontal walls being provided with foil windows. The chamber
height was 200 mm, the distance between the side walls was 80 mm. Thus,
the whole scanned electron beam passed through the chamber from the top
to the bottom with the gas flowing in the horizontal direction. This design of
the chamber ensured uniform irradiation of the gas, minimized the heating
of the chamber side walls and enabled determining the irradiation dose
absorbed by the flue gas with a fairly high accuracy in contrast with those
experiments where the dose distribution is very noniniform and in which
one usually measures a certain averaged dose absorbed by the gas being
treated. In our experiments, the dose was measured by a calorimetric
method.
The main results of these experiments show the conversion of SO2, NO
and NOX and generation of NO2 versus the specific dose, i. e., the dose
divided by the initial concentration of the respective ingredient. The SO2
conversion energy consumed for one molecule made up Eo = 10.9 eV for
humid gas and Eo = 15.9 eV for dry gas. The gas composition in these
experiments was mainly as follows: SO2 - 100-600 mg/m 3 , NOX - up to 50
mg/m 3 , CO - not more than 0.01 %, dust loading - up to 270 mg/m 3 , T=60105°C.
2.1.2. Test 2
The second round of the experiments (1991-1992) was aimed at
investigating and testing a method of flue gas irradiation using a method of
flue gas irradiation with a concentrated outlet of the electron beam from the
accelerator without scanning (see Fig.2).
In these experiments, ammonia vapour was fed into the flue gas before the
irradiation which resulted in formation of ammonia salt particles in the
process of irradiation. Special methods were used to investigate the growth
of these particles in the different sections of the gas handling system after
the irradiation. The main results of these investigations are as follows:
(a) The method of letting the electron beam out into the reaction chamber
from the accelerator ELV-4 by means of a concentrated outlet without
scanning proved to be fairly efficient. In this case, the reaction chamber had
a conical shape with the apex angle 30°, it was about 1.8 m high [4]. A
system of special probes was used to measure the electron current density in
the radial cross-section of the chamber 1 m below the concentrated outlet,
the non-iniformity of the gas irradiation did not exceed 58 % (see Fig.3).
(b) A relationship of SO2 conversion efficiency versus the specific dose of
irradiation similar to that of test 1 was obtained, the influence of the gas
moisture content being clearly manifested, too.
(c)
Glass substrates located in the gas duct immediately after the irradiation
chamber (location 1, Fig.2) and further downstream were used to study the
morphology of the forming particles. A high resolution optical and electron
microscopy showed the following. Immediately after the irradiation, fine
particles of submicron - micron demensions grow
in the gas on the
substrates. The nature of the crystal growth (dendrite growth, growth of
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~1 mem diameter ~ 100 mem long whiskers, high nucleus density)
suggests that the crystallization in the duct at the outlet of the reaction
chamber proceeds under conditions of high supersaturation. As the gas
flows further downstream along the duct (within a time interval of 0.5 - 1 s)
(location 2, Fig.2) away from the reaction chamber, particles keep growing in
the gas on the substrates. These particles have a conspicuous crystalline
form, the size of the crystals being about 100 mem.
2.2. Utilization of EB by-product as a fertilizer
2.2.1. Study and testing of by-product utilization technology
Much attention was paid to effective utilization of the EB by-products ammonia sulphate and ammonia nitrate (ASN) - as fertilizers in farming.
The investigations have been carried out since 1991 in two directions:
(a) development of an effective technology of ASN granulation adapted to
the EB gas treatment technology, and
(b) study of efficiency of ASN with admixture of fly ash as a fertilizer and
the impact of this mixture on the quality of the farming produce. The latter
problem is of particular importance since the EB treatment of a utility flue
gas yields a by-product consisting of ASN with fly ash admixtures. The fly
ash, in its turn, contains heavy metals, so the allowable content of fly ash in
fertilizers is a critical issue.
Model investigations of ASN efficiency as a fertilizer are being carried out
according to the standard procedures of long-term tests practised when
studying fertilizers and their effect on the quality of vegetable produce.
These investigations showed that the mixture of ammonia sulphate and
ammonia nitrate and 2-6 % of fly ash is a very effective fertilizer. Its
application does not impair the quality of the produce and does not result in
accumulation of heavy metals in it.
An optimal technology of ASN granulation was developed using standard
Ukrainian equipment adapted to the "wet" variant of the EB technology.
2.2.2. A survey of the current fertilizer market in Ukraine and the prospects
of ASN application in agriculture
During the last five years, there was a sharp decline of farming
intensification in Ukraine. Suffice it to say that the amount of mineral
fertilizers applied per 1 hectar (ha) of the arable soil decreased in 1996 by 5
times as compared with 1990 and reached a catastrophically low level of
about 30 kg/ha of the active substance.
On the average, 1 centner of NPK (Nitrogen, Phophorus, Potassium)
active substance ensures production of 3-4 centners of grain, 15-20 c of beet
roots, 13-18 c of potatoes and 27-35 c of maize green fodder. In the 80's,
due to application of mineral fertilizers, Ukraine used to obtain annually
about 7 mln tons of grain, 9.5 mln tons of sugar beet, and 18.7 mln tons of
maize green fodder. Presently, the share of mineral fertilizers in the yield of
crops does not exceed 10 %.
The scientifically based requirement of Ukraine in mineral fertilizers is
6.6 mln tons including 2.4 mln tons of nitrogen and 1.9 mln tons of
potassium active substance. However, the total annual production of
mineral fertilizers in Ukraine is now only
2.3-2.4 mln tons (physical
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weight) which is, naturally, far below the requirement of the Ukrainian
agriculture. About 20 % of the mineral fertilizers produced is sold abroad
which still aggravates the situation.
Indicative prices of mineral fertilizers in 1996 were as follows: ammoniac
saltpeter -125 $/t, superphosphate - 115 $/t, potassium chloride - 80 $/t. The
cost of 1 kg of NPK active substance (based on fertilizer application per 1
hectar) is 0.4 $.
Lately, the range of mineral fertilizers is not as diversified as it used to
be. In particular, of nitrogen fertilizers, the most widely used is ammoniac
saltpeter (54.5 % of the total amount). Urea, ammophos and ammonia
sulphate are used in considerably more moderate amounts: 10.1 %, 6.4 %
and 3.1 %, respectively.
A significant reserve of ammonia fertilizers can be ammonia sulphatenitrate (ASN) generated from flue gas of power plants by the electron beam
method. By its characteristics, this fertilizer is not inferior to traditional
nitrogen fertilizers. Besides, it is a competitive fertilizer which is of no small
significance under conditions of fertilizer production
recession.
Applicationn of ASN ensures an increment of grain crop yield of about 20-25
% or 7-9 $/ha in money equivalent.
The requirement of Ukraine in ASN can be up to 3-4 mln tons (in physical
weight). The area where ASN can be applied to the best advantage can be up
to 2.5 mln ha.
3. ENGINEERING OF A 100 000 m 3 /h EB DEMONSTRATION UNIT AT
SLAVYANSKAYA THERMAL POWER PLANT (UKRAINE) TO REMOVE
NOX, SO2 AND PARTICULATE FROM THE FLUE GAS
The Institute Energostal together with its co-authors has worked out a
conceptual, basic and working design of a 100 000 m 3 /h EB demonstration
unit to treat the flue gas of boiler # 9 at Slavyanskaya power plant (Donbass,
Ukraine) [3,5].
When engineering the unit, a wet method of ash and salt particulate
collection was chosen. An analysis of EB technolofy development reports, as
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well as an analysis of a complex of physical and chemical processes which
both underlie this technology and take place in the environment, show that,
according to our opinion, the "wet" variant is a very promising way for
development of this technology.
The demonstration unit is designed to identify and test under real
industrial conditions the operating parameters to reduce the power
consumption due to different variants of gas conditioning before the
irradiation, as well as to determine the effective operating conditions for
collecting the ammonia salts.
After completion of the tests at this
demonstration unit, an ammonia salt granulation facility is planned to be
built when constructing a full-scale EB installation to treat the whole
amount of the flue gas from boiler # 9 of the Slavyanskaya power plant.
For collecting the ASN particulate matter, high-presser variable throat
Venturi scrubbers were selected due to the following reasons:
(a) this dust is known to be fine,
(b) little information is available on the required operating conditions of wet
control systems collecting this dust.
Application of these Venturi scrubbers is expected to enable identifying,
in the process of investigations, the optimum conditions of collecting ASN
aerosols. A similar collection system is designed for the gas pretreatment
(fly ash removal) before the EB treatment proper. The ASN salt collecting
unit has a closed loop recycle water supply system to enable building up the
ASN salt concentration in the solution to the level (25%) required for
granulation. A service water make-up will compensate for the water losses
with the treated gas and suspension blow-down.
A schematic of the demonstration unit is shown in Fig.4. After the
existing wet fly ash collector (not shown), the boiler flue gas passes to the
flue of boiler # 1 to be emitted into the atmosphere through a smoke stack.
By means of a WN-20 fan, a part of the flue gas flow (up to 100 000 m 3 /h)
is tapped to the demonstration unit. The flue gas flow rate is adjusted
taking into consideration the technical characteristics of the ELV-6 electron
accelerator to obtain the consumed irradiation dose required for an effective
gas treatment.
First, the gas passes through a gas pretreatment unit comprising a
variable throat Venturi scrubber 2, a separator tank 3 and a droplet
separator 4 where the gas is dedusted to the required level. After the
pretreatment unit, water is discharged into the existing hydraulic ash
removal system. If necessary, the pretreated gas can be heated to the
required temperature in the heater 5. Then, the required amount of
ammonia is injected into the gas in the form of ammonia-steam mixture
generated with the help of ammonia desorber 6 or by means of pneumatic
atomization of the ammonia water in the ammonia water injector 7. In the
both cases, ammonia water is pumped from ammonia water tank 9.
To desorb ammonia from ammonia water, a desorber will be used which
is based on mixing ammonia water with water steam. Ammonia is injected
into the gas duct upstream of the reaction chamber through a special
spraying device.
It is also possible to inject finely atomized ammonia water directly into
the gas before the reaction chamber. Then the gas is passed to the electron
beam unit 17 where it is irradiated in the irradiation chamber by means of a
modernized electron accelerator ELV-6. Becuse of the experimental nature
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Fig. 4. Schematic ofEB demonstration unit at Slavyanskaya power plant.
1. Boiler flue;

2. Variable throat Venturi scrubber;

4. Droplet separator;

5. Gas heater; 6. Ammonia desorber ;

7. Ammonia water injecto;
water tank;

8. Circulation pump;

10. Separator tank;

draft fan VVN-20;

3. Separator tank;

11. Water make-up;

13. Droplet separator;

17. Electron beam unit;

9. Ammonia
12. Induced

14. Variable throat;

18. Salt solution recirculation pump.

of the demonstration unit and the limited financial capacity of Slavyanskaya
Power Plant, only one accelerator ELV-6 is used. The demonstration unit
can be operated with the gas flow rate from 30 000 to 100 000 m 3 /h, the
maximum consumed irradiation dose being
1.80 Mrad and
0.54 Mrad, respectively. Taking into consideration eventual reduction of the
energy consumption for the irradiation due to a special gas conditioning, the
design removal efficiency in the experimental mode is 75 % for NO, and up to
80 % for SO2.
The accelerator ELV-6 has a double outlet window protected with foil. The
configuration of the reaction chamber and the arrangement of the gas
streams ensure uniform irradiation and intensive mixing of the gas during
the treatment. Accelerated electrons are let into the gas reaction chamber
through a foil double window. To remove the particulate matter sedimented
in the reaction chamber, a flushing system is provided comprising a solution
recirculation pump 18 which delivers these sediments into the water recycle
system of the ASN salt colllector. After the electron beam unit, the gas is
passed to a device for conditioning the gas before the particulate collection a "Vikhr" ("Vortex") apparatus 16 with a fan DH10/Y (item 15) for the
secondary air supply. The particles sedimented on the bottom of this
apparatus are flushed off and dumped into the water recycle system of the
ASN salt collector.
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Then the gas is passed to this unit comprising a variable throat Venturi
scrubber 14, a droplet separator 13, a separator tank 10 and a closed loop
water supply system of the Venturi scrubber. This system consists of a
circulation pump 8 and a water make-up 11 to compensate for the water
losses due to blow-down of the salt solution from the system when the ASN
salt concentration in the solution reaches 25 %. The purified gas is
discharged by the induced draft fan WN-20 (item 12) into the flue and then
into the atmosphere through the existing smoke stack of the boiler.
The Table I presents the initial data and basic technical characteristics of
the demonstration unit. The unit has been engineered in compliance with
the valid engineering standards and regulations. The design has been
approved by the supreme sanitary and environmental authorities of Ukraine.
The key element of the unit - an electron accelerator ELV-6 has already
been purchased. The International Atomic Energy Agency has decided to
render financial and technical assistance to the demonstration unit project.

TABLE I. Initial data and basic technical characteristics of EB demonstration unit

Parameter, unit of measurement

Value

1. Boiler type

T-230

2.

Steam generating capacity, t/h

230

3.

Consumption of coal by the boiler, t/h

25

4.

Amount of boiler flue gas, m^/h

5.

Gas temperature after the existing fly ash collector, °C

6.

Ash concentration after the existing fly ash

up to

400 000
80-95

collector, g/m^
7.

1.5

Concentration of sulphur dioxide before the
demonstration unit, g/m^

up to

5.7

8.

Concentration of nitrogen oxides, g/m^

up to

1.0

9.

Water moisture content of gas, g/ m^

10. Gas flow rate, m 3 /h

30.0
30 000 •• 100 000

11. Ash concentration after gas pretreatment
before the electron beam unit, mg/m^

100- 1000
up to 90

12. Ash removal efficiency, %
13. Ammonia salt concentration before the
salt collection devices, g/m^

up to 11.4

14. Ammonia salt concentration after the
collection devices, mg/m^
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100-700

The approximate cost of the EB demonstration unit is shown in Table II.
It should be noted that the specific capital investments for the conditions of
Slavyanskaya Power Plant are $ 43 000 per 1000 m 3 /h of the gas being
treated which is much less than similar figures for the EB designs developed
in other countries.

TABLE I (cont.)

15. Pressure drop across the gas handling
system, Pa
16. Fan head, Pa

14500
15930

17. SO2 removal efficiency, %

up to 80

18. NO X removal efficiency, %

up to 75

19. Ammonia salt removal efficiency, %

up to 94

20. Consumption of recycle water by Venturi
scrubbers, for flushing sediments and
agitation of hydraulic seals, m^/h

150

21. Consumption of ammonia water (25% solution)
by desorber, m^/h
22. Accelerator type

1.2
ELV-6

23. Energy of accelerated electrons, MeV

0.8

24. Maximum beam power, kW

150

25. Maximum irradiation dose at maximum
gas flow rate, Mrad

0.54

26. Maximum irradiation dose at gas flow
rate 30 000 m3/h

1.80

27. Power instability, %

+-5

28. Accelerating voltage ripple, %

+-2
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TABLE II. Approximate cost of EB demonstration-unit at Slavyanskaya power plant

Part of project

Ukrainian prices*,

World prices,

mln $ US

mln $US

1. Accelerator

0.8

0.8

2. Process equipment

2.578

3.71

0.256

0.72

and erection work

0.616

0.75

TOTAL COST

4.25

5.98

3. Instrumentation and
automatic control
4. Construction materials

The structure of Ukrainian prices in $ US keeps changing.

4. CONCLUSIONS
In the developed countries, the EB gas treatment technology has been
developed mainly as a dry process. However, after coming across some
difficulties associated with collection of salt particles and fouling of the gas
handling system, some efforts were made to use wet particulate collectors.
An analysis of the dry and wet variants of the technology shows that both of
them have both advantages and disadvantages. At the first consideration,
the dry variant appears to be more preferable (no waste water, no additional
energy for product crystallization, etc.). Still, our choice was a "wet" variant
due to its advantages which seem to us essential, namely:
(a) A higher reliability of the technology in terms of clogging of the gas
handling equipment with ASN deposits, as well as in terms of collecting ASN
particles. It should be kept in mind that deposits of ASN salts on various
elements of the gas handling system can be controlled by wet methods, the
salts being well soluble in water.
(b) A droplet mechanism of radiation and chemical transformations can be
readily realized just in a wet variant to substantially reduce the energy
consumption for the EB process.
(c)
Many countries use a wet technology of ASN granulation from a
saturated solution to obtain the end product - granulated fertilizers. This
technology fits snugly into the EB flow chart, and the whole process can be
arranged with practically no waste water, so, as a matter of fact, this variant
of the EB technology can also be called semi-wet or semi-dry.
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(d) In countries with low level of economy and inadequate technological
culture in the field of flue gas treatment (e.g., in the countries of the former
Soviet Union), of wide application are wet methods of gas treatment as more
reliable and not requiring sophisticated maintenance.
Therefore, a "wet" variant of the EB technology may prove to be more
acceptable for these countries as a more reliable one with a lower capital
cost.
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Abstract
The rather strong and many-sided pollution of the environment (atmosphere, water ressources,
soil) as a consequence of human activities is summarized. The solution of the arised problems
by application of radiation chemistry methods and the utilization of modern environmentally
"clean" and economical technologies, founded on electron beam processing, are mentioned.
Some basic environmental problems and their solution are briefly discussed; i) Removal of CO2
from flue gases and its radiation induced utilization, ii) Principals for degradation of aqueous
pollutants by electron beam processing in the presence of ozone (synergistic effect).
The radiation chemistry as a modern and manifold discipline with very broad applications can
also essentially contribute in the conservation of the environment.

1.General remarks
As a consequence of the growing of the world population and the strong development of
various industries as well as the increasing traffic on the roads, the seas and in the air, rather
heavy pollution of the global environment is occuring.
A very essential contribution in this respect is the usage of fossil energy sources (coal,
oil, natural gas) and this will not change for the next 50-60 years. The search for replacement of
fossil fuels by alternative energy sources (solar energy, hydrogen as energy carrier, nuclear and
fusion energy etc.) are still not yet satisfactory. A survey of the negative consequences of the
human activities is given in Scheme 1.

The consequences of the environmental pollution are manifold:
Health hazard for the population: respiratory deseases, cancer, allergies etc.
Environmental impact on a local scale: polluted soil, drinking water,
agriculture products and hence animal deseases, pollution of rivers and oceans
resulting in plankton killing and reduction of fishes etc.
Environmental impact on a global scale: acid rain, CO2-greenhouse effect
resulting in global warming etc.
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Scheme I
Human activity = pollution in:

Air

Water

Soil

Pollutants in air: CO2, CO, NOX, SO2/SO3 etc.,
resulting from combustion of fossil fuels (coal, oil,
natural gas)
CO2 —• world warming (climate change)
CO —• chemical & biological problems
NOX, SO2/SO3 -> acid rain
Pollutants in water: biologically resistant compounds,
chlorinated substances etc. from chemical, pharmaceutical
and other industries, dyestuffs from dyehouses etc.
Pollutants in soil: various chemicals, solids etc.
originating from chemical and other industries;
application of pesticides and other chemicals in
agriculture, household waste etc.

In the frame of this symposium it will be demonstrated that radiation technology helps
to solve environmental problems. Its main principals and advantages are:
No radioactivity is produced during the treatment procedure
No waste
Safe for operating personnel
Environmentally safe
Safe for general public
Economically competitive
Higher efficiency
In addition to this it has to be mentioned that new "clean technologies" for the
production of goods based on radiation processing are developed which cause no or very
small load for the environment. They are unique, operating at room temperature and covering
a broad spectrum of industrial applications as quoted in scheme II.
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Scheme II:
NEW CLEAN TECHNOLOGIES BASED ON
RADIATION CHEMISTRY

Polymerisation and polymer modification of plastics at room temperature
e.g. crosslinking, grafting, surface coating etc. under irradiation
Electron-beam curing of special coatings on surfaces of plastic films, paper,
videotypes, floppy discs, metalized surfaces, ceramics, wood panels, silicon
release etc. at room temperature
Production of various new high-quality materials e.g. wood-polymer
composites, wire and cable insulation, heat-shrinkable films and tubes etc.
Curing of pigment paints, containing very small amounts of solvent at room
temperature (strong reduction of solvent losses and hence, very low
environmental pollution)
Radiation-induced synthesis as well as addition of oxygen-, halogen-,
sulfur-, nitrogen-, phosphorus- and silane-compounds to organic substances
at room temperature
Sterilization of medical supplies, pharmaceutics, cosmetics etc.
Production of artificial implantates with "biologically friendly" surface
Radiation treatment of food (disinfection and killing of pathogenic
microorganisms, extension of shelf life, delay of maturation, sprout
inhibition, grain disinfection etc.)

As mentioned above, there are a number of radiation chemistry methods for solving
environmental problems. They are compiled in scheme III. Some of them e.g. the radiationinduced conversion of NOX and SO2/SO3 contained in flue gases are already applied in industrial
scale. This subject matter will be discussed in more detail by other authors in the frame of this
symposium. Other methods, e.g. the utilization of CO2 and CO as well as the degradation of
biologically resistant pollutants in drinking water and industrial wastewater are more specific in
respect to the given situation (origin, content of total pollutants etc.) are still under development.
They will be treated briefly in this lecture. It should be noted that the degradation mechanisms
of some water pollutants by electron beam processing are rather well understood. In such case
there are no obstructions for an industrial usage of the method.
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Scheme III:
RADIATION CHEMISTRY METHODS FOR
SOLVING ENVIRONMENTAL PROBLEMS
Conversion of NOX and SO2/SO3 in combustion gases into fertilizer in the
presence of ammonia
CO, and CO utilization - formation of valuable products
Disinfection as well as decomposition of pollutants in drinking water
Degradation of biologically resistant harmful substances in wastewaters
from industry etc.
Disinfection of sludge and conversion into fertilizer
Disinfection of hospital wastes
Recycling of biologically undegradable plastics and rubber waste

2. Radiolysis of water
The water radiolysis is nowadays fairly well understood, the primary reactions of water
radiolysis and the G-values ** of the primary products are given below.
Primary reactions:
H2O

^w^->
L>

H2O*

>

H2O+ +

e"

H + OH
> e-a,; e ^ + nH 2 O

(la)
> e~aq

(lb)

Gross reaction of water radiolysis (the G-values at pH=7 are given in brackets):
H,0 -***->
(G)

e-aq,
H, OH,
H2, H2O2, H + , OH"aq
(2.7) (0.6) (2.8) (0.45) (0.7) (3.2) (0.5)

(2)

For further details concerning the reactions, absorption spectra etc. of the primary
products of water radiolysis see e.g. /1,21.
3. Radiation-induced CO2 and CO transformation into organic compounds
The fossil fuels are representing the major energy sources in the world and as a
consequence of this fact enormous amounts of CO2 and CO etc. are discharged in the
atmosphere. Hence, CO2 content in the air is constantly increasing and as a result of this a global
climate change is observed. This has been now recognized and several strategies were suggested
for its removal. The most frequent proposal is based on CO2 separation from flue gases by
selective absorption in recyclable solvents (e.g. monomethanolamine) followed by stripping,
liquefaction and finally discarging into deep ocean (3000-5000 m) /3-6/. However, the water
levels at these depths are not absolutely stationary. Vulcanos, hot water sources and earth quakes
can effect a mixing up of the sea water with the dissolved CO2 causing a pH-change. As a
*} G-value = number of changed molecules per 100 eV (1.60xl0 17 J) absorbed energy. For
conversion into Si-units: multiply the G-value by 0.10364 to obtain G(x) in umol.J'1.
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consquence of this, the very sensitive marine life can be destroyed. Hence, this method seems
not to be recomendable for CO2 removal, apart from the enormous financial requirements.
The most appropriate pathway is to utilize CO2 and CO in a suitable manner. It has been
shown for the first time 111 that aqueous CO2 can be transformed in simple organic compounds
under ionizing as well as UV-irradiation /8-10/. Competition reactions, pK-value of the
transients, substrate concentration and the absorbed dose are the major factors influencing the
CO2 conversion. In the presence of Fe 2 + and SO 4 2 ' ions an additional amount of e"aq is formed
leading to higher product yields /11,12/. For more information in this respect see /10, 13 and ref.
therein/.
The major reactions involved in the radiation-induced CO2 reduction and conversion into
a number of simple organic substances are compiled in Scheme IV.
Scheme IV:
Radiation-induced CO2-transformation
H2O —~~-

e ^ . H . O H . H ^
(2.7) (»S) (IS) (0.45) (0.72) (3.2) (Q

CO 2 + e",, -» COO" (k-lxio"NT1«')
CO 2 + H -*• COOH (HCOO) (k-Sxio'urV')
H* + e , , - > H

(k-23xio"MV>

COOH == H* + CO2
2 C O 2 - > (COO")i
2 COOH

(pK-i.4)

(ox.bte) ( 2k - 2x10* M ' s')

r> (COOH)2
U CO 2 + HCOOH

(oxnlic acid)
(formic acid)

2 HCOO -> CO 2 + HCOOH
H-C-6

+ OH - • HCO + H 2 O

H O - C - 0 + O H -> CO 2 + H O 2
2 HCO —1-> CO + HCHO
—1->
(HCO) 2

(.idehydc)
(glyox.l)

HCHO + COOH -> CH 2 OH + CO2
2 CH2OH -j*

(CH2OH)2

U HCOH + CH3OH
CH,OH + COO" -> HOHjC-COO"

(m.lhaaol)
( glyoxalic acid)

4. Radiation- induced carboxylation of organic compounds
It has been demonstrated that aqueous CO2 can be incorporated as carboxylic group in
various organic compounds under the influence of ionizing radiation and UV-light / 8, 10, 12,13
and ref. therein/. This pathway for CO2 utilization makes it possible to produce value-added
products. For illustration two examples are presented in this respect: carboxylation of phenol to
salicylic acid and the formation of malonic acid from monochloroacetate and CO 2 or CO and
formiate, respectively.
4.1. Formation of salicylic acid from phenol and CO2
Fig.l shows the formation of salicylic acid as a function of phenol concentration. The
product yield is passing a maximum at 2x10 "2 mol.dm "3 phenol, because of competition
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reactions, which are discussed in more detail elsewhere /14,15/. The major reaction steps of the
salicylic acid formation are also given for the sake of completeness.
salicylic
acid
10-6x1,5
mol
dm3
1 -j
i

1

0,5-<
G,(Salicylic acid) = 5,3x10 2
10"

10"

10"
mol/cm 3 phenol

Fig.1: Radiation induced formation of salicylic acid
from phenol and CO 2 : [CO2] = 3.5x10 2 mol.dm 3 ;
[phenol] = 1 0 5 t o 10 1 mol.dm 3 ; absorbed dose: 3 kGy

Major reactions for the salicylic acid formation from phenol and CO2
OH

OH

O

OH

OH

H2O

(OH-adducts on
o-, m-, p- and ipsoposition)

(-70%)

(Phenoxyl radical)

(4)

OH
2C 6 H 5 (OH) 2

(3)

C6H5OH

+

H2O

OH
Mesomeric structures of the phenoxyl radical:

(5)

COO

(Salicylic acid)

The yield of salicylic acid can be increased under given optimal conditions /13/.
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(6)

4.2.

Formation of malonic acid from monochloroacetate ion in the presence of CO 2 , CO
and/or formiate

First, it might be mentioned that the desired COO " transients for the carboxylation
process can be formed by the following set of reactions (see also scheme IV) /14/:
C0 2 +

e'

-> COO"*

(7)

C0 2 +

H

-> COOH

(8)

CO

e-aq

+

HCOOHCO

+

> CO-aqsHCOOH-

+ OH'
OH

> HCOO"

+

e"^

•s-1)

(k=
(chain reaction)

(9)
(10)

(k = 8.3xl0 8 dm 3 .mor 1 .s- 1 ) (11)

> COOH

HCOO*

+

OH

> COO* + H2O ( 1 ^ = 2.7x10 9 dm^mor'.s" 1 )

(12)

HCOO"

+

H

> C O O ' + H2

(kH = 2.5x10 ' d m l m o K s - 1 )

(13)

Monochloroacetate is used as a model compound in order to study the involvement of the
above reactions in the carboxylation process. As an example in this respect the formation of
malonic acid is presented in Fig.2 as a function of pH and absorbed dose (insert Fig.2). A rather
high yield of malonic acid has been observed, Gj = 675, which is of practical interest.

Gi[CH2(COO-)2]=675

11

pH

13

Fig.2: (A) pH-dependance of malonic acid formation (dose:
4.8 kGy)
(B) Malonic acid yield as a function of dose
Solution: 5x1CH mol.dnr 3 CICH2COO\ 1x10J mol.dm 3
HCOO- and 1x10 3 mol.dm•' CO; pH = 9.9; dose rate: 0.32
kGy.min'
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The product yield is passing through a maximum at pH~10, whereas an optimal absorbed
dose of about 8 kGy was found (see insert, Fig.2). The yield of malonic acid depends in the first
place on the concentration of both radicals, COO" and CH2COO" :
C1CH2COO' +
CH2COO"

aq

+ COO'

Cl-

+

CH2COO-

CH2(COO*)2 (malonic acid)

(14)
(15)

A more detailed discussion on this subject matter is presented elsewhere /16/.
It should be mentioned that several possibilities for CO2 utilization, such as catalytic
processes /I II, photoelectrochemical reduction /18, 19/ etc. have been reported.
5. Radiation-induced degradation of aqueous pollutants
The global water resources became rather polluted in the last decades. The supply of
drinking water in some regions of the world makes problems. This is the sequence of lack of
responsibility of industrial enterprises as well as of the corresponding governmental authorities.
There are a number of methods for water purifiction which are comprised in scheme V.

Scheme V:
Method
1

2

3
4

Method

Radiation-induced oxidation of pollutants using:
electrons, y-T&ys, x-rays; synergistic effect in
the presence of 0 3 /O 2 , eventually H2O2 as
additive

5

Photocatalytic treatment: UV/VIS light using
TiO2, ZnO etc. as catalyst

6

Thermal oxidation of pollutants, used for
liquid industrial wastes

Biological process for biodegradable pollutants,
used for wastewater treatment

7

Fenton processes: H2O2/Fe2+ or H2O2/O3/Fe2*
(acid media)

8

Foto-Fenton process: UV/HA/Fe 2 * or
UV/H2O2/O3/Fe2+ (acid media)

9

Ultrasonic treatment (sonolysis of water)

10

Electrochemical oxidation

Ozone treatment: O3 or O3/H2O2
Photoinduced oxidation by UV (185 & 254 nm)
or UV/O3, UV/H2O2 and UV/O3/H2O2 resp.
using e.g. low pressure HG-lamp

It should be stressed that the most efficient method for degradation of biologically
resistant water pollutants in industrial scale is the electron beam processing of water in the
presence of ozone (synergistic effect). More details on this subject matter are discussed
elsewhere /e.g. 2, 20-22/.
In the present contribution only brief remarks are given, considering the synergistic
action of ozone and radiation on trichloroethylene (C12C=CHC1), as a representative of
chlorinated olefines and phenol (C6H5OH) as an example for aromatic pollutants.

128

6

C12C
C1HC

03

CIHC-O-O"

C12C

»• CfeC-0
C1HC-6-O"

CHC1

o—o
(ozonide)

(complex forms)

The ozonide undergoes hydrolysis, whereby two carbonyl compounds (phosgen and
aldehyde) as well as H2O2 are formed:

THC1
O

O

OH OH
C12C CHC1
+ H20

C12CO + C1HCO + H 2 O 2

O-O

(17)

Subsequently phosgen is hydrolyzing according to reaction (18) and the resulting
halogenated aldehyde is unstable and can likewise undergo a hydrolysis.
C12CO

+

H20

C02

C1HC0 +

H20

HCOOH

+

H
+

OH

+
H

Cl"
+

(18)
Cl'

H
I + H2O
O

+

H
(ozonide)

(complex)
OH

(20)

(hydrolysis)

OH
COOH
COOH

(Muconic aldehyde)

(19)

H2

(21)

(Hydroxy muconic acid)

Since the modern electron accelerators are very reliable and have a very high conversion
factor (TI) e.g. for 2-3 MeV-machines TI ~ 80% (100 kW electricity results into ~ 80 kW electron
beam power) the method is very economical. The photochemical and photocatalytic methods
(see scheme V) are rather promising and lot of efforts have been made in the last years in this
respect.
6.Conclusion
-

As a consequence of the human activities, the air, water ressources and soil became
rather polluted in the last decades.
The radiation chemistry methods can solve most of the environmental problems. In
addition to this a number of new clean technologies based on radiation chemistry are
developed.
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C0 2 and CO resulting from the combustion offossil fuels can be utilized by irradiationinduced incorporation into cheeper organic starting materials to produce value-added
products.
Biologically resistant water pollutants can be decomposed successfully and economically
by electron beam processing.
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Abstract
The emission of environmental pollutants such as SO2 and N0x
into atmosphere from heavy industrial activity, and in particular from
fossil fuel burning in electricity production, is arousing increasing
concern. One of the three areas of the world most affected by the
resultant acid rain lies in eastern and central Europe includes Poland,
parts of Germany, the Czech Republic and Slovakia. A major
contribution to this pollution comes from the burning of poor quality
pit and brown coal with a high sulphur content. These effects, as well
as polluted air reaching Poland from other countries, have begun to
damage forests and cause public health concerns in regions of high
industrial density.
Many countries around the world have started to impose
industrial emission limits and this move has generated renewed
interest in finding viable and cost effective solutions to SO2 and N0x
pollution control. The conventional technologies - wet scrubbing for
SO2 and selective catalytic reduction for N0x now reached their full
potential, these methods are not expected to provide further
improvements in terms of efficiency or reduction in construction
costs.
A new technology being investigated for industrial scale
commercial viability. One of them is the electron beam dry scrubbing
process, which allows the simultaneous removal of SO2 and N0x from
industrial flue gases. The economical aspects of this technology are
discussed in presented paper.
1. Introduction
Environmental impacts associated with the demand and supply
of energy become important factors influencing the development and
commercial use of energy and emission-control technologies. Because
the production of energy involves long-range transboundary air
pollution, coordinated, international emission - reduction strategies
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and politicies have been developed to control pollutants of concern
such as SO2 and N0x.
The emissions of pollutants are determined mainly by energy
demand and supply and the presence of emission-control legislation.
In particular, the kind of the fuel used in any given region has a great
influence on the emissions. This is shown by the wide range of
specific emissions per unit for different qualities of fuel. For example,
the uncontrolled SO2 emissions from coal burning can vary between
550 mg/m 3 and 5 800 mg/m 3 , while for combustion of light oil and
heavy oil, the emissions range between 125 mg/m 3 and 1 300 mg/m 3 ,
and for gas combustion between virtually 0 mg/m 3 and 25 mg/m 3 . N0x
emissions can vary between 300 mg/m 3 for natural gas and 1 800
mg/m 3 for hard coal in wet-bottom boilers. This explains the
importance of fuel-switching possibilities for emission control.
Most of the countries have introduced emission limits
depending on their individual situation. Such limits may depend on
the kind of plant (new/old), the size of the plant and the fuel used.
Emission limits vary by country from, for example, 200 mg/m 3 SO2 in
Austria to 2 000 mg/m 3 in Australia for the same plant.
Fig. 1 presents the comparison of the existing and coming
emission limits for SO2 and N0x in Poland with obligatory emission
limits in EEC countries.
In addition to the enforcement of emission standards, further
approach such as air-quality standards, fuel-quality standards and
taxes on emissions are also used for emission limitation, but a main
tools for reduction of pollutants are emission - control technologies.
The market penetration of emission - control technologies
depends on such country-specific conditions as energy, economic and
environmental situation. In the case of SO2 reduction from
combustion installations, flue-gas desulphurisation (FGD) is the most
effective method.
The figures shown that the wet scrubbing technology covers
about 90 % of the European installed FGD capacity.
Combustion modifications are a wide-spread technology for N0x
reduction. However, the application of these measures is generally
insufficient to fulfil the emission requirements in some countries.
Therefore, since the mid-1980s, power plants have been equipped
with secondary measures.
The secondary measure most commonly used for the removal of
N0x from flue gas is the selective catalytic reduction process (SCR).
On the other hand, the scientists and engineers have searched
for new, cost - effective technologies for simultaneous removal SO2
and N0x. One of them, the electron beam dry scrubbering process is
proposed to be employed in industrial scale.
2. State of art the electron beam flue gas treatment process
The electron beam process is a dry-scrubbing process, shown in
Figure 2, which simultaneously removes sulfur dioxide (SO2) and
nitrous oxides (NOJ from combustion flue gases. The irradiation of the
flue gas produces active radicals which react with the SO2 and N0x to
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FIG. 1. Comparison of Polish and EEC the emission standards for SO2 and N0x.

Energy
transmission
Molecular
dissociation
Ionic reaction

Radical reaction

Neutralization
reaction
Thermal reaction
10'

FIG. 2. Reaction mechanism and sequence of e-beam process.

form their respective acids. In the presence of ammonia (NH3), these
acids are converted to ammonium sulfate (NH4)2SO4 and ammonium
nitrate (NH4NO3). Other organic compounds such as VOC's can also be
treated using the same principles.
When the electron beam process is used to clean the flue gas
from an electric utility boiler, as depicted in Figure 3, the flue gas is
first cleaned of flyash by a particle collector. The gas then passes
through an evaporative spray cooler where the gas temperature is
lowered, as the humidity is increased. The gas then passes to a
process vessel where it is irradiated by a beam of high-energy
electrons, in the presence of a substoichiometric amount of ammonia
which was injected upstream of the process vessel. SO2 and N0x are
oxidized to form H2SO4 and HNO3, respectively. These acids
subsequently react with the added ammonia to form ammonium
sulfate and ammonium sulfate-nitrate. These salts are recovered as a
dry powder using a conventional particle collector. The collected
powder is potentially salable as an agricultural fertilizer.
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Ammonium SufiU
Anvrorium MHraU

. i. E-beam flue gas treatment process.

2.1. Pilot plants for cleaning of flue gas originating from coal
combustion
Apart from the laboratory-scale research carried out at JAERITakasaki, Japan; INR AS- Shanghai, China; IPEN- Sao Paulo, Brasil;
TU-Karlsruhe, Germany; some work has been carried out in small
pilot plants at volumetric gas flow rates up to 1 000 Nm 3 /h by Ebara
Co., Fujisawa, Japan and KfK- Karlsruhe, Germany.
Scaling-up of the flue gases cleaning process is only possible
after collecting relevant experimental data in a large, proof-of-concept,
pilot plant with volumetric flow rate exceeding 10 000 Nm 3 /h. As far
as cleaning of flue gas from coal combustion is concerned, such e-b
installations have been built in the world: Indianapolis - USA;
Badenwerk - Karlsruhe, Germany; Kaweczyn - Poland and ChubuNagoya, Japan.
The tests performed in these installations proved that high
efficiency of removal of SO2 and N0x can be achieved.
Fig, 4 demonstrates dependence of SO2 removal efficiency on the
irradiation dose. At a dose as low as 7 kGy over 95 % SO2 removal is
attainable.
Fig.5 shows a similar dependence for N0x. Application of a
multistage irradiation allows to remove over 80 % of N0x at an overall
dose 12 kGy. A lower removal efficiency of N0x at the same amount of
energy introduced to the gas (dose) was obtained at the Badenwerk
plant. This was caused by higher concentration of N0x in the inlet
gases. The flue gases were taken after their preliminary
desulfurization. During the course of experiments at the Indianapolis
and Kaweczyn pilot plants a positive effect of the higher SO2
concentration on N0x removal effectiveness has been observed [1].
3. Process economics
Evaluation of technology applying electron beam to energetic
inducing of the outlet gas components should recognize that removal
of boths SO2 and N0x is accomplished.
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FIG. 4. Dependence of the SO2 removal effectiveness on dose
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. 5. Dependence of the N0x removal effectiveness on dose
(I-Indianapolis, B-Badenwerk, N-Nagoya, K-Kawpczyn).

In Fig. 6 and Fig. 7 comparison of the investment costs for
different methods of removal of SO2 and N0x from the flue gases is
illustrated [2].
As follows from quoted data, the investment cost of e-b
technology is on the level 150-200 $/kWe of the installed electric
power.
Fig.8 shown the 30 year levelized production cost of kWh
electric power, when flue gases will be purificated from S02 by
limestone methods and from N0x by selective catylitic reduction as
well as comparison of these costs with production cost of kWh power
when electron-beam process will be applied for simultaneous removal
of S02 and N0x from flue gases.
The 30 year levelized cost for mentioned above methods in
relation to by-product credit is presented in Fig.9. Fig. 10 provides the
30 year levelized cost for the various methods in relation to one ton of
removed S02. Significant competitivenes of the electron-beam
technology to the another technologies is evident.
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Costs of simultaneous removal S02 and N0x are particularly
attractive for the electron-beam technology when due account in
taken of the revenues coming from by-product sale [2,3]. As we can be
seen from Figs. 8, 9 using the modern accelerators in electron-beam
process for which price of 1 Watt electron beam power is below 4 USD
and utilizing 47 USD for 1 ton of by-product we would obtain the 30
year levelized cost on the same level as for advanced limestone
method for S02 removal only.
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FIG. 9. Comparison of the 30 year levelized costs production ofl kWh electric power in
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To futher illustration the competitiveness of electron-beam
technology for flue gas treatment to conventional one (FGD + SCR) in
Table I, based on Japanese data [3], comparison of investment cost,
operation cost and space requirement for 700 MWe coal combustion
plant are given.
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Table I
Comparison of conventional and e-b system
Investigation conditions
Conventional EB
system
system
(75)
Equipment cost base(100)
• Capacity; 700 MWe coal-fired power plant
•
(flue gas; 2 300 000 Nm3/h)
Running cost
base(100)
(80)
S02
N0x
• Concentration
800
225
inlet (ppm)
Space required base(100)
(80)
50
45
outlet (ppm)
94
80
• Removal (%)

It should be pointed out t h a t the Electric Power Research
Institute (USA) estimated t h a t from among 70 checked technologies
for simultaneous SO2 and N0x removal from the flue gas, application
of electron beam is one of the four m o s t promising second generation methods recommended for simultaneous removal of SO 2
and N0x [4].
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4. Industrial electron-beam installations
The electron dry scrubbing process is proposed to be employed
at Pomorzany Electric Power Station - Szczecin in Poland for the
simultaneous removal of SO2 and N0x from flue gases emitted by
Benson boilers [5].
According to the Polish Ministry of Environmental Protection
regulation enacted on 12.02.1990 existing plants such as the EPS
Pomorzany after the year 1997 will have a permissable emission of
SO2 of 870 g/GJ of the boiler heat input and N0x of 170 g/GJ.
After a detailed analysis it was decided to design and construct
the electron-beam installation treating a maximum 270 000 Nm 3 /h
stream flow of flue gas.
The EB Pomorzany flue gas treatment installation has been
designed for the station rated output reached after retrofit.
High concentration of N0x and relatively low content of SO2 min
flue gas emitted from Benson boilers establish the specific conditions
for flue gas treatment required in continuous operation. The
parameters of e-b process are chosen so as to guarantee efficiency of
removal of N0x up to 80 % and of up 70 % SO2 in continuous
operation of the installation. For intermittent operation up to 80 %
removal of N0x and 90 % reduction of SO2 are expected.
The conceptual system arrangement of this situation is shown in
Flg.ll.
The main technical parameters and composition of flue gases in
the Pomorzany e-beam installation are ahown in Table II.

FIG. 11. Process flow diagram of e-b installation at the EPS Pomorzany, Szczecin.
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The comparition of same economical - operation data of
electron-beam installation at EPS Pomorzany to the another FGD
installations running in Polish power industry is presented in Table
III.
The e-b industrial installation of similar capacity as at EPS
Pomorzany has been designed and now is constructed by Ebara
Corporation at Seito Electric Power (Sichuan Electric Power
Administration) in China.
Design condition of this installation are following:
volumetric flow of flue gases approx.
300 000 Nm 3 /h
SO2 contents in flue gas
1 800 ppm
efficiency removal of SO2
80 %
by product output rate
2 470 kg/h
The Chinese e-b installation was put into operation in May 1997.
Table H
Technical parameters and composition of process stream at key points of the EB
installation
Stream No

N2

o2

CO!
S02
N0 x
NH3
H20
(NEU)2S0«
NH4NO,
Solid
particles
Flue gas

1
2
System gas Spray
cooler
inlet
outlet
80% vol.
75 % voL
7 % voL
6.6 % voL
7.4%voL
8%voL
1.03 g/Nm3
1.1 g/Nm3
0.6g/Nm3
0.57 g/NmJ
0
0
5 % vol.
11 % voL
0
0
0
0
0.08 g/Nm3 0.06 g/Nm3

3
Reaction
chamber
outlet
75% vol.
6.6 % voL
7.4 % vol.
0.31 g/Nms
0.12 R/Nm3
0.03 R/Nm3
11 %voL
415 kg*
262 kg/h
2.45 g/Nm3

4
Process
outlet

270000
Nm3/h

284000
Nm3/h

284000
Nm 3 *

284000
Nm 3 *

5
Spray
water

6
Compressed
air

7
Steam

8
NH,

9
Byproduct

11.1 U>

3800 Nm 3 *

4.51*

180 kg*

695 kR*

75%voL
6.6 % voL
7.4%voL
0.31 g/Nm3
0.12 g/Nm3
0.03 g/Nm3
11%VOL

0.012 g/Nm3
0.007 g/Nm3
0.02 g/Nm3

Table m
Economical operation data of Polish FGD installation
No.

Electricpower Station
(power in MWe)

1.

Belchatow
Jaworzno IE
Rybnik I (4 x 200)
Turow
Polaniec I (4 x 200)
Rybnik H (4 x 200)
Polaniec II (4 x 200)
Laziska H (4 x 200)
Kozienice (2 x 500)
Kozienice (5 x 200)
Ostrol?ka
Laziska I (2 x 120)
Pomorzany

2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
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Removal cost of 1 Mg Rise of electricity
generation cost
S02 from flue gases
USD/Mg S02
USc/kWh
686
0.47
670
0.45
473
0.29
564
0.73
0.64
880
0.30
488
880
0.64
901
0.68
0.77
925
1181
0.84
1103
0.84
1554
1.15
(S02+N0x) 635
0.44
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Abstract
Dose distribution in flue gas irradiation vessel is not uniform due to limited electron
penetration range. This phenomena influence overall N0 x removal efficiency is observed in the
process. The remarkable increase in the efficiency can be achieved by multistage gas irradiation and
gas mixing between stages. The results of modelling for longitudinal beam scaning as applied at EPS
Kaweczyn and Nagoya pilot plants are presented in the paper. These are the basis for process vessel
upscaling.

1. INTRODUCTION
Previously reported results of the tests performed at industrial pilot plant for EB flue gas
treatment has proved the theoretical assumption that multistage gas irradiation leads to
increase of N0x removal efficiency in comparison with single irradiation process [1].
Theoretical calculations and experimental test have proved that additional increase in N0x
removal efficiency can be achieved when unequal dose delivery ratio at each irradiation stage
is applied [2]. These results were achieved by assumptions taken of uniform dose distribution
in cross section of process vessel and negligence the influence of flue gas flow pattern
between irradiation stages on N0x removal efficiency. However, the theoretical study has
shown that better method of N0x removal efficiency modelling would be the regarding the
experimental dose distribution in cross section of process vessel.
It is necessary to consider dose distribution in the design of gas irradiation vessel. This is a
basis for process upscaling. Types of the process vessels applied in different pilot plants are
presented in figure 1 [1, 3]. In the case of two plants (Nagoya [3] and Kaweczyn [1]
multistage concept has been applied and dose distribution has been reported. Therefore in the
paper this two cases are discussed.
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2. THEORY
In case of multistage gas irradiation in industrial conditions it is expected that dose
distribution as well as gas flow pattern between stages have influence on N0x removal
efficiency. The calculations of N0x removal were performed on base of Wittig experimental
equation [4]:

(1)

where: a
[N0x]0
[NOJ
D
k,,k2

- efficiency of N0x removal [%]
- concentration of N0x at the inlet to irradiation vessel [ppm]
- concentration of N0x at the outlet of irradiation vessel [ppm]
- dose absorbed in the gas [kGy]
- constans

This equation describes removal efficiency in one stage irradiation process in the case of
uniform dose distribution.
Experimental dose distribution in Kaweczyn pilot plant process vessel is presented in form of
the map with 24 isodoses (Fig. 2). Real removal efficiency of N0x was calculated as
weighted mean efficiency for removal efficiency in each of 24 zones between isodoses. For
each zone mean dose absorbed was determinated and N0x concentration of the outlet of
irradiation stage was calculated according following modification of Wittig's equation:
[N0Jk=[N0Jok[\-k,(\-exp(-k2yikDk/[N0xlk))]
where: Dk

- dose absorbed in k-stage of n-multistage irradiation system

D k =z k D

(3)

/

\

Fig. la. Scheme of process vesel pilot plant EPS Kawpczyn.

n

n

n

L-l

Fig. lb. Scheme of process vessel pilot plant EPS Nagoya.
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(2)

Fig. 2. Dose distribution in process vessel (Kawpczyn plant 24 zones).

zk - dose delivery ratio for k-stage (for uniform dose delivery at each stage
zk=l/n)
D - global dose absorbed in n-multistage irradiation system
yik- ratio of dose absorbed in i-zone of k-stage to dose absorbed in k-stage
(4)

Dik - dose absorbed in i-zone of k-stage
(5)
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Xj - i -zone portion area ( ^ JC/ = 1)
^ - N0x concentration in the outlet of k-stage for i-zone of dose distribution
[N0x]'llk - N0x concentration at the inlet of k-stage for i-zone of dose distribution
k|,k2 - model constans.
The N0x removal efficiency a for one stage irradiation has the following form:

(6)
Values of constans kr = 0.5119 and k2 = 38.5812 [ppm/kGy] were calculated from
experimental N0x removal data of one stage irradiation in process vessel of pilot plant in
Kaweczyn. Approximation of experimental points are presented in Fig. 3.

SO.

A0.

K

o
[NOJ. = 170 ppm
[SO2]. = 330 ppm
40-

model constants
k, = 0.5119
kj = 38.5812 [ppm/kGy]

V '
DoseB/[NOx]o

o.3
[kGy/pprn]

Fig. 3. Approximation of experimental data from EPS Kaweczyn for
one stage irradiation with regard to dose distribution.
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Results of calculations of N0x removal for one stage irradiation for experimental dose
distribution (curve 2) and uniform dose distribution (curve 1) for the same mean dose are
given in Fig. 4.
From comparison of both curves it can be assumed that nonuniform dose distribution reduces
significantly N0 x removal efficiency. Another calculations of N0x removal efficiency were
made for case approximation of experimental dose distribution by 3 zones (curve 3). The

too

170 ppm
[SOJ. - 330 npm
-i

1

CUOl 0 . 0 2

r.
0.01

\
OJbH

r
0,

Dose D/[N0t|«

[kGy/ppm]

Fig. 4. Estimation N0x removal for single stage irradiation
1 - uniform dose distribution
2 - with regard to dose distribution in cross section of reactor
(24 zones)
3 - with regard to dose distribution in cross section of reactor (3 zones)
4 - irradiation from both sides (3 zones).
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results of calculations are very similar as for 24 zones of irradiation (curve 2). Therefore for
next calculations 3 zones dose distribution model was used. If gas in process vessel is
irradiated from both side with the same dose D/2 then the dose distribution is more uniform
and curve 4 is very close to curve 1 which represents uniform dose distribution.
The influence of gas mixing for two stage irradiation was analysed for 2 boundary cases: an
ideal mixing and a segregation flow. The scheme of models considered are presented in Fig.5.
As a reference case calculations for uniform dose distribution in both irradiation stages were
made. (Fig. 6 curve 1) In this case the mixing between irradiation stages have no influence on
effective removal efficiency of N0x. For case of ideal mixing between stages and regarding of
dose distribution, the removal efficiency is much lower (curve 3).
In case of the segregation flow two cases were analysed: 1-st when gas is irradiated from the
same side (curve 4) and when gas is irradiated from both sides (curve 2) (model with regard
to dose distribution in the process vessel and crossing the oposite gas streams). In this case
irradiation is more uniform as was expected and the removal efficiency of N0x is
significantly higher.
2.1. Modelling N0x removal efficiency in three stage irradiation (Results achieved on
base of experimental data at Nagoya pilot plant).
The two series of N0x removal experiments in three stage irradiation process vessel at Nagoya
pilot plant in Japan were carried out [3]. Experimental dose distribution in process vessel at
Nagoya pilot plant is presented in form of map with 14 isodoses [3]. For simplification of
calculations it was replaced by equivalent three zone dose distribution map (Fig. 7).
The three accelerators were set on line during the first serie (one side irradiation) whereas in
the second serie the center accelerator was in opposite side to first and third accelerators (both
side irradiation). The problems of mixing between stages for three stage irradiation in
configurations of one and both side irradiation was analysed for 2 opposite cases: an ideal
mixing and segregation flow pattern. The schemes of models considered are presented in Fig.
8 and 9.
The experimental data for one side irradiation as for both side irradiation were approximated
by above models and calculated contants are given in Table I.
In case of one side irradiation curves for both models of mixing (curve 1 and 2) however
good aproximate of experimental points but for dose less to 10 kGy and more than 13 kGy
their run is much different.
For both side irradiation curves for both models of mixing (curve 3 and 4) practicaly cover.
This was probably; because of more uniform of dose distribution. On base of these
calculations it is difficult to say what kind of interstage mixing model is more probable. For
explaination this problem was made calculations of N0x removal curves for both models of
mixing and both side irradiation using constants k, and k2 calculated for one side irradiation.
Results of calculations using constants for segregation flow pattern (ki = 0,9296, k2 = 27,591
ppm/kGy) presents curve 5. This curve is very close to curve 4. Calculations using constants
for ideal mixing (k, = 0,8861 and k2 = 24,0 ppm/kGy) presents curve 6. Difference between
curve 6 and experimental points for both side irradiation (curve 3) is quite big. From that
calculations it follows that:
1. The flow pattern is close to segregation one in Nagoya pilot plant process vessel
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without re card or dose distribution in tlie process vtrsd

D • with regai-d of (lose distribution iu the process YCSSCJ and segregation flow pattern between stages

with. rcgtrd_of dose distribution in the protest vessel u d ideil miiine U.ctweea stages

(NO.),

witU regard of dose distribution in the procus vend »nd ci-oaing tlic oppusilc i;as itrcams

Fig. 5. Models ofNOx removal for two stage irradiation.
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80.

7O_
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50..

1o
30 _

[NO,],, = 170 ppra
[SOi], = 330 ppm
model constants
k, = 0.5119
k i = 38.5812 [ppm/lcGy]

10 .

0

0.01

o!o.5
Dose

0.1

Fig. 6. Estimation ofNOx removal for double irradiation (equal dose delivery)
1 - without regard to dose distribution in the process vessel
2 - with regard to dose distribution in the process vessel and
crossing the opposite gas streams
3 - with regard to dose distribution in the process vessel and
ideal mixing between stages
4 - with regard to dose distribution in the process vessel and segregation flow
pattern between stages.
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2. The values of constants kj = 0,9296 and k2 = 27,591 ppm/kGy good describes N0x removal
curve vs dose with taking into account nonuniform dose distribution in process vessel and
mixing phenomena between irradiation stages.

Fig. 7. Three zone dose distribution map in process vessel at Nagoya pilot plant.
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Fig. 8a. Three stage one side irradiation for segregationflowpattern between stages.
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Fig. 8b. Three stage one side irradiation for ideal mixing of flue gases between stages.

Fig. 9a. Three stage both side irradiation for ideal mixing of flue gases between stages.

Fig. 9b. Three stage both side irradiation for segregation flow pattern between stages.
154

• experimental points for one side irradiation
o experimental points for botii side irradiation
[SOj], •» GSO-950 ppm
[NO J o •= 170-190 ppra
TV Outlet Temp, = 65-67'C
ESP Outlet NHj«= 0-30 ppm

65.
Dose [kGy]

Fig. 10. Comparison ofNOx removal for three stage irradiation
1 - one side irradiation, ideal mixing between stages
2 - one side irradiation, segregation flow pattern between stages
3 - both side irradiation, ideal mixing between stages
4 - both side irradiation, segregation flow pattern between stages
5 - calculated curve for both side irradiation and segregation flow pattern using
model constants from curve 2
6 - calculated curve for both side irradiation and segregation flow pattern using
model constants from curve 1.
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Table L Models constants
Model of irradiation
one side
one side
both side
both side

Mixing model
ideal mixing
segregation flow
ideal mixing
segregation flow

k.
0.8861
0.9296
0.94406
0.9253

k2
(ppm/kGy)
24.0
27.591
26.7
27.293

3. Conclusions
The gas flow patterns in irradiation vessel play an important role in N0x removal efficiency
in the case of mutistage process. Mixing beetwen stages improve the energy efficiency in this
case. The results of the study should be considered for the process upscaling.
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Abstract
The kinetic of SO2 oxidation in humid air under influence of
electron beam and electrical field was investigated by computer
simulation method in steady state and pulse mode. SO2 oxidation
process was stimulated by radicals and ions reactions. The calculation
model has included 46 different particles and 160 chemical reactions.
Gas mixture containing 1000 ppm of SO2 concentration was
investigated at temperature T = 67°C and pressure p = 1 at. Water
content was within the range 2 - 12%. Electron beam parameters were
as follow: average beam current density 0,0032 - 3,2 mA/cm2, pulse
duration 400 |u.s, repetition rate 50 Hz. Electrical field density was E/n
= 1015 Vein2. Electrical pulse duration was changed within the range 5
xlO 7 - 10"5s.
The influence of the parameters of synchronized electron beam
and electrical field pulses on energy deposition was under
consideration. Energy cost of SO2 removal on 90% level was estimated
in steady state and pulse modes. It was found that total electron beam
and electrical field energy loses in pulse mode are 6 times lower to
compare with steady state conditions. The optimum of electrical field
pulse duration from point of view minimum energy cost of SO2
removal was found for different electron beam pulse current levels.
INTRODUCTION

The kinetic model calculations were performed in respect to
humid air radiolysis with SO2 addition under electric field and
electron beam influence [1]. The kinetics were calculated for different
initial SO2 concentration, humidity level and beam current intensity.
The results of kinetic calculations have been used to
evaluate the energy which is consumed for one SO2 molecule
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oxidation in proposed chemical model. The SO 2 removal process,
when electron beam and electric field are used simultaneously,
includes the chain reaction described by following equation:
e" + o 2 =>
O + O2 +
SO2 + o 3
SO3 + H2O

O + O
(1)
M
f M
(2)
(3)
=> so 3 + c
H
S
O
H
h
e'
(4)
=> 2 4
It should be noticed that the energy is consumed in oxidation
process during the period defined bellow:
l / k ( O a ) < x = l/k 4 (H 2 O)

(5)

Due to above statement the energy which is provided by
electric field in units volume and time can be found from the formula:
P = Ee nemax k4(H2O)

(6)

where:
Ec - mean electron energy when E / n = 10 15,
ntmax - max. electron concentration,
P - energy absorbed per units volume and time under electric field
influence.
The total energy which is provided to electrons by electric field
[2] can be found from the formula:
P = ne e E vd
where:
n e - mean electron concentration in gas mixture,
e - electron charge,
E - electric field intensity,
vd - drift velocity of electron.

(7)

When the gas mixture pressure is high (p = 1 at) the part of
energy is transferred to electron by electric field under non elastic
collisions. Because of that the total energy consumption on oxidation
process will be higher. The total energy consumption was evaluated on
the basis of the kinetic calculations. The energy deposited by
electric field is calculated by equation (8). The equation (9) can be
used to find energy provided by electron beam.
QE = P t
D =8t

(8)
(9)

where:
t - the time after which 90% of SO2 oxidation can be obtained under
influence of electron beam and electric field and 1000 ppm initial
concentration,
5 - the dose rate,
P - the energy rate which is provided by electric field according to
formula (7).
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RESULTS AND DISCUSSION

The SO2 oxidation process under influence of continuos electron
beam and electric field is illustrated by Fig. 1, where results of
calculation are presented for different initial SO2 concentration [1]. Fig.
2 shows calculated outlet SO2 concentration as a function of number
electron beam and electric field pulses for different pulse duration of
electric field with electron beam current density j = 0,032 mA/cm2.
The results of energy losses calculation are shown in Table 1.
Table 2 shows energy consumption to achieve 90% SO2 oxidation level
under influence of electron beam only. As can be seen from the
comparison of results presented in Table 1 and 2 the time in which
90% SO2 oxidation is obtained is significantly lower when electric
field is present. It is achieved due to chain process (1) - (4). It
means that simultaneous electron beam and electric field
application reduces energy consumption in SO2 oxidation process
2,5 10 16

2,0 10 16

:

£ 1,5 io 16 :

o
o

1,0 10 16

.

0,5 10 16 1

10"

10s

10"4

10-

Time [s]
Fig.l. Calculated outlet SO2 concentration as a function of time in irradiated humid gas
mixture in the presence of electric field with different SO2 initial concentration..
Electron beam current density j = 0,032 mA/cm2
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Fig.2. Calculated outlet SO2 concentration as a function of number electron beam and electric
field pulses for different pulse duration of electric field. Electron beam current density
j = 0,032 mA/cm2

stimulated by electron beam. The same time the total energy
deposited in gas mixture by continuous electron beam and electric
field is higher than by electron beam itself for 90% SO2 oxidation
level.
The kinetic of SO2 oxidation in humid air under influence of
electron beam and electrical field was investigated by computer
simulation method in pulse mode [3]. SO2 oxidation process was
stimulated by radicals and ions reactions. The calculation model has
included 46 different particles and 160 chemical reactions [1]. Gas
mixture containing 1000 ppm of SO2 concentration was investigated
at temperature T = 67° C and pressure p = 1 at. Water content was
12%. Electron beam parameters were as follow: average beam current
density 0,0032 - 3,2 mA/cm2, pulse duration 0,4 10 3 s, repetition
rate 50 Hz. Electrical field density was E/n = 101S Vein2. The Table 3
shows the results which were obtained for different electrical pulse
duration and electron beam current densities.
160

Table 1.
Energy deposited by continuos electron beam and electric field applied simultaneously
Beam
current
density

Water
content

j [mA/cm2]

H2O [%]

0,0032
0,032
0,32
3,2
0,0032
0,032
0,32
3,2
0,0032
0,032
0,32
3,2

2
2
2
2
4
4
4
4
12
12
12
12

Time of
Mean
90% SO2 electron
oxidation
concentratio
n
t90%104[S] ne 10-'° [cm"
3

9,5
9,0
8,5
6,0
6,0
5,8
5,0
4,0
4,4
4,3
4,1
3,1

Energy
Dose
deposited by deposited by
electric field electron
beam
Q E 10- 6 [Gy] D[Gy]

1

6,24
5,75
6,43
10,18
8,99
9,3
9,43
9,7
8,35
8,81
9,81
13,69

2,05
1,79
1,89
2,11
1,865
1,866
1,63
1,34
1,27
1,31
1,39
1,47

5,53
52,4
494,9
3493,4
3,5
33,8
291,1
2328,9
2,56
25,0
238,7
1804,9

Table 2
Dose deposited by continuos electron beam application
Beam current
density
j [rnA/cm2]
0,0032
0,032
0,32
3,2
0,0032
0,032
0,32
3,2
0,0032
0,032
0,32
3,2

Water content Time of 90%
SO2 oxidation
t9o%
102 Tsl
H 2 O r%i
2
950,0
2
96,0
2
9,8
2
1,2
4
910,0
4
94,0
4
9,6
4
1,2
12
840,0
12
87,0
12
9,5
12
1,1

Dose (electron
beam)
D 10"J [Gyl
55,31
55,89
57,06
69,87
52,98
54,73
55,89
69,87
48,91
50,65
55,31
64,05

The influence of the parameters of synchronized electron beam
and electric field pulses was under consideration. Energy cost of SO2
removal on 90% level was estimated in pulse modes according to
equations (8) and (9). According to this conditions the total time of
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electric field or electron beam action was calculated
following formulas:
t =NT

from

the

(10)

where:
N - number of pulses,
xE - electric field pulse duration,
te - electron beam pulse duration.
The calculation results of total energy provided by electron beam
and electric field pulses (QE + D) and separately the dose D deposited
by electron beam pulses only are given in Fig. 3 and Fig. 4. The Table
4 includes the optimal value of electric field pulses duration for
beam current densities 0,032 and 0,32 mA/cm2. The time of the
process which is necessary to obtain 90% of SO2 oxidation level for
above described parameters is also included to the Table 4. The
optimum of the pulse duration is different for different beam current
density (TE = 6 10 6 s; j = 0,032 mA/cm 2 and TE = 5 10 6 s; j = 0,32
mA/cm2). The data presented on Fig. 3 shows that the energy cost

3 10,5.

210 5 -

/ /
//
//
f

1 10 s -

1j
2 j
3 j
4 j

= 3,2 mA/cm2
= 0,32 mA/cm2
= 0,032 mA/cm2
= 0,0032 mA/cm2

t
/

11111111111111 [ 111111M111111111111111111111111111111

0
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Fig. 3. The total energy consumption of SO2 oxidation process under influence electron beam
and electric field pulses vs electric field pulse duration for different beam current
density
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Fig. 4. Dose dependence of SO2 oxidation process under influence electron beam and electric
field pulses vs electric field pulse duration for different beam current density
Table 3.
Mean value of electron concentration under influence of electron beam and
electric field pulses
Beam current
density
[mA/cm2]
Electric field
pulse
duration
6
T E 10" [s]
20000
10
8
7
6
5
3
1
0,5

0,0032

0,032

0,32

3,2

Mean electron concentration rie 10'10 [cm"3]

2,751
3,0785
2,5095
2,1456

9,8032
3,0926
3,3533
3,0640
2,9383
2,7576
2,1014
0,4737

10,7540
5,3537
5,2557
5,1653
5,1681
4,9386
4,7923
1,7468

14,9590

13,955
9,6500
6,0858
163

Table 4.
Optimal process conditions in respect of electric field pulse
duration and irradiation time to obtain 90% SO2 oxidation
Beam current
density
j fmA/cm2]
Electric field
pulse duration

0,032
1 10'6

0,32
6 10"6

1 10"6

5 10"6

0,7

2,9

0,48

TE[S]

Time of
SO2
oxidation
tfsl

90% 25

with above mentioned pulse d u r a t i o n of electric field a n d b e a m
c u r r e n t is respectively 196 kGy a n d 196 kGy with electron b e a m
contribution 0,74 kGy and 5 kGy (Fig. 4). The calculated value of
energy costs of oxidation process in p u l s e m o d e are significantly lower
to compare with continuos electric field a n d electron b e a m operation
w h e n Q > 1200 kGy. It should also h a s to b e t a k e n into a c c o u n t t h a t
cost of electric field generation c a n b e several t i m e s lower t h a n
electron b e a m acceleration process w h a t m a y provide better relation
w h e n we compare necessary dose D > 5 0 kGy which is n e c e s s a r y for
SO 2 at 9 0 % level with 1000 p p m initial SO 2 c o n c e n t r a t i o n u n d e r
influence of electron b e a m only.
Energy cost reduction m a y be o b t a i n e d for high electron b e a m
density by decreasing t h e pulse d u r a t i o n of t h e electric field. The m a i n
contribution of SO 2 oxidation will be related to t h e high b e a m c u r r e n t
density in s u c h case (Fig. 3 and 4).

CONCLUSIONS
The energy cost of SO 2 oxidation p r o c e s s in h u m i d air with 1000
p p m of SO 2 initial concentration u n d e r s i m u l t a n e o u s influence of
electric field and electron b e a m in s t e a d y s t a t e a n d p u l s e m o d e s of
operation was established by theoretical calculation.
It w a s found t h a t total electron b e a m a n d electrical field
energy losses in pulse mode are 6 t i m e s lower to c o m p a r e with steady
s t a t e conditions.
The optimum of electrical field p u l s e d u r a t i o n from point of view
m i n i m u m energy cost of SO 2 removal w a s found
for
different
electron b e a m pulse current levels.
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The optimal value of residence time during gas mixture
treatment in reaction vessel by pulses of electrons and electric field
was found as well from point of view minimization of energy losses of
SO2 oxidation process.
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Abstract
Analysis of potential utilization of applicable SQrremoval process for reduced-SO2-strength offgases, including electron-beam irradiation, for incrementally improving overall abatement of SO2/SO3
emissions from existing copper smelting facilities in Chile has been carried out. Off-gases are characterized
by SO2 content higher than 3,000 ppm, a complex chemical composition and highly oxidizing conditions,
along with cyclical and fluctuating generation, reflecting relatively severe service. Laboratory tests with
simulated high-SO2-strength process gas were performed at Polish Institute of Nuclear Chemistry and
Technology. Test work proved the technical feasibility

of removing SO2 from ultra-high SO2 content

smelter gases by E-beam irradiation with ammonia injection. A laboratory unit with flow rate of 20 Nm3/h
equipped with electron accelerator of 800 keV beam energy was used. Influence of different parameters on
SO2 removal efficiency, like temperature, dose, ammonia stoichiometry and water vapor content, has been
established. Tests covered a high SO2 content range, 2,000 to 10,000 ppm. A generic design has been
deviced to address system arrangement, performance and control requirements. It encompasses upgrading
of in-plant ventilation to the extent required by health standards, together with gas cleaning system based
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on EB Process. The arrangement of the facilities provides for gathering and treating off-gas from selected
fugitive emission sources on a continuous basis, at the same time in-drafting a minimum amount of tramp
air. An introductory dry dedusting stage uses activated coke injection in conjunction with a fabric filter to
efficiently treat raw gas to remove heavy metals, including arsenic, along with participate matter. Main
conclusion of the 'wo major stages of this work, i.e. experimental tests and engineering oriented studies, is
that the EB Process is a simple and appropriate, cost-effective, chemical process that would, on a sitespecific basis, optimally augment Chilean copper smelter SO2 emission control as required.
1. INTRODUCTION
Chile is the world's largest producer of copper and, since most of its production is smelted and
refined locally, it is also a large sulfur emitter. Increased governmental environmental restriction on the
copper industry is being programmed. Industry has been compelled to make major new investments in the
1990s to comply with enactments and to make it possible for ambient air quality standards to be achieved.
The intent of this work was to identify and outline a technology-selection for SQ2 removal, serving
as an adjunct to primary sulfur control. Criteria in carrying out the necessary technical development
program and choosing an optimal gas desulfurization technology include minimal cost, complexity and
technical/ economic risk with the aim of achieving minimum, estimated, total-net-cost per tonne of SO2
removal in the prospective full-scale installation.
The Chilean Nuclear Energy Commission, CCHEN, has carried forward this work supported and
sponsored by International Atomic Energy Agency, IAEA, with the assistance of experts and installations
of the Institute of Nuclear Chemistry and Technology of Warsaw, INCT, Poland.
1.1. Air pollution and its control in copper industry
Main off-gas streams from copper smelters fall in two categories subject to specific treatments for
their control, namely:
a) Ultra-high SO2 content gases in the range over 4 % SO2 by volume, issuing directly from
conversion process: In conventional, world-wide smelter practice these gases are fed to single contact
sulfuric acid plants that provide SO2 abatement. Chile is presently applying this primary stage of sulfur
control, which is expected to be completed by year 2000.
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b) Weak SO2 content gases, up to 3% SO2 by volume, from varied smelter sources such as:
• Fugitive gases from conversion processes
• Gases from secondary process (electric furnaces, etc.)
• Tail gas from sulfuric acid plants.
There is no consistent, worldwide, metallurgical industry trend in the treatment of these weak
streams like in the primary control. In U.S.A and Canada no such treatment is applied as generation of
these gas streams is minimized and the level of sulfur capture to meet air quality standards is achieved by
primary control and improvements in gas handling systems. Nevertheless, in more stringent circumstances
as in Japan and Europe, scrubbing or regenerative technologies are in wide use. In these cases, weak
streams, once gathered and dedusted are treated by wet scrubbing systems, e.g. lime/limestone or double
alkali process generating gypsum, usable or throwaway, or regenerative systems for SO2 concentration,
whose output feeds the metallurgical sulfuric acid plant. Technologies for the control of weak SO2 gas
streams have been developed for thermal power plants. Metallurgical industry has extensively explored
these technologies, but has not broadly adopted them due to high capital costs and marginal value of most
sulphur by-products recovered. Thus there is a great potential application, the subject of interest in this
work, for a low cost technology to control such streams.
Main design aspects in choosing an SO2 removal technology are the following:
• Design must accommodate and address anticipated highly oxidizing and fluctuating gas flow
conditions that are unique to this service.
• Process design must afford minimum total cost per tonne of SO2 removal.
• The system should upgrade in-plant ventilation to the extent required, in conjunction with gas
cleaning system that gathers and treats off-gas from selected fugitive emission sources on a continuous
basis, at the same time in-drafting a minimum amount of tramp air.
• Design should provide appropriately for efficient removal of arsenic from raw gas in order to
limit arsenic concentration in salable by-product. Also it must provide environmentally sound management
of collected arsenic and heavy metal.
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• Design should be based on combined/ simultaneous cleaning of multiple gas streams, each of
which is expected to have an SO2 concentration of less than approximately 30,000 ppm.
• In time intervals during which peak ventilating air capture is taking place and raw-gas SO2
concentration is minimal, gas flow in excess of treatment system capacity is to be diverted directly to the
stack after paniculate removal.
• This desulfurization process application is tied solely to SO2 emission inventory, i.e., reduction of
SO2 mass flow. This avoids normal focus on high system SO2-removal-efficiency and favors minimizing
overall cost, capital and operating, per tonne of SO2 removal.
2. ELECTRON-BEAM PROCESS FOR THE TREATMENT OF HIGHLY CONCENTRATED
SO2 OFF-GASES
Treatment of flue gases by electron-beam technology has emerged as a highly applicable technological
option that allows control of both sulfur and nitrogen oxides, through use of a dry process with production
of a valuable by-product for use as fertilizer, Refs.[l,2], [3,4].
The Electron Beam Dry Scrubber process, EBDS, was developed originally by Japanese companies,
notably Ebara Corporation now applying it commercially. Its further development has, in part, been sponsored
by organizations such as International Atomic Energy Agency, Forschung Zentrum of Karlsruhe, Japanese
Atomic Energy Research Institute and the Polish Institute for Nuclear Chemistry and Technology, among others.
Its optimal design parameters for that use have been obtained through basic experiments and operation of pilot
plant facilities, located mainly at the above mentioned institutions, Refs.[5,6]. There are current projects for
construction of industrial facilities in Poland, Refs.[7], and China [8].
Electron Beam process has been developed to be applied for flue gas treatment in electric utilities, with
typical SO2 content up to 3000 ppm. Nevertheless, some references have mentioned use of the process in metal
smelters in Russia for treating off-gases with SO2 contents up to 7000 ppm without addition of ammonia,
Ref.[9].
2.1. Process Description
Chemistry of electron beam process for raw gas SQz concentration up to 3000 ppm is well
established, Ref.[ll].
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On the other hand, considering that the fraction of energy absorbed by each gas component is
proportional to its partial pressure, some changes in reaction mechanisms of electron beam process can be
expected for SO2 concentration over 3000 ppm. A conceptual model was developed to characterize the process
of SQ2 removal from humid gas mixtures under influence of the electron beam, Ref.[13]. It takes into account
about 200 reactions, the main ones being the following three:
502 + OH

-»

HSO3

[1]

HSOj + Oz -»

SOj + HOz

[2]

503 + H2O ->

H2SO4

[3]

The model also consider reactions like the following, whose role is small in the whole mechanism:

->

SO+O + <?

Tests results shows good agreement with results of simulation, Ref.[12].
2.2. Influence of Process Parameters on Efficiency of SO2 Removal
Last experimental data from recent pilot plant operations shows that 95 % of SQ2 removal
efficiency can be obtained at a dose of 5 kGy when water vapor content and thermal reaction conditions are
properly adjusted. In off-gases from copper smelters, no NOx content is expected. For SO2 removal, main
parameters that have influence are reaction temperature, dose, NH3 stoichiometry and absolute humidity, Ref.
[14].
2.3. Laboratory Tests
Basic information about off-gas composition originated from monitoring data provided by specific
Chilean smelter plants. Based on that information, a test matrix was defined to evaluate electron beam
processing of off-gases with moderately high levels of SO2. Later, tests were conducted at a laboratory
installation of the Institute of Nuclear Chemistry and Technology in Warsaw.
The goal was to determine the efficiency of SO2 removal from simulated off-gas with moderately high SQj
concentration, i.e, in the range 3,000 ppm to 10,000 ppm by volume. Previously, tests had been conducted for
the ultra high range of SQ2 content, well above the 30,000 ppm SO2 concentration level i.e., 5% to 15 % by
volume , for simulation of conditions of gases that normally feed metallurgical sulfuric acid plants, Ref. [15].
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The irradiation stage was carried out by an electron accelerator ELU-6, with beam energy of 800 keV. The
laboratory

unit

has been described in the literature, Ref. [7], and its layout is

shown

in

Fig.1.

2.4. Experimental Results
Using the Electron Beam process with ammonia injection for treatment of simulated off-gases with
SO2 content in the range up to 10,000 ppm, good performance with high efficiency SO2 removal, i.e. well
above 70%, was achieved during experimental tests, as shown in Fig. 2. A slight decrease in SO2 removal
efficiency with increasing SO2 inlet content was observed.
In addition to ammonia injection tests, a preliminary testing was done without ammonia supply at
SO2 concentrations ranging from 2,000 to 10,000 ppm, yielding dilute sulfuric acid by-product. At
comparatively high E-Beam dose only a modest level of SO2 removal, i.e. 10% to 40%, was achieved.
These results are shown in Fig. 3.
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Fig. 1. Flow diagram of INCT laboratory installation
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Fig.2. Effect of irradiation dose on SO2 removal effectiveness, for various SO2 inlet concentration
SO2 i = 1020 ppm ( • ),1960 ppm ( • ), 4017 ppm ( A ), 10043 ppm ( O )
ratio NH3 = 0.95 ; T inlet: 87-90 °C; water: 13 - 16 % vol.
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FIG. 3. Effect of irradiation dose on SO2 removal effectiveness, for various SO2 inlet concentration
SO2 i = 1077 ppm ( • ) , 2071 ppm ( O ), 4063 ppm ( • ) , 10200 ppm ( O )
ratio NH3 = 0 ; T inlet: 113 -116 °C; water : 7 % vol.
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3. PROSPECTS OF EB TECHNOLOGY APPLICATION IN COPPER INDUSTRY
3.1. Study and Assessment of Diverse SO2 Removal Methods
Due to positive results of tests in terms of SO2 removal efficiency for moderately concentrated off-gases,
CCHEN developed an engineering-oriented activity, to carry out a survey and a technical-economical
assessment of diverse candidate technologies, including electron beam irradiation, Ref.[16]. It was early
recognized, because it is a technology already established, that the electron beam option with ammonia
injection should be defined as the basis for this study analysis, but nevertheless, the technological option
without ammonia injection could constitute an even more interesting alternative, for the metallurgical
industry and become a real, cost-effective alternative for metallurgical service. The reasons are as follows:
• It may possibly be integrated synergistically with existing facilities, its yield of dilute sulfuric acid
being fed to the sulfuric acid plant.
• NH3 supply is a special challenge since in many countries NH3 is an expensive raw-material,
unavailable domestically.
• Sulfuric acid yield constitutes a more familiar by-product for the metallurgical industry than
does fertilizers, the marketing of which is unique and far unconnected with its business.
An engineering evaluation has been carried out through comparison of electron beam with ammonia
injection

with

conventional SO2 removal means, seen to be the most relevant for the smelter

desulfurization duty by virtue of having become a commercially-established process options for highsulfur service, i.e. wet limestone desulfurization.
Key considerations of concern for this service include:
• Applicability for use in high-sulfur service:
Reagent cost and equipment

deterioration due to corrosion, erosion and other physical wear,

together with other extreme effects of severe chemical process operation have, over years of field
experience in the U.S.A, Europe and Japan, invalidated many desulfurization process in their proposed
commercial application at ultra-high, gross-SO2 concentration levels, i.e. above 3,500 ppm. Broad
acceptability of wet limestone-gypsum gas desulfurization, i.e. for low-grade fuel boilers, even in recent
worldwide applications at gross SO2 levels as high as 7,000 ppm, derives largely from the extended field-
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experience that has been able to guide continuing but limited improvement and modifications to chemical
process steps.
• Ability to remove substantial tramp SO3 emission and the compatibility of the process with the
substantially oxidizing

process environment imposed by gas oxygen content that commonly

accompanies high SOj concentration in inlet raw gas:
Wet scrubbing systems commonly remove only a nominal 50 % of the gaseous SO3 entering the system, the
balance being hydrated to gasbome particulate matter in the form of sub-micron size, sulfuric acid mist.
This has typically been no hindrance to wet scrubber use, particularly in commonplace low/medium sulfur
coal service at electric utility plants, due to the modest SO3 concentration encountered.

Only in

occasional, unique circumstances, is raw-gas SO3 concentration high enough to be of concern, bringing
about severe, visible opacity in the stack discharge plume of the scrubbed gas (with or without reheating of
the water-saturated gas). In copper smelter application of wet-scrubber-process and in the ultra-high SO2
concentration wet desulfurization systems, newly operating at worldwide powerplants, it is to be expected
that cumbersome, high-maintenance, wet-electrostatic-precipitator facilities will be needed at the stack inlet
if stack plume visibility is to be adequately reduced.
• Impact of magnitude of inlet particulate loading:
Feasibility of SO2 removal processes depends on pre-treatment of raw gas to limit inlet solid
particulate loading. Dust loading at a wet-scrubber desulfurization-system inlet in excess of approximately
200 mg/Nm3 (either continuously or temporarily) can be expected, (due to dissolution of water-soluble
components of wet-collected pollutants including particulate matter), to introduce within the inventory of
the wet-scrubbing aqueous medium, chemical process interferences, i.e. side-reactions, and enhanced wet
catalytic oxidation effects adverse to reliable operation of many candidate wet process methods. At
substantially higher inlet dust loading creating a coarse-solids slurry within the aqueous medium, erosive
impact on the internals of equipment components is a significant concern.
• Impact of inlet-gas O2/SO2 concentration ratio:
Major field experience with wet scrubbers, particularly those of the dissolved-sulfrte-alkali type,
including magnesia-buffered lime and sodium-alkali processes, has shown unacceptable levels of
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inadvertent oxidation of crucial dissolved sulfite to sulfate at inlet-gas oxygen volume-concentration above
5-6% and, (in low/medium sulfur coal service), at inlet-gas O2/SQ2 volume concentration ratios above
approximately 20. Use of dissolved alkali scrubbing of smelter off-gases using sulfite, or active cation
species, (with oxidation inhibitors), that are counterparts to dissolved sulfite may be expected to be
invalidated due to severe impact of excessive tramp-cation, e.g. sulfate formation due to highly oxidizing
conditions at anticipated inlet-gas O2 concentrations above 10 %.
• Tailoring/ management of sulfurous by-product yield:
Even when a nominally usable by-product is generated in a gas desulfurization installation, a
simultaneous yield of one or more waste-type, tramp by-products may compromise the success and
adequacy of overall by-product management. Such detrimental wastes include:
- Salts of sulfate or depleted cations of other process chemicals generated by parasitic oxidation by
raw-gas oxygen
- Leachates, (e.g. arising from rainfall), generated in land-based disposal of the salt waste yield
- Liquid effluent, typically saline/brackish outfall discharged/purged from the wet desulfurization
facility, containing high concentrations of dissolved solids, principally in the form of chlorides, sulfates or
other cations.
• Mitigation and management of discharged liquid process-waste:
Liquid waste generation is objectionable because of the cost/complexity of wastewater treatment,
including trace-metal chemical-precipitation potentially required, to gain permitted outfall discharge to a
receiving water body. In the case of fresh-water type receiving streams, including water bodies that are
currently potable, salinity of wastewater discharge, despite substantial treatment adversely increases total
dissolved solids content downstream of the plant outfall.
3.2. Economics of E-Beam Process in Comparison with Other Desulfurization Methods, in HighSulfur Service
A comparative study was performed involving an economic evaluation of alternative methods for
SO2 removal. This assessment was based on international values as follows:
•Anhydrous ammonia :
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US$ 210/tonne

• Electric power supply:

US$ 0.06/kWh

• Fresh water:

US$ 0.25/cu.m.

• Granulated ammonium sulfate by-product:

US$ 100/tonne

•Limestone:

US$15/tonne

•Gypsum :

US$ 2/ tonne

Note no ammonia production is currently carried out in Chile nor is ammonium sulfate produced.
Final values require final adjustment to actual future domestic conditions.
The comparison of three process, including two wet limestone scrubbing cases, was performed for
two alternative raw-gas scenarios:
a) Low SO2 content: 3,500 ppm SO2 and 300,000 Nm3/h
b) High SO2 content: 10,000 ppm SO2 and 100,000 Nm3/h
-Nominal SO2 removal capacity in both cases: 55 tonnes per day
Costs forecasts for the alternatives are summarized in Tables I and II.

Table I
Cost Estimates of Alternative Process. Scenario a.
Case a) Flowrate: 300,000 Nm3/h, SO2 inlet: 3,500 ppm SO2
Assumed SO2 removal efficiency: 80 %

COSTS
Fixed Investment
Total O&M Cost
By-product Credit
Net Operating Cost
Total Cost SO2 Removal

MUSS
US$/h
US$/h
US$/h
US$/t SOz

Conventional
wet scrubber
22.5
349
12
337
373

Advanced
wet scrubber
26.5
363
12
351
419

Electron
Beam
24
483
472
11
245

The second scenario was assessed assuming that treatment of 100,000 Nm3/h of off-gas is rather
equivalent to an electric utility of 0.25 MWe. The following forecast was established.
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Table n
Cost Estimates of Alternative Process. Scenario b.
Case b) Flowrate: 100,000 Nm3/h, SO2 inlet: 10,000 ppm
Assumed SO2 removal efficiency: 80 %
COSTS
Fixed Investment
Total O&M Cost
By-product Credit
Net Operating Cost
Total Removal Cost

MUSS
US$/h
US$/h
US$/h
US$/t SO2

Conventional
wet scrubber
16.5
272
12
260
279

Advanced
wet scrubber
21.5
289
12
277
336

Electron
Beam
16.5
417
472
-55
141

The comparison between operation and maintenance costs for alternatives in two different scenarios
is presented in Tables HI and IV.

Table m
Operation & Maintenance Costs for Selected Process. Scenario a.
Case a) Flowrate: 300,000 Nm3/h; SO2 inlet: 3,500 ppm SO2
COSTS
Direct Costs:
- raw material
- process water
- electricity
-operating labor
-maintenance
Total O &M costs
By-product credit;
Net Operating Cost,

US$/h
US$/h
US$/h

Conventional
wet scrubber
US$/h
58
5
96
50
140
349
12
337

Advanced
wet scrubber
US$/h
58
5
90
50
160
363
12
351

Electron
Beam
US$/h
256
3
114
50
60
483
472
11

These cost estimates for the two scenarios, with the reference value assumptions presented, show
that electron-beam process exhibits the greatest cost-effectiveness in terms of minimum cost per tonne of
SQ2 removed, especially in the case of the highest sulfur content in off-gas.
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Table IV
Operation & Maintenance Costs for Selected Process. Scenario b.
Case b): Flowrate: 100,000 Nm3/h; SO2 inlet: 10,000 ppm SO2
COSTS
Direct Costs:
- raw material
- process water
- electricity
-operating labor
-maintenance
Total O &M costs
By-product Credit,
Net Operating Cost,

US$/h
US$/h
US$/h

Conventional
wet scrubber
US$/h
58
2
42
50
120
272
12
260

Advanced
wet scrubber
US$/h
58
2
39
50
140
289
12
277

Considering both technical and economical aspects, the itemization following

Electron
Beam
US$/h
256
1
60
50
50
417
472
-55

summarizes technical

advantages and disadvantages of electron beam use in comparison with alternative lime/limestone wet
scrubbers for weak gases from copper smelters.
3.3. Technical Advantages of the Electron Beam Process
For service in copper smelters, EB process shows the following advantageous features:
• A high level of removal efficiency for SO2 , between 85 to 95 %, is achievable with wide range of SO2
inlet concentrations, using relatively low irradiation dose, as demonstrated in experimental tests with SO2 content
in the range of 3,000 to 10,000 ppm.
• Its dry, i.e, water unsaturated operation and highly oxidizing mode of operation, favors removal of
SO3 with high efficiency. Wet scrubbing processes used in commercial service, including wet limestone
scrubbers, have poor SO3 removal efficiency, nominally 50%.
• It ideally accomodates fluctuating flows and SO2 concentrations in raw gas.
• The commercial by-product, ammonium sulfate, is a valuable commodity.
• Stack plume opacity is much less than in wet limestone process.
• Incorporating a high-efficiency, dry dedusting facility as the final step, it provides excellent
performance in reducing solid-particulate concentration in the stack gas discharge.

Wet limestone

scrubbing, typically used downstream of an electrostatic precipitator, affords only modest, incremental
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reduction in particulate concentration, in part because of the counteracting, adverse impact of carryover of
gasbome slurry-solids in the scrubbed gas exiting the mist eliminator of such a wet process.
Secondary environmental benefits afforded by smelter application of the EB Process include:
• No throwaway solid-waste generation other than that formed in upstream, conditioned, dry removal
of smelter particulate and heavy metals, including arsenic.
• Low emission of arsenic and particulate matter.
• No liquid effluent discharge.
3.4. Electron Beam Process Disadvantages
The disadvantages of the electron beam process in comparison with lime/limestone process, for this
copper smelter service were identified as follows:
• requires NH3 supply at an acceptable price
• capital cost relatively high
• may require pre-cleaning stage, in order to cope with complex, dirty off-gases
• favorable economics completely dependent on ammonia raw material and ammonium sulfate by-product
prices

4. DESIGN BASIS FOR ELECTRON BEAM APPLICATION IN SMELTER OFF-GASES
A generic proposal for a process adjusted to specific conditions of weak copper smelter off-gases,
oriented to remove SO2, SO3, particulate matter and arsenic has been developed. Candidate gases to be
treated include main streams of fugitive gases and streams from secondary process (electric furnaces, fire
refining furnaces, etc.). These gases exhibit highly oxidizing conditions, heavy fluctuations in flow rates
and SO2 concentration and significant amounts of arsenic and heavy metals.
4.1. Process Parameters and Design Requirements
The generic process foreseen in this service comprises three major stages:
1) Capture and pre-cleaning of off-gas: It includes collection and blending of diverse gas streams,
pre-removal of arsenic/particulate matter and humidification.
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2) SO2 removal: It includes injection of NH3 gas and irradiation.
3) By-product separation: It includes collection of by-product solids by ESP with by-product
granulation and discharge of dry gas to the stack.
Stage 1: Capture and Pre-cleaning:
In order to ensure a low arsenic emission concentration and achieving adequate fertilizer by-product
quality free of a significant amount of arsenic or other trace constituents usually present in smelter gases,
the combined feed gas stream may need to be dry dedusted to achieve, through pre-cleaning, an adequately
low arsenic loading.

This

reduction in raw-gas dust loading, including coarse paniculate, will

substantially reduce the amount of particulate-catch and arsenic removal that otherwise would occur in the
EB system. Arsenic,

a semi-volatile metallic oxide, is known to concentrate, via a condensation

mechanism, on the surface of fine-grained, as opposed to coarse-grained, gasborne particulates.
Specifically, the pre-cleaning system will employ recent, major, technological advancements in air toxic
emission control in electric utility industry coal-firing, Ref. [17,18]. The raw-gas will be treated by dry
injection of low-cost, activated-coke adsorbent at the inlet of an ultra-high-efficiency, fabric filter.
The pre-cleaning facility would be sized adequately to accommodate peak gas flow rate, e.g. as
would arise cyclically

in conjunction within operating modes of smelter equipment, in gathering of

principal fugitive emissions for SO2 removal.
Stage 2: SO2 Removal
In addition of SO2 removal itself, this stage will achieve a high level of removal of SO3 removal,
significatively present in these metallurgical off-gases.
Stage 3: By-product Separation
It will be accomplished through dry ESP use followed by dry granulation of solid ammonium sulfate byproduct, to achieve a product of greatest acceptability in fertilizer market.
4.2. Facility Arrangement
A generic facility diagram and sequential arrangement is presented in Fig. 4.

181

Activated
Carbon

Electrostatic
Precipitator

Raw
Gas

To
Stack
Gas dedusting
System

water .

dry bottom
humidifier

Fertilizer/
Sulphur
-Nitrogen
Blending
Stock

Fig. 4. Generic process diagram for weak off-gases from copper smelters

5. CONCLUSIONS
Main conclusion arising from this work, is that the Electron Beam Process with ammonia injection
is a simple and appropriate chemical process that should, on a site-specific basis, optimally augment plantwide Chilean copper smelter SO2 emission control as required.
A field pilot plant program is foreseen, replicating anticipated gas cleaning service conditions, and
providing a necessary reference for scaleup for commercial application of the Process. The principal
purpose of the pilot plant is to collect data characterizing process operation and performance and serving as
a basis for conceptual design of site-specific full-scale installations.
The engineering-oriented analysis has also shown that, in the metallurgical smelter field, the electron
beam non-reagent option, yielding diluted sulfuric acid, appears to be a very promising possibility for costeffective use due to its independence of NH3 supply and the possibility of its synergistic integration with
sulfuric acid plants already existing at the smelters. Additional means and innovation are required to
enhance performance of the electron beam non-reagent option in order to constitute realistic alternative for
treatment of weak off-gases from copper smelters.
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Abstract
High energy electron accelerators have been used in numerous applications for several
decades. In the early 1980's several attempts to use electron accelerators for the disinfection of sludge
proved that the technology could be used for that application. One such facility was designed, built
and tested for one year at the Miami-Dade Virginia Key Wastewater Treatment Plant. The process
successfully disinfected anaerobically digested sludge. However, due to changing local regulations
the process was never implemented. Now this process may provide a viable alternative for the
ultimate destruction of toxic and hazardous organic chemicals from water and sludges.
When high energy electrons impact an aqueous solution, with or without paniculate matter
present, reactive transient species are formed. The three transient species of most interest are the
aqueous electron, e~aq, hydrogen radical, H-, and the hydroxyl radical, OH. The relative
concentration of these radicals in an irradiated solution of pure water is 44, 10 and 46 %, respectively.
The absolute concentration of the radicals is dose and water quality dependent, but is in excess of mM
levels in potable, raw and secondary wastewater effluent at our facility.
This paper describes the facilities at the Electron Beam Research Facility (EBRF) in Miami,
FL. The accelerator is a 1.5 MeV, 50 mA insulated core transformer type. Several areas of research
have been the focus of the studies with an interdisciplinary team of faculty and students in
engineering and science. The areas included are, inactivation of bacteria in raw and chlorinated and
unchlorinated secondary wastewater and the changes in biochemical oxygen demand and chemical
oxygen demand in the raw and unchlorinated secondary wastewater. The removal of toxic chemicals
has also been studied in some detail. These studies have been conducted both at the EBRF and using
60Co gamma irradiation. To examine the effect of water quality on the destruction of the organic
compounds different influent streams can be studied. The influent waters connected to the plant are
potable water, secondary wastewater and a secondary anaerobically digested sludge (2-5 % solids).
Batch experiments can be conducted using 6,000 gallon tank trucks. The nominal treatment flow rate
is 120 gallons per minute. The absorbed dose can be varied from 0 to 800 krads. The studies
conducted at the 6 0 c o gamma facility have had as their main objective the determination of reaction
by-products and mass balances.

1.

INTRODUCTION

High energy electron beam irradiation as a treatment unit process has potential
application in many areas of water, wastewater and industrial waste treatment and in the area
of toxic/hazardous waste disposal. The research program undertaken at the Electron Beam
* Present address: University of North Carolina, Wilmington, NC, United States of America.
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Research Facility located at the Miami-Dade Central District (Virginia Key) Wastewater
Treatment Facility, Miami, FL has begun to develop solutions to many of the problems that
face the nation in these areas. Through an interdisciplinary team of scientists and engineers
studies have been conducted in several areas of interest. Although the majority of this report
discusses the studies conducted on the removal of toxic and hazardous chemicals from
aqueous solutions, studies have also been conducted in the areas of disinfection, biochemical
oxygen demand and chemical oxygen demand removal and solids conditioning.
The ultimate disposal of toxic and hazardous organic chemicals is emerging as a
priority in the search for new and innovative treatment technologies. By ultimate disposal we
refer to the mineralization of the solutes of concern. Historically, for waste streams and even
for site remediation, treatment process efficiency focused on the removal of the solute of
interest. Little or no concern was voiced once the parent compound was "out of sight." In
some cases the removal of the solute or waste product was considered complete by merely
removing it from the manufacturing or remediation site to a land fill or by using deep well
injection. These options are less attractive when considering the long term environmental
effects and potential liability to the owner of the "disposed" waste. The "out of sight out of
mind" mentality is being called into question and it is probably safe to say will disappear in
the future.
An extension of this approach is the use of carbon and aeration stripping, where the
chemical(s) of interest are transferred to another media. In the case of carbon the solutes are
concentrated and then are disposed of during the regeneration. If the carbon is not regenerated
it then must be disposed of either in a landfill or by incineration. Aeration stripping for the
removal of volatile chemicals, the cheapest alternative when using extremely naive and
simplistic economic analyses, at worst transfers the problem to the air and at best transfers it
to carbon or another adsorbent.
We feel that the more realistic solution to the problem of the disposal of toxic and
hazardous organic waste chemicals will be treatment processes that result in, or facilitate, the
mineralization of the chemicals. Probably the best known process to achieve this is the use of
ozone,03, most often in the presence of various catalysts for its decomposition, e.g. ultraviolet
(UV) light and/or hydrogen peroxide, H2O2. Other chemical/physical processes that are
receiving attention are supercritical oxidation and wet oxidation. Bioremediation can also be
considered an ultimate disposal process. Incineration of wastes has certain demonstrated
advantages, but also a high potential for the formation of reaction by-products that may be as
bad or worse than the starting materials. Thus, this technology is now under critical review
when suggested as the process of choice.
The factors regarded as important for developing a treatment process for the disposal
of toxic and hazardous organic chemicals and for site remediation are:
1.

The process should be flow-through and be relatively rapid in the treatment.

2.

The process should result in the formation of non-toxic reaction by-products, and with
mineralization of the solutes as a goal.

3.

The process should be able to treat water of differing quality, including the presence of
suspended particles up to 10%.
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4.

The process should be able to treat soil contaminated with toxic organic chemicals.

5.

The process equipment should be transportable so that it can be taken to the problem
or used for on-site treatability studies.

6.

The equipment should be rugged and operated relatively easily in the field.

7.

The process should be capable of treating mixtures of organic chemicals and be
relatively insensitive to solute concentration effects.

8.

The process should also be configured in such a way so as to facilitate quality
assurance that the process is working properly and according to the design
specifications.

2.

ELECTRON BEAM TECHNOLOGY

Electron beams have been in commercial use since the 1950s. Early applications
involved the cross-linking of polyethylene film and wire insulation. The number of
applications has since grown to include sterilization of medical supplies, rubber vulcanization,
disinfection of wastewater, food preservation, curing of coatings, etc. Today there are several
hundred electron processing systems installed for industrial applications in over 25 countries.
A detailed list of actual and potential commercial applications is presented in Table 1.
Polymerization of cable insulation and cross-linking of plastic film still account the
bulk of the applications. More than half of the total installed world capacity of 15 MW of
electron beam power is devoted to these applications while less than I MW is used for
sterilization of medical products. Only a small amount of the installed capacity is used for
biological disinfection and detoxification. The reasons for the relatively slow growth in the
latter applications can only be partially explained by need and economic considerations, and
yet these applications hold the potential for the most social good.
Electron beam processing involves exposing the material to be irradiated to a stream of
high energy (fast) electrons. These electrons interact with the material in less than 1-2
seconds to produce electrons of lower and lower energy. Eventually a large number of slow
electrons with energies less than 50 eV is produced and these electrons interact with
molecules to produce excited states of these molecules, positive ions and electrons. Eventually
the electrons slow to thermal energies and get trapped. In materials of low dielectric constant
most electrons do not escape the pull of the positive ions formed when they were produced.
The electrons are attracted back to the positive ions causing a chemical reaction. This is
termed direct radiolysis. In high dielectric materials such as water and aqueous solutions,
most electrons escape the pull thus leaving both the positive ions and electrons free to react
with the water or waste components in it. This is referred to as indirect radiolysis. The ratio of
direct to indirect radiolysis in wastewater is approximately the weight fractions of waste to
water.
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Table 1. Industrial Applications for Electron Beam Processing

Industries

Processes

Products

Chemical
Petrochemical

Crosslinking
Depolymerization
Grafting
Polymerization

Polyethylene
Polypropylene
Copolymers
Lubricants, Alcohol

Coatings
Adhesives

Curing
Grafting
Polymerization

Adhesive Tapes, Coated Paper
Products, Veneered Panels,
Thermal Barriers
Wood/Plastic Composites

Electrical

Crosslinking
Heat-Shrink Memory
Semiconductor Modification

Building, Instrument,
Telephone Wires, Power Cables,
Insulation Tapes, Shielded Cable Splices
Zener Diodes, ICs, SCRs

Food

Disinfestation
Pasteurization
Preservation
Sterilization

Animal Feed
Grains, Cereal, Flour
Vegetables, Fruits
Poultry, Meat, Fish, Shellfish

Health
Pharmaceutical

Sterilization
Polymer Modification

Medical Disposables
Powders & Ointments
Ethical Drugs, Membranes

Plastics
Polymers

Crosslinking
Foaming
Heat-Shrink Memory

Food Shrink-Wrap
Gymnastic Mats, Toys
Plastic Tubing & Pipes
Molded Packaging Forms

Pollution
Control

Disinfection
Precipitation

Agriculture Fertilizers from
Stack Gas Emissions

Pulp
Textiles

Depolymerization
Grafting
Curing

Rayon
Permanent-Press Textiles, Soil-Release
Textiles, Flocked and Printed Fabrics

Rubber

Vulcanization
Green Strength
Graded Cure

Tire Components
Battery Separators
Roofing Membrane

3.

ELECTRON BEAM RESEARCH FACILITY (EBRF)

3.1.

History

This EBRF has its origins in a major study investigating high energy electron
disinfection of wastewater residuals undertaken by MIT and High Voltage Engineering
Corporation in the early 1970s. The positive disinfection data obtained led to the
establishment of a large scale facility at the Deer Island Treatment Plant in Boston,
Massachusetts. This facility became operational in 1976 using an 800 kV, 50 kw ICT electron
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accelerator leased from High Voltage Engineering. A larger 1500 kv, 75 kw accelerator was
installed in 1980 to demonstrate the operational feasibility of the system which was to be
installed in Miami. These efforts were funded by NSF from 1974 through 1980. Additional
support was obtained from the US EPA in 1976.
Based on the disinfection results obtained at Deer Island, the Miami-Dade Water and
Sewer Authority, in 1977, requested that an electron beam wastewater sludge irradiation unit
be included in an addition to the Central District Wastewater Treatment Plant. The electron
beam was to be used as a substitute technology for the heat treatment process originally
planned for disinfection of sludge. The project was approved in April, 1978 and US EPA
grants were received for construction of the facility. After various delays, the facility was
constructed at a total cost of approximately $1,750,000 and became operational in September,
1984. However, because of changing local sludge disposal regulations the system was no
longer needed in the treatment train. The system was operated intermittently until December,
1985 after which it remained idle until reactivated as a research facility for the present project
in 1988. It should be noted that the system did successfully disinfect sludge at a flow rate of
120 gpm using a minimum dose of 400 krads.
3.2.

Facility Description

Figure 1 shows an elevation view of the EBRF. The 1.5 MV accelerator is driven by
an insulated core transformer (ICT) power supply. The beam current is continuously variable
between O and 60 mA. Varying the beam current changes the absorbed dose in a linear
fashion, allowing for experimentation at doses from O to 800 krads. The electron beam is
horizontally and vertically scanned to give uniform coverage of an area approximately 48"
wide and 3" high. The EBRF was intended to operate continuously, 24 hours per day (8760
hours per year) with an availability of 90%. The major components of the system are given in
Table 2 and detailed system ratings are given in Table 3.
The electron beam system was designed to disinfect approximately 645,000 liters per
day (170,000 gallons per day) of 2-8% digested sludge with a minimum dose of 400 krads.
Treatment objectives required that at least 90% of hourly irradiated samples show less than
one Salmonella per 500 grams, and less than 10 total Coliforms per 100 grams, and the
remaining samples (10% or less) no more than twice these limits. At present, several
influentstreams are connected to the plant, they are potable water, secondary wastewater
effluent and anaerobically digested sewage
sludge. The secondary wastewater treatment is extended (pure oxygen) aeration and the
effluent is chlorinated prior to the electron beam. The sludge contains 2-3% solids.
Influent streams at the EBRF are presented to the scanned beam in a falling stream
approximately 122 cm (48") wide, and at the design flow of 460 liters per minute (120 8pm)
they are approximately 0.38 cm (0.15") thick
(Figure 2). Since the maximum penetration in water is approximately 0.74 cm (0.29") for 1.5
MeV electrons, some electrons pass through the stream and thus not all of the beam energy is
transferred to the water. With the addition of over-scanning the waste stream to insure that the
edges of the stream are irradiated, more energy is lost with the result that the efficiency of
energy transfer is approximately 65%. Thus when the electron beam is operating at 50 mA (75
kW) the waste stream is receiving an average dose of approximately 650 krads. Total power
consumption, including pumps, chillers and other auxiliary equipment is about 125 kW.
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FIG. 2. Cross-section of the aqueous stream (or sludge) falling over the weir and the impact area of
the electron beam (1 in = 25.4 mm; 1 gal = 3.785 L; 1 ft = 0.3048 m).

The EBRF was designed to treat 460 liters per minute (120 gallons per minute, gpm),
however, experiments have been conducted using flows of up to 610 liters per minute (160
gpm). The minimum flow is approximately 230 liters per minute (60 gpm). In addition to the
three flow streams described above, we have the capacity to conduct large-scale batch
experiments by connecting 23-000 liter (6000 gal.) tank trucks to the influent pumps. Batch
experiments may be used for groundwater and any other source of contaminated water for
which treatability studies are desired. The minimum batch experiment is 7,600 liters (2000
gal). During experiments to determine the removal efficiency of parent compounds and to
collect samples to determine reaction by-products, samples are taken prior to and after
irradiation. These samples are obtained in the control room from continuously running sample
streams.
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Table 2. Major System Components
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

High Voltage ICT Power Supply and Tank
Electron Accelerator and tube extension with lead shielding
Scanner and Vacuum System
Control Console
Water Chiller
Capacitor Bank
Voltage Regulator
Step-up Transformer
Turbo Compressor
Smog Hog
Insulating Gas(SF6) Storage Tank and Cradles
Gas Transfer Control Console and Piping
Sludge Presentation System, including:
a.
Sludge inlet
b.
Sludge spreader
c.
Beam stop
d.
Sludge receiver
e.
Sludge outlet
14. Grinders (2)
15. Comminutors (2)

Table 3. Electron Beam System Ratings
1.

6.

- Continuous, at Rated Voltage:
Acceleration Voltage:
1.5 million volts, stabilized
Beam Current:
50 milliamperes
Power Supply Output:
75 Kilowatts
Width of Scan:
48 inches
Continuous, at Reduced Voltage:
1.25MV@60ma,
Short time (6 hours) at Over-Voltage and Over-current:
1.75MV@50ma
1.5MV@60ma
Ambient Temperature: 40 degrees centigrade
Scan Width:
48 inches, adjustable to 60 inches or more, as
required by sludge presentation system.
- Scan Variation: 10% or less over 48", or required width.

4.

PROCESS MONITORING AND ABSORBED DOSE MEASUREMENT

2.
3.

4.
5.

The amount of energy from the high energy electron beam that is absorbed by an
irradiated material per unit mass is called dose. The energy transfer to the material, in this
case water, is capable of producing chemical or physical changes. A common unit of dose is
the Rad, defined as the energy absorption of 100 ergs per gram of material. The international
unit of dose is the Gray (Gy) which is equal to 100 Rads.
The amount of energy that is transferred to the irradiated material is not constant as the
electrons penetrate deeper into the material. This phenomenon is illustrated in Figure 3 where
it can be seen that energy transfer near the surface is less than the maximum transfer, which
occurs at approximately one third to half of the maximum depth of penetration. The maximum
depth of penetration is directly proportional to the energy of the incident electrons and
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inversely proportional to the density of the material being irradiated. Thus the absorbed dose
depends on the type and thickness of the material, the beam power, and the length of time the
material is exposed to the electron beam.
The EBRF has been instrumented to continuously monitor and record various
operating parameters (voltage, current, flow) and estimated absorbed dose. The absorbed dose
is measured using five resistance temperature devices (RTDs). The five RTDs are mounted in
the influent (2 sensors) and effluent (3 sensors) stream immediately before and after the beam.
They are connected via a Strawberry Tree interface to a Compaq portable computer which
continuously reads and records temperatures. The temperature difference between influent and
effluent streams is related to absorbed dose by the fact that a change of 1 °C is equivalent to a
dose of approximately 418 krads. Although this relationship can be altered by the presence of
other material in the waste stream, heat losses, and heat defects due to chemical reactions,
observed values have been within approximately 4% of calculated dose values.
5.

ELECTRON UTILIZATION EFFICIENCY

It is possible to estimate the electron utilization efficiency of the system at the EBRF.
Assuming that the system is operated at full power, i.e., 1.5 MeV and 50 mA, total beam
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power of 75 kW, and at a flow rate of 120 gal min-1, or 2.73 x 107 mL hr"1, then the efficiency
may be determined as follows:
1W

=860 cal.hr" 1

75 kW= 6.45 xlO 7 cal.hr"1

[1]
[2]

Complete conversion of electrical energy (beampower) to heat would result in a change of
temperature of:
d(t)

= cal. hr 6.45 x 107/2.73 x 107
= 2.36°C

[3]

We observed a 1.54°C increase in temperature (645 krads). Therefore the efficiency of the
conversion of beam energy to heat was,
efficiency (%) = 1.54°C/2.36°C x 100 = 65.3 %
[4]
In limited experiments at high water flow rates, 160 gal min -1, the dose was
unchanged, i.e. 645 krads or 1.54°C increase in temperature, and the efficiency approached
86%. The reasons for the increase in efficiency were probably related to the more complete
absorption of the fast electrons in the solution (increased depth of the water), and at the higher
flow rate the water cascaded over the weir nearer to the electron gun window, reducing energy
losses in the air between the window and the water.
6.

MAINTENANCE, REPAIRS, AND RELIABILITY

During the initial phases of the research, a large effort was required to reconstitute the
EBRF. Because the system had been left unattended for over two years, major repairs were
required. The most expensive and time consuming component of the repair dealt with
removing and rebuilding the accelerator tube. Once this tube was removed from the ICT tank,
it was shipped to the manufacturer (High Voltage Engineering in Massachusetts) where it was
rebuilt. When the accelerator tube was returned, the entire system was reconstructed and a
long break-in period was required before the accelerator could develop its full potential of
1.5M volts. Approximately one year passed before experimentation could begin. Since that
time, the system has performed quite well considering it has been operating in a test mode
rather than its intended continuous operational mode.
7.

TREATMENT COSTS

The cost of treatment using the electron beam technology depends on many factors
such as the dose required to obtain the desired detoxification, the volume of waste to be
treated, the size of the treatment facility, the time utilization of the facility, and the manner in
which capital recovery is handled. For example, the estimated current cost of the permanent
1.5 MeV facility at the EBRF is given in Table 4. The estimated capital requirements
represent an approximate 5% annual inflation of the total price actually paid for the Miami
facility. Also note that no indirect costs such as supervision, overhead, etc. are included and
estimated maintenance costs are consistent with our experience described earlier. Changes in
the amortization period or interest rate can significantly affect annual capital charges, as can
the number of operating hours per year.
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Estimated total hourly costs for the current system operating at various flow rates for
8,000 hours per year are given in Table 5. The current weir delivery system can be operated
over a range of flow rates from 60 to 160 gpm. Since the maximum absorbed dose delivered
by the electron beam depends on flow rate, an application requiring a dose of 1290 krads
would limit flow to 60 gpm. A dose requirement of approximately 500 krads would allow
treatment at approximately 160 gpm etc.
Table 4. Estimated Current Costs for the Miami Permanent Electron Beam Facility Costs.
System: 1.5 MeV, 50 ma Electron Beam
Capital Costs ($ 1000s):
Installed Beam 1,850
Support Facility1 500
2,350
Amortization (10 years @ 15%) - $466/year
(20 years @ 15%> $374/year
Operating Costs (hourly):
Operator
Power2
Water3
Maintenance

$20.0
10.5
2.5
8,0
$41.0

1

Shielding, delivery system, etc.
50 K.W @ S0.07/KWH
3
2Kgph@ $1.25/1000 g
2

Table 5. Total Hourly Cost and Dose vs. Flow.
Flow
(gpm)

Dose
(krad)

Hourly
Cost
($)

60
120
160

1290
645
484

98
103
106

Amortization: 20 years @ 15%
Operating hours: 8,000/year

The examples above indicate the range of treatment possibilities. A 160 gpm flow using a
modified system would yield operating costs of approximately $2.5/1000 gallons while the
2,100 gpm flow yields approximately $0.25/1000 gallons. In either case, the costs compare
favorably to a reported operating cost of $2.59/1000 gallons for a UV peroxidation process
and total costs of approximately $200/1000 gallon for a mobile wet oxidation process. In
the latter case the evaluation was done for very high solids concentrations (0.1 to 4.0 wt%).
For these same concentrations carbon/incineration was estimated to cost $76/1000 g to
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$517/1000 g. Research is currently underway to provide the basis for cost estimates tor
transportable electron beam systems and permanent systems of different accelerating voltages
and power. The costs of operating transportable units will be significantly higher than
permanent facilities due to transportation costs, increased maintenance requirements, and
shorter useful lives.
8.
FULL-SCALE ELECTRON BEAM MEDICAL WASTE DISINFECTION
FACILITY
The Laboratories for Pollution Control Technologies at the University of Miami in
association with UM/Jackson Memorial Medical Center complex have developed an advanced
electro-technological semi-automated process for disinfecting infectious medical waste.
Utilizing high-energy electron beam irradiation, this full scale prototype facility has the
capabilities to disinfect HIV-tainted materials, contaminated medical supplies and virtually all
forms of biomedical hazardous waste. With its present configuration coupled to the desired
disinfection level, the system is capable of treating approximately 400 Ib/hr of infectious
medical waste. Following disinfection, the waste can be shredded or rendered unrecognizable-so that items such as needles and hoses etc., are unusable, while its volume and the ultimate
amount of landfill required for final disposal is reduced by approximately 75%. In addition to
waste disinfection, the prototype facility can also provide disinfection and/or sterilization
options for supplies within and/or outside the health care industry as valuable alternative uses.
The system consists of a processor-controlled radio-frequency-modulated high-voltage
source, a water-cooled electron accelerator enclosed by concrete walls to contain incidental xradiation, a conveyor system that transports the medical waste through the beam of high
energy electrons at a predetermined rate, and a shredder for waste volume reduction and
unrecognizability after disinfection. The medical waste—including plastics, glass, sharps,
paper, latex, bedpans and paper etc., is contained in red bags that line basket-like containers
weighing between 10 to 15 pounds when full. During the disinfection process, conveyor
speed, electron beam energy and power levels, time of exposure, and the mass of waste
exposed per container are coordinated to ensure that the shredded waste is no longer
infectious. Once shredded, the waste can be discharged into a hydraulic compactor via a
screw conveyor and exits the facility~q/ter being rendered safe and non-recognizable, for
ultimate disposal as standard waste. During the irradiation process, the temperature of the
waste increases only by a few degrees, thereby allowing immediate handling of the waste after
disinfection.
8.1.

An Environmentally Benign Solution

The full scale prototype is an on-site waste treatment system that converts a medical
facility's infectious waste into non-infectious waste so that it may be handled in a standard
manner. During processing, the infectious waste is rendered safe by irradiation with highenergy electrons—a technology that has been accepted by the FDA as a safe reliable method
of sterilization for medical products. The treated waste can be rendered non-recognizable by
shredding into small pieces which may be handled in a less costly manner. The time of
exposure and the amount of energy that the waste is subjected to are controlled to ensure that
the infectious waste is rendered non-infectious, thereby providing additional cost and safety
benefits. The safe, non-recognizable waste leaves the system for disposal as standard waste.
Furthermore, there is no residual radiation, nor is there any environmental hazardous chemical
residuals or effluent resulting from the process.
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8.2.

The Electron Beam Disinfection Principle of Operation

Infectious waste enters the prototype facility's treatment zone on a conveyor that
presents it to an electron beam where it is rendered safe. The stream of electrons is emitted
from a filament and then accelerated by a high-voltage electric field toward a thin titanium
window at the face of the accelerator. The window maintains a vacuum within the accelerator
and allows the electrons to flow through and contact the waste being transported on an
automatic conveyor driven by an ac, variable-speed, flux vector controlled motor. The
electron shower destroys microorganisms by causing chemical dissociation of organic matter
and by rupturing the cell walls—usually the lethal action of radiation is demonstrated by the
failure of the irradiated cells to replicate, rather than by demonstrating the death of the cell
itself. In practice, with microbes, it is the ability to reproduce that matters, for without that
ability there can be no disease, however, bacteria exhibit varying resistance to the lethal
effect of radiation, largely due to the differing ability of different species to repair the damage
to their DNA induced by radiation. In this system, the energy of the electrons is increased to
eight million electron volts (8 MeV), while the average power delivered by the electron beam
is one kilowatt (1 kW). At the exit end of the accelerating chamber is a magnet that scans the
electron beam up and down across a predetermined area. The infectious waste is moved
through this area by means of the controlled conveyor system. When the high energy
electrons strike the waste, they cause a chain reaction in the target material which includes
both microbes and medical waste products. The impinging electrons collide with atoms in the
waste causing them to emit x-rays. These x-rays then interact with molecules with enough
energy to cause the bonds between the molecules constituent atoms to break, i.e., the
impinging electrons and the x-rays they generate break-up the molecules of the irradiated
material. The ability of electron beam irradiation to break-up molecular bonds, and thus
inactivate the nucleic acids found in living cells and to reconfigure molecular bonds in toxic
materials is the fundamental basis of its use for waste treatment. As previously mentioned,
the electron beam processing has no residual radiation--w/ze« the power is turned off, the
system is not radioactive and there is no radioactive source that must be transported for
replacement or disposal.
8.3.

Technical Merit

The prototype facility, though innovative and being the first of its kind in the world, is
based on the unique combination of well understood technologies and therefore has a low
technical risk. Waste handling by conveyors and shredders are standard features of waste
handling. The commercial feasibility of large scale electron beam technology, originally
developed by the defense industry, has been demonstrated by its use in medical products and
agricultural produce sterilization. However, the ability of an electron beam to treat infectious,
randomly distributed non-homogenous or uniformly distributed homogenous medical waste
has not been established, in a large scale commercial application, such as the one described
herein.
8.4.

Design Specifications

The system herein described, has been designed to disinfect approximately 400 Ib/hr
of infectious hospital waste, using a vertically scanned beam~o/ known width and height,
comprising an electron shower whose energy is eight million electron volts (8 MeV) with an
average beam power of one kilowatt (1 kW).
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8.5.

Types of Medical Waste Treated

The University of Miami is currently seeking approval from the Florida Department of
Health for licensing the prototype facility as an alternative medical waste disinfection facility,
utilizing high-energy electron beam irradiation as the treatment technology. Because it is a
"first of its kind" alternative treatment facility seeking approval for use in the state, studies
are being conducted on disinfection efficacy, using surrogate medical waste homogeneously
and non-homogeneously impregnated with a wide variety of microorganisms, including
bacteria and fungi, among others.
8.6.

Emissions

This treatment technology operates without combustion or heat and therefore
generates no air emissions. There is a small residual of ozone formed in the vault which can
be exhausted directly to atmosphere, or in special conditions, catalytically destroyed.
8.7.

Energy Consumption

Considering all the main and peripheral system components, energy consumption is
estimated to vary between 0.0076 to 0.0325 kW-hr/pound of disinfected waste, respectively,
for the e-beam system alone and the combined system in general. However, if the recycling
option is included in the treatment train and the environmental benefits of such a system are
quantified and factored into the cost/operating analysis, the effective numbers for energy
consumption will be reduced somewhat.
8.8.

Advantages and Disadvantages

The true advantages of electron beam processing are its simplicity, the high rate at
which it can be applied, and the degree of controllability and safety of the process. Another
advantage of the system over other sources of radiation is that as soon as it is shutdown x-ray
production ceases. In addition, it operates without combustion or heat and therefore generates
no polluting air emissions. Although there exists small residuals of ozone gas inside the vault,
it can be reduced by catalytic destruction or be exhausted directly to the atmosphere. Toxic
chemicals in the waste can be destroyed at dose levels that exceed the levels required for
disinfection of non-toxic waste. A shredder, separate from the irradiation system, renders the
waste unrecognizable and reduces its volume and ultimate disposal landfill by as much as
75%. The time of exposure and the amount of energy that the waste is subjected to are
controlled to ensure that the infectious waste is rendered non-infectious, thereby providing
additional cost and safety benefits. The safe, non-recognizable waste leaves the treatment
facility for disposal as standard waste. Because use is made of appropriate electron beam
accelerators to irradiate the waste, there is no residual radiation in the waste, nor is there any
environmentally hazardous chemical residuals or effluent resulting from the process.
8.9.

Estimated Capital Cost

The capital cost for such a system, including both primary and secondary sub-systems,
is approximately $1.07 million (which include cost of space and construction of the shielding
vault—disinfection zone, equipment purchasing, installation, setup and service contract for the
electron beam accelerator, waste conveyor system and all other peripheral devices and
secondary services.
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8.10.

Annual Cost

Assuming that a full-time operator or waste handler is required for any treatment
technology, the annual cost of the system varies between four (SO. 04) and eight ($0.08) cents
per pound of disinfected waste, when based on the cost of the electron accelerator plus O &
M, and operating the system for 8000 and 4160 hours per year respectively. When considered
as a function of total investment costs—inclusive of all purchsed equipment, shielding and
equipment O & M, annual costs for the medical waste treatment system will vary between six
($0.06) and eleven ($0.11) cents per pound of disinfected waste, if operated for 8000 or 4160
hours per year respectively.
8.11.

Current Stage of Development

The prototype facility, herein described, was completed and officially dedicated in a
ceremony on March 26, 1997. At the present time, numerous disinfection efficacy studies are
being conducted to gain license for operating within the State of Florida as an alternative
treatment process for infectious medical waste disinfection.
8.12.

Level of Operator Training Required

Since hospitals already have trained personnel and the infrastructure for maintaining
this type of equipment— both primary and secondary, it is estimated that a maximum of two
weeks operator training should be adequate.
8.13.

Permitting Status

The State of Florida permitting process is in progress. In April 1997, the Florida
Department of Health personnel were on site to review, first hand, the operational and
permitting guidelines for such a unique alternative treatment facility. Disinfection data
required for licensing have been collected and are being evaluated.
8.14.

Demonstration and Commercial Units

The full scale prototype facility, fully equipped and undergoing efficacy studies, is
located at 1601 NW 7th. Avenue, Miami, Florida—adjacent to the UM/Jackson Memorial
Medical Center complex.
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Abstract
The ordinary process to treat wastewater from the dye, textile, chemical, pharmaceutical
and paper mill industries do not degrade easily the colored substances and organic compounds. A
study on the improvement on this treatment using high energy electron irradiation was carried out.
Experiments were conducted using samples from the public Wastewater Treatment Plant (WTP) that
receives about 80% of wastewater from industrial sources and 20% from domestic sources. A large
amount of industrial wastewater comes from chemical and textile industries changing every day the
quality, quantity and color, these characteristics depend on the production line of each particular
industry. Samples from WTP influent and effluent were collected every 15 days and irradiated in a
batch system, the delivered doses were 3.0 kGy, 4.0 kGy, 6.0 kGy, 8.0 kGy and 10.0 kGy. For the
non irradiated and irradiated samples the following parameters were analyzed: chemical oxygen
demand (COD), fixed and volatile total solids and fixed and volatile suspended solids, absorption
spectrum (300 -700nm) and gas chromatography. For samples from effluent irradiated with 3.0 kGy
dose, the COD value presented a reduction average of 45%, and this result was fix for higher doses,
however the COD of influent sample did not show significn change for all the delivered doses.

1. INTRODUCTION
The effluent generate by the industries in Sao Paulo are one of the main causes for the
environmental pollution, most of these contaminants biodegrade very slowly, becoming
dangerous for men, plants and animals. The
conventional treatment and available
technologies to treat such waste have low efficiency, and industries are searching for
alternative technologies to degrade chemical compounds to get a better quality of effluent and
consequently improve the environmental conditions[l,2].
Industrial wastewater differs from domestic sewage by the nature of pollutants content
and their higher concentration, normally with substances that are toxic and difficult to be
degraded, among such substances are dyes, detergents, organic compounds, etc.
The oxidation process has attracted many researchers because of the capacity to
mineralize organic compounds. The most efficient oxidation is the use of OH radicals. There
are various methods to generate OH radicals: the use of ozone, hydrogen peroxide and ultraviolet (AOP - Advanced Oxidation Process). The most simple and efficient method for
generating OH radicals in situ is the interaction of ionizing radiation with water[3,4].
The irradiation of aqueous solutions with high energy electrons results in the
excitation and ionizing of the molecules and rapid (10" - 10" s) formation of reactive
intermediates. The most reactive species are the reducing radicals solvated electron (e a q ) , and
H' atoms and the oxidizing radical hydroxyl OH' , the unique process that produce the
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reducing specie e-aq is the electron beam irradiation These reactive species will react with
organic and inorganic compounds in the water inducing their decomposition, the products of
these reactions will depend on the compounds present in solution. The primary products from
water irradiation tend to react with the functional groups present in an organic molecule rather
than with the molecule as a whole [4,5].
The use of ionizing radiation has great ecological and technological advantages,
especially when compared to physical-chemical and biological methods. It degrades organic
compounds, generating substances that are easily biodegraded without the necessity of adding
chemical compounds. The purpose of the radiation treatment is the conversion of these
substances to biodegradable compounds, sometimes the complete decomposition is not
necessary for this conversion[5,6].
This technology has been extensively studied by many researches [7,8,9,10,11,12]
most of the experiments have been conducted in samples of pure water spiked with the
contaminant. It is very important to study reactions and degradation mechanisms, however
when actual industrial effluents are used, the mixture of different kinds of pollutants can take
to side reactions not observed in pure water.
The tests shown in the presented work were performed using samples from industrial
wastewater collected at the Public Wastewater Treatment Plant in Sao Paulo State. This
Wastewater Treatment Plant (WTP) receives about 80% industrial sources and 20% from
domestic origin, the activated sludge process is used as treatment and the sludge dewatering is
made by filter press. A large amount of industrial wastewater comes from chemical industries
and its characteristics of quality, quantity and color changes every day resulting in a low
efficiency of the wastewater treatment plant, even after the treatment some organic
compounds and colored substances remain in the effluent, allowing the discharge of
dangerous products to the environment.
The aim of this work is to evaluate the efficiency of the electron beam irradiation to
improve the conventional parameters of actual wastewater, before and after the conventional
treatment process. The combination of irradiation and biological oxidation can increase the
efficiency and economy of decomposition of refractory pollutants, the choice of combination
of methods depends on the biological chemical and physical properties of the pollutants and
their behavior in irradiation process.

2. EXPERIMENTAL
Irradiation were performed using the IPEN's Electron Beam Facility with a 1.5MeV
Dynamitron system from Radiation Dynamics Inc., the beam current range is from 1 mA to
25 mA, the electron beam is scanned on a 60 cm length and 4 cm width area, at a frequency
ofl00Hz[13].
The influent and effluent samples from WTP were collected three times each 15 days
and irradiated in a batch system, using Pyrex glass vessels (500 mL), the delivered doses
were 3.0 kGy, 4.0 kGy, 6.0 kGy, 8.0 kGy and 10.0 kGy with 1.5 MeV electron energy and
currents in the range of 0.1 mA to 25 mA to reach the desired doses. Wastewater layer
thickness (4 mm) and the conveyor velocity (6.72 m/min) were kept constant during
irradiation. For the non irradiated and irradiated samples, the chemical oxygen demand
(COD) and fixed (103-105°C) and volatile total solids (550°C) and fixed and volatile
suspended solids (using Millipore filter type AP40) analyses, were determined in accordance
with Standard Methods for the Examination of Water and Wastewater [14].
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To evaluate the radiation effect on the decoloration of the sample, the absorption
spectra (300 -700 nm) was obtained using a Shimadzu Spectrophotometer UV-Visible, Model
1601. The gas chromatography analysis were made using a Gas chromatography CG -90, just
to observe the degradation of the organic compounds and not to identify or quantify the
byproducts.
3. RESULTS
The COD of effluent samples presented a reduction about 45% when 3.0 kGy dose
was applied , at the higher doses the COD values approaches a fixed value for all the series, as
it was reported in the literature, at small doses the COD value appears to be more sensitive to
dose change and at the higher doses the COD approaches a fixed value, however the COD of
the three series of influent sample did not change for all the irradiation doses. The COD
results of three series from WTP influent, and of three series from effluent samples were used
to built the graphic Dose vs COD presented in the Fig. 1.
The Tables I and II and the Figs. 2 and 3 show the results of solids analysis of the
three series for non irradiated and irradiated samples. The influent samples present a higher
total solid concentration than effluent samples and the percentage of suspended solid is
higher in the first case. The total fixed solid represent almost the totality of total solids in both
cases. The volatile suspended solid from the effluent represents almost the totality of the total
suspended solid, it means that the most part of suspended solid are organic material
remaining after conventional treatment.
Even after conventional treatment organic compounds remain in the samples, as can be
seen by the gas chromatogram spectra showed in the Fig. 4 from the irradiated and non
irradiated sample of WTP effluent, the degradation of organic compounds can be observed by
the reduction of the peaks when the sample was irradiated at 3.0 kGy dose.
The Fig. 5 shows the absorption spectra UV-VIS of irradiated and non irradiated
effluent samples that presented more colored substances, the delivered doses were 3 kGy and
10 kGy. The reduction of color is visible with 3.0 kGy dose and for higher doses it was not
significant
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FIGURE 1

COD vs irradiation dose of samples from WTP
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FIGURE 2

Fraction of total fix and total volatile solid vs irradiation dose of samples from
WTP influent and effluent

0.8
-fifuente 1

0.6

- inf luente 1
-inf luente 2

0.4

- inf luente 2
- inf luente 3

0.2

- inf luente 3 !

4

6

10

Dose (kGy)

-effluent 1
-effluent 1

0.6

-effluent 2
-effluent 2

0.4

-effluent 3
-effluent 3

0.2

0.0
10
Dose (kGy)

FIGURE 3

Fraction of total suspended fix and total suspended volatile solid vs irradiation
dose of samples from WTP influent and effluent
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TABLE I. SOLIDS CONCENTRATION OF SAMPLES OF INFLUENT FROM WTP

Dose

Total

Total

Total

Total

Suspended

Suspended

(kGy)

solid

fix

volatile

suspended

fix

volatile

Suspended

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(%)

Seriel
0.0

2.44

1.96

0.48

0.19

0.04

0.15

7.7

3.0

2.48

1.95

0.53

0.21

0.06

0.15

8.3

4.0

2.50

1.93

0.57

0.19

0.05

0.14

7.5

6.0

2.48

1.89

0.51

0.17

0.04

0.13

6.9

8.0

2.45

1.94

0.51

0.15

0.03

0.12

5.9

10.0

2.43

1.95

0.48

0.11

0.02

0.09

4.5

Serie2
0.0

1.69

1.46

0.22

0.07

0.02

0.05

4.2

3.0

1.69

1.45

0.24

0.05

0.01

0.04

2.9

4.0

1.70

1.47

0.23

0.04

0.01

0.03

2.5

6.0

1.75

1.45

0.29

0.07

0.02

0.06

4.2

8.0

1.79

1.46

0.33

0.07

0.02

0.06

4.1

10.0

1.79

1.49

0.30

0.05

0.01

0.04

2.9

Serie3
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0.0

2.14

1.62

0.51

0.31

0.08

0.23

14.3

3.0

2.3

1.59

0.71

0.30

0.07

0.23

13.2

4.0

2.27

1.63

0.64

0.30

0.08

0.24

13.2

6.0

2.23

1.60

0.63

0.30

0.07

0.21

13.4

8.0

2.21

1.57

0.65

0.26

0.06

0.19

11.9

10.0

2.22

1.61

0.61

0.26

0.07

0.19

11.5

TABLE II. SOLIDS CONCENTRATION OF SAMPLES OF EFFLUENT FROM WTP

Dose

Total

Total

Total

Total

Suspended

Suspended

(kGy)

solid

fix

volatile

suspended

fix

volatile

Suspended

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(g/L)

(%)

Seriel
0.0

1.45

1.26

0.19

0.013

0.000

0.013

0.9

3.0

1.47

1.27

0.19

0.021

0.000

0.021

1.4

4.0

1.52

1.28

0.23

0.019

0.001

0.018

1.3

6.0

1.56

1.24

0.33

0.005

0.000

0.005

0.3

8.0

1.57

1.26

0.31

0.014

0.000

0.014

0.9

10.0

1.50

1.25

0.25

0.010

0.003

0.007

0.5

Serie2
0.0

1.39

1.25

0.14

0.026

0.003

0.023

1.8

3.0

1.41

1.27

0.14

0.012

0.000

0.012

0.8

4.0

1.47

1.28

0.18

0.015

0.001

0.014

1.0

6.0

1.46

1.23

0.23

0.015

0.000

0.015

1.0

8.0

1.46

1.28

0.16

0.016

0.000

0.016

1.1

10.0

1.44

1.29

0.14

0.016

0.001

0.015

1.1

Serie3
0.0

1.51

1.23

0.28

0.024

0.006

0.018

1.6

3.0

1.48

1.29

0.19

0.030

0.007

0.023

2.0

4.0

1.56

1.30

0.26

0.025

0.012

0.020

1.6

6.0

1.54

1.27

0.27

0.030

0.008

0.022

2.0

8.0

1.55

1.26

0.29

0.020

0.004

0.016

1.3

10.0

1.57

1.29

0.27

0.017

0.001

0.016

1.1

4. CONCLUSION
The general improvement of the WTP effluent was acquired when irradiated at 3,0
kGy dose, nevertheless the irradiation of WTP influent do not show a visible change by the
analyses methods employed in the present investigation.
As the influent samples had no treatment and the industrial contributors had a lot of
different kinds of contaminants that were not identified, these contaminants could actuated as
a scavenger of reactive species interfering during the irradiation process, another reason of
interference could be the presence of high quantity of fix solids (metals and others).
Studies of the changes on biochemical oxygen demand (BOD) of the irradiated
influent are being performed to evaluate the degradation of the contaminants in easily
intermediate biodegradable compounds.
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Abstract
In decomposition of azo dyes solution by simultaneous application of gamma-ray and ozone
treatment, the effect of addition of heavy metal ion upon decolouration and decomposition was
studied. Cupric ion was used as a heavy metal ion. For the aqueous solution with and without
addition of cupric ion, the degree of decolouration at 552 nm, the changes of pH, the reduction of
TOC and BOD were measured as function of dose under condition of fixed concentration of ozone. It
was appeared that the addition of cupric ion played a positive role in decomposition of azo dye
solution, but played a negative role in decolouration .

1. INTRODUCTION
It has been well known that dyes are not readily biodegradable and make little
contribution to BOD[1]. As described by N.Suzuki etal[2], ionizing radiation may be
promising for the treatment of textile dye waste water. The effect of radiation can be
intensified in aqueous solution in which the dye molecules are degraded effectively by the
primary products formed from the radiolysis of water. It has been also known that ozone can
enhance the decomposition capability of organic compounds when it apply to radiation
process for the decomposition of chemicals[3,4]. In addition, It was found that the
decomposition of nonbiodegradable organic compounds can be promoted by addition of trace
amount of cupric ion when reaction are carried out under condition of simultaneous
application with radiation and ozone[5]. From this point of view, It was expected that the
same system can be applied for the decomposition of azo dye solution.
In this paper, we examined the effect of addition of heavy metal ion on decolouration and
decomposition of azo dye solution when it is decomposed by gamma irradiation combined
with ozone.
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2.

EXPERIMENTAL

2.1. Reagents
Commercial azo dye(Nippon Kayaku Co., Ltd) and cupric sulfate (Wako Pure Chemical
Industries,Ltd) were used without further purification.
2.2. Irradiation
Three experimental systems for decomposition of azo dye were employed as follows : (1)
gamma irradiation with ozone(y/O3), (2) gamma irradiation with ozone and Cu2+(y/O3/Cu2+),
(3) ozone only (O3). About 1000ml of azo dye aqueous solution (TOC : 44 - 50 mg/1) with or
without cupric ion (concentration : lmmol/L) was placed in 10cm diameter x 15cm length
pyrex reaction vessel, respectively, and was irradiated with Co-60 gamma ray at room
temperature. At the same time as the irradiation started, ozonized oxygen gas was bubbleed up
through a porous ball at the bottom of the vessel. The dose rate was 4.1kGy/hr. The oxygen
gas flow rate was 190ml/min and the ozone concentration was 1.3w%. The irradiated solution
was purged with nitrogen gas to remove the remaining ozone in the solution.
2.3. Analysis
A Dohman model DC80 TOC analyser was used to determine the TOC contents. BOD
contents was measured according to the standard method. The visible absorption spectra were
measured with a Shimadzu UV 365 spectrophotometer. The degree of decolouration was
determined by measurement of optical density at 552 nm. The pH of the solution was
measured by a Orion model 720A. Ozone concentration in solution was determined
according to the standard method

3.

RESULTS AND DISCUSSION

3.1. Decolouratioin
The Kayaku Acid Brilliant Red BL(KABL) solution showed two clear absorption bands at
552 nm and 340 nm in the UV- visible spectra as shown in Fig.l (curve a). These two
absorption bands are considered as the main absorption bands assigned to the conjugated
double bands of the dye molecules and the their substituted aromatic rings.
In experimental system with y/O3 The optical density of curve (a) at 552 nm was rapidly
decreased from 2.16 to 0.1 with only 10 minute's irradiation. These decolouration may be
attributed to the OH radical formed from the decomposition of HO3 radical. When the cupric
ion was added, however, the optical density at the early stage of irradiation(curve b) was a
little bit slowly reduced from 2.16 to 0.3 by 0.68 kGy comparing to that of y/O3 system with
irradiation. Therefore, it is appeared that the cupric ion plays a negative role in acceleration of
decolouration. Such a negative role of cupric ion was considered to be attributable to that dye
molecules are protected from the attack of OH radicals by means of removing reaction of
OH radicals by Cu+ as following reaction.
OH* + Cu+ ->
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OH' + Cu^

228

318 408

498

588

228 318 408 498 588

Wave length (mn)
FIG.l. The spectra changes qfazo dye solution with dose (a: 0 min irradiation, b: 10 min,
c: 20 min, d: 30 min, e: 40 minrf: 60 min, dose rate: 4.1 kGy/hr).

3.2.

The change of pH

The changes of pH in the two experimental systems as function of irradiation dose are
shown in Fig.2. In y/O3 system, the pH was decreased from 6.58 to 2.32 with dose. Such a
change in the pH was caused by formation of organic acids [6]. In fact, many kinds of organic
acids were detected during irradiation. The addition of cupric ion into the azo dye solution
made initial pH of solution low from 6.58 to 4.87. However, the pH of the solution at 4.1 kGy
was a higher than that of system of y/O3 Such a reason was thought to be that a certain
amount of organic acids were removed by decomposition to final products such as CO2, H2O
by addition of cupric ion which was already proved that it plays an important role in
decomposition of organic acids[5].
3.3.

Decomposition

The change of total organic carbon(TOC) and biological oxygen demand(BOD) of
Disperse Red 1 (DR1) in system of y/O3 with and without cupric ion as a function of dose are
shown in Fig 3 and Fig 4, respectively.
Initial TOC contents of 45 mg/1 in system of y/O3 was slightly decreased to 42.2 mg/1 at
irradiation dose of 4.1 kGy, on the other hand it was rapidly decreased from 50 mg/1 to 35
mg/1 in the presence of cupric ion. So, it is clear that cupric ion is effective in decomposition
of organic compounds under system of y/O3 These results can be supported from the results
of BOD reduction with irradiation dose shown in Fig 4. The BOD contents was increased to 8
mg/1 from 2 mg/1 at the irradiation dose of 0.68 kGy in the system of y/O3 and almost
constantly maintained with regardless of irradiation dose.
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During the irradiation, only 2.7 mg/1 of TOC contents was reduced. On the other hand,
only 2 mg/1 of BOD contents in the presence of cupric ion was increased and it was decreased
to less than 2 mg/1 with irradiation dose. During the these irradiation, about 10 mg/1 of TOC
contents was reduced. This means that the system of y/O3 can produce only biodegradable
components like organic acids but it can't decompose completely the biodegradable
components to the products with the dose employed, and reduced TOC and BOD contents
may be attributed to the decomposition of organic acids in the presence of cupric ion. The
reasons were that it was well known that organic acids such as formic acid, lactic acid and
pyruvic acid are easily decomposed in the presence of cupric ion[5]. Therefore it may be clear
that the system of y/O3 in the presence of cupric ion can not only convert dye molecule to
many kinds of organic acids but also decompose the certain amounts of organic acids to final
products.

xa

0.68

2.1

4.1

dose (kGy)

FIG. 2. pH changes ofazo dye solution with dose in each experimental systems.
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FIG. 4. BOD changes ofazo dye solution with dose in each
experimental systems.

4.1

4. CONCLUSIONS
The results of this study shows that addition of trace amount of cupric ion in azo dye
solution accelerates the TOC removal under simultaneous reaction with radiation and ozone.
This effect was attributed to the enhanced decomposition of organic acids by the cupric ion
addition. Decolouration was not so accelerated when cupric ion was added to solution. The
reason is thought to be that dye molecules are protected from the attack of OH radicals by the
cupric ion at the early stage of irradiation.
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Abstract
Radiation energy can be an important resource in the treatment of wastewaters from different
industries both directly and in combination with other processes to improve economics. The aim of
this study was to evaluate the effect of an ionizing radiation on coffee wastewater in order to
decompose chemical organic refractory substances which can not be degradated by biological
treatment. One of the approaches employed in the survey was the chemical treatment followed by the
irradiation of the samples since no nuclear changes of the coagulant solution or wastewater samples
were expected. Irradiation is a high cost treatment although has increased its applications nowadays.
The method is safe, fast and effective and it does not generate any pollution.

1. INTRODUCTION
In the last years the irradiation treatment of the wastewaters has been a new alternative
to face the pollution problems caused by the disposal of the waters to rivers and grounds. This
treatment is enhanced by the action of ionizing radiation and its roll in the intensification of
the oxidation of mineral and organic impurities with resulting effects like: water disinfection,
deodoration and decoloration, chemical decomposition of substances like phenols, cyanides,
surface active substances and other slowly oxidizing compounds [1].
The increase in the environmental pollution caused by wastewaters from coffee
industries in our country has lead to analyzing, and carefully choosing the most effective and
simple technological treatment to be used. The aerobic and anaerobic treatment have been
used although a low effectiveness has been achieved as a consequence of the presence of toxic
compounds inhibiting fermentative processes. The irradiation processing of coffee wastewater
can contribute in an important way to solving this problem as well as the possibility of using
irradiation for the disinfection of this waste.
One of the features of the coffee industry is the use of large volumes of water. Although
some attempts were made to reduce it in the last years through the use of "dry" approaches,
for many reasons the technological treatment remains unchanged up to date. Almost half of
the world coffee production is processed by the "wet method", producing two major waste
products: pulp and wastewater from depulping and washing the beads. The depulping
wastewater has a low pH (4-4.5) and a high content of organic mater e.g. acetic acid,
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propionic acid, valeric acid, caffeine, phenols, etc. with a Chemical Oxygen Demand ranging
from 10 to 16 mg/L.

2. MATERIALS AND METHODS
A survey of the effect of gamma radiation on wastewater from coffee wet depulping was
carried out. Samples were collected from Wajay Coffee Treatment Plant in Havana. The
depulping wastewater contains normally about 16 g/L COD (Chemical Oxygen Demand) and
a high concentration of phenols (120 mg/L) which negatively influence the biological
treatment of such wastes. The COD analysis were made using the standard permanganate
method.
The samples were irradiated by a batch procedure, using 1L volume capacity Pyrex
glass vessels at 20 °C with doses ranging from 0.5 to 100 kGy. For the irradiation of the
samples a MP-y-30 installation was used, been its technical parameters the following:
Installed activity: 10.5 KCi Dose power: 4.377 Gy/s, volume capacity: 4.4 L, Source: 60Co,
Half life: 5.26 years. The dosimetry control of the irradiation system was carried out using
Frikke and Cerium dosimeters.
3. RESULTS AND DISCUSSION
Table 1 shows the effect of gamma radiation on conventional parameters of
wastewaters. It should be noted that the major influence of radiation on phenol content is
observed at lower doses rather than at greater ones. In fact about 50-60 % of phenols is
degradated up to a dose of 1 kGy and from that value on the phenol content undergoes only a
slight decrease. This is well established by [2]. It was also noted that between 5 and 50 kGy
an intensification of the color of the samples was observed. As it is stated in the literature [1],
in the irradiation of wastewater containing phenols (10" M) the values of the radiochemical
yield G(-phenol) ranges from 2.66 to 0.45 with and without air respectively.
Comparatively 1.17x10" M phenol solutions need degradation doses of approximately
4.23 and 1.9 KGy with and without air respectively. Phenol decomposes in hydroquinone,
hydroxyhydroquinone, pirocatechol, resorcine etc. which must undergoas further
decomposition up to final products (maleic acid and non aromatic compounds) through high
doses (0.2-0.25 MGy) of irradiation. These high doses make this method uneconomic.
Nevertheless the beneficial effect of radiation treatment may be obtained at a lower dose in
combination with other processes.
Regarding suspended solids, it was observed along the experiments the formation of
solids. This can be the result of a radiation induced polymerization in such a complex system
which could involve the suspended particles, so that from the dose 5 KGy on, no suspended
matter is observed.
The Chemical Oxygen Demand undergoes an exponential decrease from its starting
value 16 g/L. Values showed in table I are taken under non aerated conditions. As it is showed
here, from the dose 25 KGy on, COD remains almost constant but is still large. As stated in
[3] further decomposition of the waste can occur when it is submitted to air bubbling, thus an
aerated treatment combined with irradiation could seem in this case apparent.
Table II shows the effect of gamma radiation of the samples at 25 kGy. The
simultaneous action of chemical treatment (Ca(OH)2-precipitation followed by
Al2(SO4)3l8H2O-coagulation)is compared to the combined treatment (chemical treatment +
simultaneous irradiation), being the last more efficient. It is probably due to structural changes
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TABLE I. EFFECT OF GAMMA RADIATION ON DIFFERENT PARAMETERS OF
WASTEWATER
Dose, KGy

0

0.5

1

5

10

25

50

75

100

COD,g/L

20.7

10.8

10.8

14.4

13.0

14.4

14.7

15.5

15.2

8.66

0.56

0.87

-

-

-

-

-

-

42

39

30

32

34

32

Total suspended
solids (mg/L)
Phenol (mg/L)

120

84

50

TABLE II. EFFECT OF IRRADIATION DOSE ON SAMPLE ORGANIC CONTENT
AT 25 KGY

Chemical treatment

Turbidity

BOD

COD

(% removed)

(% removed)

(% removed)

56.7

47

23.8

87.5

70

32.5

Chemical treatment plus
irradiation

of molecular aggregates and ions, as well as the activation of the coagulant under
radiolysis.[4], which results in a large increase of the flocules formation rate.
Fig. 1 shows the radiation decomposition of coffee wastewater as a function of dose in
aerated and non aerated conditions. As it was noted before, we could expect that the
wastewater decontamination would not be so high because of the oxygen lack, which is
consumed along the irradiation. All this could cause a slower decomposition at the beginning
(lower doses) and slower decomposition at the end (higher doses). In order to check this
effect there were arranged experiments in which air was bubbled simultaneously with
irradiation of the samples. The air flow rate was changed from 30 to 90 L/h.
4. CONCLUSIONS
The irradiation process is a new alternative for the treatment of coffee wastewaters and
the preservation of the environment from toxic substances like phenols and other organic
substances. Study have also shown that irradiation of wastewater is a feasible process, capable
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No air
Flow Rate (30 L/h)
Flow Rate (60 L/h)
Flow Rate (90 L/h)

Q

O
O

10

15

20

25

Dose, KGy

i<YG. 7. Radiation induced decomposition of coffee wastewater.

of destroying toxic organic compounds and in many instances those toxic organics can be
made more biodegradable or "softer" to chemical treatment by irradiation. It has been shown
that in the presence of air it was possible to destroy up to 70 % of the COD at different air
flow rates. Under those circumstances we can state that the irradiation combined process is
effective and feasible at low doses. It was also shown that irradiation of the mixture solution
+coagulant results in a higher decontamination, due to a radiation activation of the
coagulant [4].
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In the present study, a try was made to explain the degradation kinetics due
to irradiation of aqueous solutions of some commercial dyes, in the absence of
other specific pollutants of the textile and dyeing industry. These dyes are: two
acid dyes, namely Nylomine Blue AG (Acid Blue 25) and Erionyl Red 2B
(Acid Red 116). A combined treatment of gamma irradiation and conventional
methods was applied to some waste solutions in managable volumes. Fators
affecting the radiolysis of the dye such as dye concentration, irradiation dose,
dose rate and pH of the solutions were studied. The effect of different
additives such as nitrogen, oxygen, hydrogen peroxide and sodium
hypochlorite on the degradation process were investigated. The effect of irradiation dose on the different dye solutions at various concentrations, showed
that the acid dye (Acid Red 116) was very sensitive to gamma radiation. Using
a low dose rate (0.3 Gy/Sec.) resulted in more degradation of the dyes than
using higher dose rates (0.61 and 1.22 Gy/Sec.). The effect of the pH of the
dye solutions proved to vary according to the type of the dye.
Synergistic treatment of the dye solutions by irradiation and conventional
methods showed that the saturation of the dye solutions with nitrogen did not
enhance the radiation degradation of these dyes. On the contrary, addition of
oxygen resulted in a remarkable enhancement of the radiation degradation of
the dye solutions. Also, the addition of sodium hypochlorite (5% by weight)
and the oxidation by hydrogen peroxide of concentration between 2 mM and
10 mM resulted in more radiation degradation. The radiochemical yield of the
degradation process. The effect of the additives on the degradation process was
in the following sequence according to more degradation of the dye molecules
(NaOCl > H2O2 > O2 > Air > N J Adsorption purification of the dyes onto
GAC and Strong Cation Exchanger Merck I showed the best adsorption was at
pH = 3 followed by the neutralmedium. GAC showed the highest adsorption
capacity for the two acidic dyes compared with the ion exchangers. It may be
concluded that radiation degradation of the toxic dye pollutants and their
removal from wastewater down to oncentrations not exceeding the maximum
permissible concentration (MPC) according to international standards, proved
to be better than the conventional methods of purification alone and more
economical as well.

INTRODUCTION
The treatment of textile dye waste effluents poses a serious environmental
problem. Many of the dyes are not readily biodegradable and complete
removal in many cases is a relatively expensive process. On the other hand,
incomplete removal is a serious health hazard, since synthetic dyes maintain
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their stability in the aquatic environment for more than four months^1"4*. In
addition chemical coagulation and oxidation are not effective means for the
removal of these organics from wastewater. Ionizing radiation proved to be
more effective

for the treatment of these wastewaters than ordinary

conventional methods. Some studies dealing with use of gamma irradiation in
the treatment of wastewaters have shown that the most considerable effect that
is the effective degradation of the dye molecules by the primary products
formed from the radiolysis of water, is accompanied by the oxidation of part of
the organic substances and is a function both of pH and oxygen concentration
of the solution (5-10).
In the present study, two acid dyes will be used, namely, Nylomine Blue
AG (Acid Blue 25) and Erionyl Red 2B (Acid Red 116). The degradation
kinetics due to gamma irradiation of aqueous solutions of these commercial
dyes in the absence of other specific pollutants of the textile and dyeing
industry will be investigated. A combined treatment of gamma irradiation and
conventional methods will be applied to some concentrated waste solutions in
managable volumes. The combined treatment is much more effective than
either alone. Factors affecting the radiolysis of the dyes such as dye
concentration, irradiation dose, dose rate and pH of the solutions will be
studied. Synergistic effects resulting from adding different additives such as
nitrogen, oxygen, hydrogen peroxide and sodium hypochlorite on the
degradation process will be investigated. Also, an evaluation of the feasibility
of using Granular Activated Cabon (GAC) and some ion exchange resins for
the removal of dyes from aqueous solutions will be also studied.

EXPERIMENTAL
1. Materials:
Two acid dyes were used in the present work, namely Nylomine Blue AG
(Acid Blue 25) and Erionyl Red 2B (Acid Red 116). Three adsorbent materials
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were used in the adsorption studies; a strong cation exchange resin (Merck
Cation Exchanger I), a strong anion exchange resin (Merck Anion Exchanger
III) and Granular Activated carbon (GAC). All chemicals used were reagent
grade and were used as received. De-ionized distilled water was used in the
preparation of dye solutions without any contaminants.

Dyes:
a. Acid Blue 25 (Nylomine Blue AG)
Molecular formula (C20H13O5N2SNa)
Molecular weight 416

b. Acid Red 116 (Erionyl Red 2B)
Molecular formula (C22H15O4N4SNa)
Molecular weight 454
HO

2. Adsorbents:
2.1. Ion Exchange Resins
Strong Anion Exchanger Merck III was supplied by Merck Laboratories,
Germany. It i a highly basic anion exchanger, it is a polystyrene derivative
with anchored quaternary ammonium groups, mesh 0.3-0.6 mm, and an
exchange capacity of 2.9 m.Eq./g. Strong Cation Exchanger Merck I was
supplied by Merck Laboratories, Germany. It is a highly acidic sulphonated
cation exchanger of the polymerization type based on styrene-divinylbenzene
(Sty/DVB) copolymers, mesh 0.4-0.6 mm, with an exchange capacity of 4.5
m.Eq./g, and a nominal divinyl benzene content of 8%.
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2.2. Granular Activated Carbon (GAC)
BACM granular activated carbon was supplied by Mitsubishi Company,
Japan. It is spherical beads with surface area 1100 m2/g, density in dry state
0.992 g/cm3 and the particle size fractions were 0.3-0.42 mm. The moisture
content in the BACM activated carbon was 5.8%.
2.3. Adsorption Studies:
For Adsorption Studies, adsorption isotherms were determined by the
batch method for all adsorbents. Carefully determined amounts of adsorbent
equal to one gram were added to 100 ml of buffered adsorbate solution with
concentrations from 2 mg/1 up to 100 mg/1. The beakers were sealed by an
aluminium foil paper, stirring mechanically and then left for 8-14 days at room
temperature (25 °C).

3. pH and U.V. Measurements:
The pH of the solutions was measured by a Hitachi-Horiba M.5 pH meter,
Japan. The concentration of dye solutions was determined by measuring the
absorbance at different wave lengths: 596 nm for acid blue dye and 502 nm for
acid red dye solutions. Optical density measurements were carried out against
blanks of the individual solvents at room temperature (25° C). A single-beam
U.V. visible spectrophotometer, Milton Roy Spectronic 1201, U.S.A. was
used.

4. Synergistic Effect Studies:
In the present work, oxidizing and decolourizing agents were used to
minimize the consumption of gamma radiation doses. Saturated-nitrogen and
saturated-oxygen dye were prepared by bubbling the gas for 15 minutes before
gamma irradiation. Hydrogen peroxide as an oxidizing agent and sodium
hypochlorite as a decolourizing agent coupled with gamma radiation were
added to the dye solutions to study the synergistic effect on the degradation of
the different dyes.
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RESULTS AND DISCUSSION
1. Radiation Degradation of Dyes:
1.1. Effect of Irradiation Dose and dose rate
The effect of irradiation dose in KGy on the different dyes at various
concentrations was studied. Various concentrations of Acid Blue 25 and of
Acid Red 116 ranging from 50-150 mg/1 were subjected to different doses of
gamma radiation up to 50 KGy and results are shown in Fig. (1). It can be
seen that the radiation degradation of Acid Red 116 dye was much more than
that of Acid Blue 25 at a concentration of 150 mg/1 and an irradiation dose of
50 KGy, the concentration of Acid Blue 25 dropped from 150 mg/1 to 32 mg/1,
while Acid Red 116 the concentration dropped to 15 mg/1 at the same
conditions. This may be attributed to the difference in the structure of both
dyes. The (-N=N-) groups are very sensitive to radiation and are ruptured
immediately when exposed to low doses of gamma radiation.
The effect of the dose rate on the radiation degradation of the two acid
dyes studied was investigated at three different dose rates, namely 1.22, 0.61
and 0.30 Gy/S and the results are illustrated in Fig. (2). The general trend for
the degradation process is that the percent degradation is highest for the lowest
dose rate (0.30 Gy/S), followed immediately by dose rate 0.61 Gy/S and the
dose rate 1.22 Gy/S showed a lower degradation percent. Suzuki et al.(8)
reported also some dependence of the radiation degradation on the dose rate.

1.2. Effect of pH
Figure (3) shows the effect of irradiation dose on the pH of the dye
solutions at dye concentration of 100 mg/1. The pH influence has proved to
vary according to the type of the dye. For Acid Blue 25 dye, a slight decrease
of the pH was observed in alkaline medium (pH 10), while no change was
observed at pH 3 or pH 7 . Acid Red 116 showed a remarkable decrease in pH 3
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and 7, while no change in pH was observed in the alkaline medium. The drop
in the pH of the dye solutions may be attributed to the mechanism of the
radiation degradation process taking place in the studied system of the dye
molecules to lower molecular weight compounds, such as organic acids. The
dye molecules are degraded effectively by the primary active species formed
from the radiolysis of water such as OH, H + , HO2 and the solvated electron
(e ). The energy of gamma radiation absorbed in the wastewater is converted
to these active species which reacts effectively with very dilute pollutants such
in our case. The effect of the pH of the dye solutions at various irradiation
doses leads to the degradation of the dye molecules to lower molecular weight
compounds and consequently the concentration of the dye decreases.
Figure (4) shows the relationship between the degree of regradation of the
dyes with irradiation dose at various pH values. It can be seen from Fig. (4)
that the amount of the dye degraded was high at pH 3, followed by that at pH
7 and the degradation was lowest at pH 10. It seems that the formed organic
acids due to the radiation degradation of the dye was somewhat neutralized by
the radiolysis product. The decrease in pH and the radiation degradation of the
dyes was remarkable in the case of Acid Red 116 as shown in Fig. (4).
Piccinini et al.(9) reported similar radiation degradation behaviour versus pH
which is different according to the dye type, and that some of the dyes are
more destroyed in the basic medium, others in the acid medium, and some
others are poorly influenced by pH. Also, secondary products formed due to
recombination or transformation of the primary species (forming H 2 and H2O2)
also take part in the degradation process. In the presence of organic substances
reactions occur with the primary species of various types: demolitions,
polymerizations, hydroxylations, reductions and in the presence of dissolved
oxygen, oxidations caused by HO2 and O2"2 species^7"10*. One can conclude that
the radicals are to be considered as mainly responsible for dye degradation,
they lead in fact to the formation of organic radicals that are able in turn to
react or transform and form either simpler products or products of a greater
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molecular complexity at different oxidation stages. In any case, the structure
changes always involve a diminished dye absorptivity, as unsaturated
conjugated

bonds constituting the chromophores are entirely or partially

destroyed and products appear either colourless or less intensely coloured than
the original substance(11).
2 . Synergistic Effects on Dyes by Irradiation and

Conventional

Methods:
The reactions occurring in this system can be amplified by the use of a
combined treatment of gamma irradiation and additives such as oxygen,
nitrogen, sodium hypochlorite and hydrogen peroxide.
2.1. Nitrogen-Saturated Dye Solutions:
Results showed that Acid Red 116 was almost degraded by gamma
radiation at a low dose of about 10 KGy, indicating that irradiation of this dye
was enough to achieve it's complete destruction. However, Acid Blue 25,
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showed that high gamma radiation doses were needed for it's degradation and
no complete destruction of the dye was achieved by irradiation alone.
The synergistic effect of gamma irradiation coupled with nitrogen gas
bubbled in the dye solutions (Acid Blue 25) at various pH (pH = 3 , 7 and 10)
is shown in Fig. (5). It was noticed that more degradation of the dyes occurred
in the acidic medium (pH = 3) than in the neutral and alkaline media. This
behaviour is similar to that observed in the case of radiation degradation of
these dyes in the absence of nitrogen. The saturation of the dye solutions with
nitrogen did not enhance the radiation degradation of the dyes.

2.2. Oxygen-Saturated Dye Solutions:
The degree of radiation degradation of the oxygen-saturated Acid Blue 25
dye solutions was investigated and results are shown in Fig. (6). The addition
of oxygen resulted in an enhancement of the radiation degradation of the dye in
the acidic medium. The irradiation of the dye solutions with gamma radiation
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Fig. (6): Effect of irradiation dose (KGy) on the degree of degradation
in O2 atmosphere at various pH values.
232

leads to the formation of radical and molecular products formed from the
radiolysis of water. Many authors(6"8) reported that in addition to the primary
OH radicals, the species (HO2 and O2) contribute to the degradation process
and that this process in the presence of oxygen leads to the formation of
peroxides which contribute also to the degradation reactions.
The influence of dissolved oxygen is generally apparent when working in
open air condition and much greater when the degradation was carried out in
oxygen-saturated dye solutions. A certain dependence between oxygen
concentration and pH, which leads to assume that the global effect can be
better understood by a tridimensional relationship between degree of
degradation, pH and oxygen concentration. The mechanism of the reactions
leading to dye degradation is mainly of the radical type, consequently, the
observed behaviours versus pH are to be connected with the acid-base
properties of both primary radical species, (eaq and OH as well as O22 have a
basic character, so that in an acid medium a partial transformation occurs in
the corresponding protonated species H + , H 2 O + and HO2) and secondary
species, i.e., the radicals produced by organic substance fragmentation, the
different relative reactivity of the various species as pH changes, involves
different behaviours according to the structure of the original dye molecule.
The inter-dependence between the influence of concentration of H + and O 2 is
sufficiently clear, when taking into account the effect of dissolved oxygen
already discussed, resulting in an increase in radical concentration owing to the
appearence of species HO 2 and O22, whose concentrations are linked by acidbase equilibrium

^7

3.3. Hydrogen Peroxide:
Fig. (7) shows the degree of radiation degradation of the dye Acid Blue 25
as a function of radiation dose in KGy and at a constant dye concentration of
100 mg/1 and a constant H 2 O 2 concentration of 5 mM measured at various pH
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Fig. (7): Effect of irradiation dose (KGy) on the degree of degradation in
presence of H2O2 (5 m.mol) for Acid Blue 25 at various pH values.

values (pH = 3,7 and 10). The results showed that for the Acid Blue 25 dye, a
radiation dose of 20 KGy was needed for the destruction of the dye at pH = 3.
However, complete degradation of the dye was not achieved at pH = 7 and pH
= 10. It is obvious that the degradation reaction is promoted by addition of
hydrogen peroxide. Hydrogen peroxide reacts rapidly with the hydrated
electron formed from the radiolysis of water, leading to the formation of OH
radical<10-12>.
H

2O2

e

eq

OH +

OH

"

Therefore, the increase in the degree of degradation by addition of
hydrogen peroxide would be mainly attributable to increasing of the OH
radical thorugh the reaction above, in addition to the primary OH radical. This
finding suggests that the OH radical destroys the dye chromophore more
efficiently than the hydrated electron does. Increasing the hydrogen peroixde
concentration above 5 mM resulted in a decrease in the degree of degradation.
As the hydrogen peroxide concentration increases, a part of the OH radicals
are scavenged by the excess hydrogen peroxide.
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2.4. Sodium Hypochlorite
It was found that, when dye solutions are treated with sodium hypochlorite
(5%) followed by exposure to gamma radiation, the degree of radiation
degradation of the dye increases. The increase is not linear over the range of
radiation dose studied as shown in Fig. (8).
For the Acid Blue Dye 25, the highest degradation occured at pH = 3,
followed by the neutral medium and the least degradation was observed in the
alkaline medium. The radiation degradation depends on the type and the
physicochemical characteristics of the dye, a fact reported by many authors(6"
10)

. The effect of pH on the radiation degradation may be explained in terms of

the various chemical equilibria present in the system. The ionizable sites of the
dye molecules are sensitive to pH, but the major differences are probably due
to differences in the hypochlorite equilibria(13>14). Dilute hypochlorite solutions
contain three principal substances which are active in chlorination and
bleaching, and in other oxidation reactions. These are chlorine (Cl2),
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Fig. (8): Effect of irradiation dose (KGy) on the degree of degradation in
presence of 1 ml NaOCl (5% by weight %) for Acid Blue 25 at various
pH values.
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hypochlorous acid (HC10) and hypochlorite ion (CIO), and their relative
proportions are governed primarly by the pH of the solution. At pH = 4 the
equilibrium is such that the active compounds consist of about 10% chlorine
and 90% HC1O. At pH 6.5, no Cl2 is present and the equilibrium is HC1O
(95%) and CIO (5%). At pH 8.5, the CIO form accounts for more than 95%
with the balance HC1O. It is clear that considerable acceleration and improved
effectiveness may be obtained in the treatment of dye waste, typical of the
textile industry, by the simultaneous application of gamma radiation and
chlorination.
The mechanism of the operation is not entirely clear, but it may be
assumed that the creation of the free radicals by the radiolysis of water may
accelerate the bleaching action of the chlorine^13 &14) . In addition, the gamma
radiation may break some bonds in the dye molecules. Changes subsequent to
irradiation may be due to exposure to air, to slow recombination or
modification of the dye molecules, or to delayed chlorine attack. It is significant
that most of the degradation effects occur close to the beginning of the
irradiation-chlorination treatment and are limited probably mainly by the
diffusion control of potential scavengers.
The effect of the additives in the dye solutions on the degradation process
was in the following sequence according to more degradation of the dye
molecules achieved: Sodium Hypochlorite > Hydrogen peroxide > oxygen
> Air > Nitrogen.

Adsorption Purification of Surface Water from Dyes:
Figures (9 and 10) show the relationship between the adsorption capacity
(mg/g) of Granular Activated Carbon (GAC), Strong Cation Exchanger Merck
I and Strong Anion Exchanger Merck III for the Acid Dyes (Acid Blue 25 and
Acid Red 116) and the equilibrium concentration at different pH values (pH 3,
7 and 10) and an initial concentration between 2 and 100 mg/1. Acid Blue 25
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showed somewhat higher adsorption capacity on GAC and Merck I than Acid
Red 116 at all pH values. However, the opposite behaviour was shown when
using the strong anion exchanger Merck III, (Acid Red 116 was removed more
than Acid Blue 25), although the absolute amount of pollutant removed was
much less than in the case of using GAC and Merck I. The general trend is
that better adsorption capacity for all adsorbents was observed at pH 3,
followed by the neutral medium pH 7 then at last the alkaline medium pH 10
(Figs. 9 & 10). This may be due to the fact that the uptake by changing the
buffering pH value is greatly affected by the ions of buffer solution of the dyes
since, it helps the migration of these charged molecules to be difused onto the
macro-porous(16'20). Granular activated Carbon (GAC) showed the highest
adsorption capacity for the two acid dyes compared to the ion exchange resins
used. This may be attributed to the very high surface area of GAC (1100 m2/g)
and the high porous nature which causes internal and external distribution
within the carbon particle more than the case of the synthetic polymeric ion
exchangers(20).
In order to successfully represent the dynamic adsorptive behaviour of any
substance from the fluid to the solid phase, it is important to have a
satisfactory

description of the equilibrium state between the two phases

composing the adsorption system. The equilibrium relationships in adsorbers
can often be described by a Freundlich relationship, provided there is no
association or dissociation of the molecules after they are adsorbed on the
surface and a complete absence of chemi-sorption^0^
X/m = KCe1/n
where:
X: is the amount of dye adsorbed in mg/1.
m: is the amount of adsorbent in gram required to adsorb X in mg/1.
K and 1/n are empirical constants.
C e : is the concentration of dye solution at equilibrium.
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The values of K and 1/n were calculated in the log form of Freundlich
adsorption equation for the different adsorbents at equilibrium concentration
for the different dyes (where 1/n is the slope and K is the antilogarithm X/m
value).
The

relationship between log equilibrium

concentration

(residual

concentration) and log X/m (log adsorption capacity) at different pH values
(pH 3, 7 and 10) was calculated and is illustrated in Table I. The numerical
values for K show high adsorption affinity of the adsorbents Granular
Activated Carbon (GAC), followed by Cation Exchanger Merck I, then the
Anion Exchanger Merck III at pH 3. Variation in the slopes (1/n) and
intercepts of the lines (K) reflects the effect of physico-chemical characteristics
of the dyes on the adsorption process and their affinity for adsorption. In
general, as the (K) value-increases, the adsorption capacity of adsorbent for a
given compound increases. The slope of the isotherm line may also
characterize the adsorption process. Steeper slopes indicate relatively good
adsorption of the compound when present in high concentration. Slight slopes
indicate comparable adsorption over the entire range of concentrations.
Consequently, the adsorption parameters (K and 1/n) describe on quantitative
basis the adsorption process and account for the variation in adsorbent doses
required for the removal of dyes.
It may be concluded that the radiation degradation of toxic dye pollutants
and their removal from wastewater down to concentrations not exceeding the
maximum permissible concentration (MPC), according to international
standards, proved to be better than the conventional methods of purification
alone and more economical as well. A combination of the radiation degradation and adsorption process at the end of a treatment sequence may be the
best way for the complete removal of many organic pollutants.
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Table (I): Adsorption Isotherm Parameters (Freundlich Constants K and 1/n) for different
adsorbents and the Acid Dyes at various pH values.

Adsorbent
Dye
PH,
1/n | k
Acid Blue 25
Acid Red 116

Merck I

GAC
pH7
|1/n | k

H h
H h
| 0.24|25.1 |0.22|15.9

pH10
|1/n

|k

PH,
1/n |k

PM,

|1/n |k

Merck M t

I PH10

pH10
|1/n |k

0.16(22.4 |0.16| 7.1 |0.095|2.0 | 0.18J7.9 |0.16|2.8 |0.09|1.5
|0.19 |8.0 | 0.075|8.9 |0.05|2.6 |0.05|1.55

1/n

|k

|1/n | k

|1/n |k

1

1

1

1

1

0.025| 2.0 |0.022| 1.7 |0.022|1.3
0.23 |44.7 |0.24

H

1—

|0.06 (2.5
I

i
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Abstract
The paper is a brief review of recent data on environmental applications of radiation
technology obtained with participation of the author. It includes the results of the study on combined
electron-beam and ozone treatment of municipal wastewater in the aerosol flow and electron-beam
purification of water from heavy metals (lead, cadmium, mercury, chromium) by two methods (in the
presence of formate as an OH radical scavenger or sorbents of inorganic and plant origins).

1.

INTRODUCTION

It is well-known (see, for example, Ref. [1]) that ionizing radiation (predominantly
electron beams) can be used for purification of polluted water and wastewater. From
economical viewpoint, the only electron-beam treatment is restricted by few cases (mainly by
ground water containing very small amounts of pollutants). As a rule, electron-beam treatment
can be believed as an additional instrument for purification and can be used in a combination
with conventional methods (biological treatment, ozonation, flotation, coagulation, adsorption
and so on). A list of such combined methods was presented in several publications (see Refs.
[1,2]). The respective examples are radiation-flotation purification of industrial wastewater
from mercury [3], combined electron-beam and ozone treatment of ground water polluted
with chlorinated organic compounds [4], combined electron-beam and biological purification
of industrial wastewater from refractory emulsifier [5,6], and electron-beam decoloration of
highly-coloured river water intended for drinking [7]. Note that combined method of
purification of wastewater from emulsifier found an industrial application; the maximum
output of the respective facility with two electron accelerators is about 12,000 m3/d.
The present paper is a brief review of recent results from the study, conducted with
participation of the author, on combined electron-beam and ozone treatment of municipal
wastewater in the aerosol flow [8,9] and electron-beam purification of water from heavy
metals (lead, cadmium, mercury, chromium) [10-14].
2.

TREATMENT OF MUNICIPAL WASTEWATER IN THE AEROSOL FLOW

The facilities for electron-beam purification and disinfection of water and wastewater
are based on electron accelerators with energy of ~1 MeV and higher. Such accelerators are
expensive that restricts wide application of the methods under consideration. An attempt was
made [8,9,15] to use cheaper low-energy electron accelerator for combined electron-beam and
ozone treatment of municipal wastewater. With this purpose, the wastewater is sprayed and
irradiated in the aerosol flow in the presence of ozone.
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Figure 1 shows the scheme of pilot plant constructed and used for study on purification
of the wastewater. In the Figure, 1 is the reservoir of wastewater intake, 2 is electric pump
unit, 3 is sprayer unit (4 sprayers are utilized in the plant), 4 is irradiation chamber, 5 is
electron accelerator, 6 is turboblower, 7 is power supply, 8 is control desk, 9 is electric pump
unit for purified wastewater removal, and 10 is biological shielding. In the plant, irradiated air
containing ozone circulates through irradiation chamber.
The parameters of electron accelerator are following: electron energy 0.3 MeV,
maximum beam power 15 kW, beam cross-section 700 x 600 mm, accelerator dimensions
1200 x 800 x 170 mm. The parameters of pilot plant are following: output 500 m3/d, power
consumption 58 kW, occupied area 40 m2 , air feed speed 288 L/s, wastewater flow speed
9.65 m/s, flow thickness in irradiation chamber 9 cm.
Density of the aerosol formed by sprayer is equal to 0.02-0.05 g/cm3. Because of it the
range of electrons increased by 20-50 times in comparison with liquid wastewater. It gives
rise to use low-energy electron beam for treatment of wastewater in the aerosol flow. Since
aerosol density is considerably higher than air density, electron energy is mainly absorbed by
water droplets.

10

Purified
wastewater

FIG. 1. Scheme of pilot plant for electron-beam treatment of wastewater in the aerosol flow.
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The experiments were conducted with municipal wastewater from small town
Raduzhnyi (Vladimirskaya oblast'). The wastewater was preliminary purified from solids by
sedimentation and filtration.
The various parameters of water quality before and after electron-beam treatment at
different doses were measured. The data for unirradiated and irradiated wastewater are
presented in Table I. In addition, the special experiments on radiation-induced decomposition
of synthetic surfactants present in the wastewater (these pollutants are non-biodegradable)
were carried out. It was found that the dose required for decomposition of these compounds
from 13.25 to 0.2 mg/L (the latter is a concentration permitted for service water by Russian
State Standard) is equal to 4-5 kGy.
From the results it follows that comparatively low doses are required for purification
of municipal wastewater by electron-beam treatment in the aerosol flow. Even in the case of
TABLE I. PARAMETERS OF UNIRRADIATED AND
MUNICIPAL WASTEWATER IN THE AEROSOL FLOW

IRRADIATED

Parameter

Before
irradiation

Dose, kGy

After
irradiation

Requirements of
Russian State
Standards for
service water, not
more

Color (units)

160

1.3

20

20

Transparency (cm)

1.3

1.3

20

-

Suspended solids
(mg/L)

156

1.3

5

-

Odor (force)

4.5

1.4

0

-

COD (mg/L)

40-100

0.9-1.4

4-12

30(15)a

100-150

0.9-1.3

21-34

150-450

1.0-1.4

40-100

412

2.5-4.6

4-12

BOD5 (mg/L)

18-24

0.8-1.3

7.9 - 9.2

9.8

Sulfates (mg/L)

283

0.8-1.3

160

260

Phosphates (mg/L)

8.8

0.8-1.3

4.3

8.7

Chlorides (mg/L)

48

0.8-1.3

23

300

Nitrites (mg/L)

Not detected

1.0-1.4

Not detected

0.02

Nitrates (mg/L)

Not detected

1.0-1.4

3.0b

9.1

Total number of
microbes (cell/cm )

105

1.3

-

a

In brackets, the permitted limit for water basins for fish farming is given.
The increase is due to the formation of nitrogen oxides in air upon irradiation and their penetration to
wastewater.

b
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highly-polluted wastewater (COD value is over 400 mg/L, concentration of synthetic
surfactants is about 13 mg/L), the dose is 4-5 kGy. Note that the dose was somewhat less, if
irradiated air containing ozone was pumped through irradiation chamber.
The purification is due to the reactions of pollutants with the products of radiolysis of
water droplets and air (including singlet oxygen). The removal of pollutants also occurs as a
result of their capture by a precipitate which is formed because of the aggregation of disperse
particles upon electron-beam treatment. It was observed that the formation of the precipitate
took place not only upon electron-beam treatment but also after it (for 10-12 h).
Preliminary economical evaluation has shown that the method developed is more
profitable (by 2-2.5 times) in comparison with conventional purification based on the use of
biological pond, filtration and chlorination.
3.

REMOVAL OF HEAVY METALS FROM WATER

Two different electron-beam methods for removal of heavy metals from water were
developed. The first of them consists of electron-beam treatment of the system in the presence
of formate as an OH radical scavenger and subsequent removal of formed metal precipitate by
filtration or centrifugation [10-12]. It is applicable for removal of lead and cadmium. The
modification of the method was developed for Cr(VI) removal. It includes the radiationinduced reduction of Cr(VI) to Cr(III) and subsequent precipitation of Cr(III) in the form of
hydroxide.
The second method is combined electron-beam and adsorption one; it is electron-beam
treatment of water in the presence of sorbents of inorganic (SiO2 ) [13] or plant (cellulose,
wheat flour and so on) [14] origins.
3.1.

Electron-beam treatment in the presence of formate

The method is based on radiation-chemical reduction of the metal ions to their metals
or to lower oxidation state ions which can then be removed by filtration or centrifugation.
Two requirements are necessary: the absence of oxygen in the water and scavenging of OH
radicals which can reoxidize the reduced metal ions.
The reduction, upon electron-beam treatment, occurs via reactions of the ions with
hydrated electrons e a q and H atoms formed from water radiolysis. For example, in the case of
Cd(II), it is possible to write:
Cd(II) + e"aq
• Cd(I)
Cd(II) + H
• Cd(I) + H+
Cd(I) + Cd(I)
> Cd(II) + Cd(0)
nCd(O)
> Cd(0)n

(1)
(2)
(3)
(4)

If the water is saturated with air, oxygen also react with e a q and H, partially or
completely suppressing reactions (1) and (2). The O 2 and HO2 radicals, formed upon
interaction of oxygen with e a q and H atoms, slowly react with Cd(II) and Pb(II), and
predominantly combine with hydrogen peroxide formation and reoxidize reduced ions:
HO2 + 0'2 + H+

> H2O2 + O2

Cd(I) + HO2 + H+

> Cd(II) + H2O2

(5)
(6)

Hydrogen peroxide can also reoxidize such ions:
Cd(I) + H2O2
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> Cd(II) + OH + OH"

(7)

Because of it the reduction takes place after consumption of the considerable part of oxygen,
and to decrease the required dose, air should be removed from water (for example, by
bubbling inert gas) before and/or during electron-beam treatment.
Hydroxyl radicals formed from water radiolysis and in reaction (7) react with reduced
ions:
Cd(I) + OH
> Cd(II) + OH'
(8)
Hydrogen peroxide formed from water radiolysis and in reactions (5) and (6) also reoxidize
reduced ions (reaction (7)). The overall effect consists in the fact that the metal ions will not
be reduced to the free metals.
To exclude the negative effect of OH radicals, it is possible to use a scavenger which
converts these radicals into reducing species. One of such scavengers is formate ion. In
reaction with OH radical (and with H atoms) it gives COO" radical ion which can then reduce
metal ions:
HCOO " + OH (H) -—> COO" + H: (H2)
>o
Cd(II) + COO"
• Cd(I) + co
Cd(I) + COO"
i• Cd(0) + co 2
2

(9)
(10)
(11)

Dose (kGy)
Fig. 2. Dependence ofCd(U) concentration in deaerated aqueous solution containing
5xlO~3 mol/L formate on absorbed dose.
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Carbon dioxide produced in reactions (10) and (11) is not toxic; yet the use of some other OH
radical scavengers can give rise to the formation of toxic compounds. For instance, ethyl and
isopropyl alcohols which are also utilized as scavengers [16] form acetaldehyde and acetone,
respectively. In addition, RC'HOH radicals formed can reoxidize Cd(I) [17].
Linear electron accelerator (energy 5 MeV) was used as a source of electron beam in
the experiments. The formed precipitates of Cd(0)n and Pb(O)n were removed by filtration or
centrifugation, respectively. The study gave the following most important results.
Figure 2 shows the dependence of the change in Cd(II) concentration in deaerated
solution containing ca. 2 mg/L Cd(II) and 5xl0"3 mol/L formate on dose of electron radiation.
A dose of ca. 3.5 kGy leads to a decrease in Cd(II) concentration below the permitted level of
0.1 mg/L in disposed wastewaters [18]. The irradiation of aerated solution of such a
concentration of Cd(II) did not give a positive result. At sufficiently high concentrations of
Cd(II) (for instance, at 50 mg/L), the required removal level is reached even in aerated
solutions. Under this condition reactions (1) and (2) compete with the interaction of oxygen
with e"aq and H.
Similar results were obtained with solutions of Pb(II). Figure 3 shows the dependence
of the decrease in Pb(II) concentration in aerated solution containing ca. 5 mg/L Pb(II) in the
absence of formate (curve 1) and in the presence of 10"2 mol/L formate (curve 2) on dose of
electron radiation. In the absence of formate the removal of Pb(II) does not occur. The
induction period is characteristic of the dependence expressed by curve 2. Apparently, it is
due to the presence of oxygen in the solution; the period is finished after oxygen consumption.
The dose required to remove ca. 5 mg/L Pb(II) to the concentration less than 1 mg/L (a
permitted level of lead content in disposed wastewaters [18]) is ca. 0.7 kGy. Slightly higher
doses (1.0-1.2 kGy) are required for the removal of 10-20 mg/L Pb(II).
If water contains both Cd(II) and Pb(II), initially Pb(II) is removed (see Table II). The
rate constants of reactions of Cd(II) and Pb(II) with e"aq are close each other [19]. Because of
it hydrated electron can react with both metal ions. However, Cd(I) formed fastly reduces
Pb(II) (k12 = 7.5x107 L/(mol s) [20]):
Pb(II) + Cd(I)

> Pb(I) + Cd(II)

(12)

Because of it the reduction of Cd(II) is started after almost complete consumption of Pb(II).
Therefore, the method developed allows to conduct the consecutive removal of heavy metals.
The removal of Cr(VI) ions was also studied. These ions are reduced to Cr(III) ions
upon irradiation, and Cr(III) is precipitated as the hydroxide from slightly-alkaline medium
(pH 8.5-9.5 [21]). It was found that the reduction of Cr(VI) to Cr(III) took place in deaerated
and aerated solutions, in the absence and the presence of formate (see Fig. 4). However, in
aerated solution in the absence of formate only 10-30% reduction occurs. In the presence of
formate the process is very effective even in aerated solution. Note that residual Cr(VI)
amount after electron-beam treatment of aerated solution containing ca. 5 mg/L Cr(VI) and
9.5x10° mol/L formate to dose of ca. 3.5 kGy is about 0.05 mg/L (it is lower than permitted
concentration for disposed wastewaters [18]).
3.2.

Electron-beam treatment in the presence of sorbents

The following sorbents were utilized in this method: SiO2 (in the presence of formate)
[13] and materials of plant origin (cellulose, wheat flour, gluten and so on) [14]. The first
sorbent was tested for removal of Cd(II). The materials of plant origin were studied in the case
of Cr(VI) and Hg(II). In the experiments, linear electron accelerator (energy 5 MeV) was
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used. Sedimentation and filtration were carried out for separation of precipitates
captured metal species after irradiation.

with

x
OH

0.0

0.5

1.0
Dose (kGy)

FIG .3. Dependence ofPb(H) concentration in aerated aqueous solution in the absence of
formate (1) and in the presence of 10'^ mol/L formate (2) on absorbed dose.

TABLE II. DEPENDENCE OF Pb(II) AND Cd(II) CONCENTRATIONS IN AERATED
SOLUTIONS CONTAINING 102 MOL/L FORMATE ON DOSE OF ELECTRON
RADIATION
Dose, kGy
0

[Pb(II)L [Cd(II)], [Pb(II)], [Cdfll)], [Pb(n)], [Cd(n)L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
10.6
48.7
54.1
0
20.2
50.2

0.24

7.8

0

9.5

50.4

37.2

55.5

0.48

2.8

0

3.3

52.3

26.0

52.3

0.80

0.76

0

0.84

50.8

2.8

52.1

1.20

0.51

0

0.39

41.5

0.74

39.1
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3.2.1. The use of SiO2
It was found that efficiency of Cd(II) removal from deaerated solution containing
formate by electron-beam treatment considerably increased if white black SiO2 was added to
the system (see Fig. 5). From Fig. 5 it is seen that after irradiation of deaerated solutions
containing initially 2 mg/L Cd(II) and 5x10~3 mol/L HCOO" to dose 1 kGy and subsequent
filtration, the residual amounts of Cd(II) are 0.27 and ca. 1 mg/L in the presence of 200 mg/L
SiO2 and in its absence, respectively.
One of the main possible reasons of the effect obtained is a partial adsorption of
cadmium species ions on SiO2. It is not excluded that the adsorption is facilitated by charging
of SiO2 particles upon irradiation.
3.2.2. The use ofsorbents of plant origin
The method consists of the addition of sorbents into the solution of Cr(VI) or Hg(II),
subsequent electron-beam treatment, sedimentation and filtration of additives with captured

U

Dose (kGy)
FIG. 4. Dependence ofCr(VI) concentration in aerated neutral aqueous solution in the
absence of formate (1) and in the presence of 9.6x10-3 mol/L formate (2) and in deaerated
neutral aqueous solution in the absence of formate (3) on absorbed dose.
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FIG. 5. Dependence ofCd(II) concentration in deaerated aqueous solution containing
5xlO~3 mol/L formate in the absence (I) and in the presence of 200 mg/L white black SiO2
(2) on absorbed dose.

chromium or mercury. The additives studied were cellulose (unbleached birch and fir
samples), carboxymethyl cellulose, starch, wheat flour, and gluten.
Without irradiation, the plant materials mentioned have comparatively low adsorption
capability. The addition of 250 mg/L cellulose or carboxymethyl cellulose to the solution
containing 5 mg/L Cr(VI) causes the removal of ca. 15-25% chromium. Starch and wheat
flour are able to capture it to a less degree. Mercury(II) is separated somewhat better. For
instance, Hg(II) removal degree is equal to ca. 30-35% for solution containing 10 mg/L Hg(II)
and 250 mg/L wheat flour.
Electron-beam treatment of Cr(VI) and Hg(II) solutions containing cellulose or
carboxymethyl cellulose led to the increase in the removal degree. However, irradiation of the
solution in the presence of starch has no effect on the removal. The best results were obtained
with wheat flour and gluten. The respective data for Cr(VI) are shown in Fig. 6, and for
Hg(II) - in Fig. 7. It is seen that the doses required for removal of the metals are
comparatively low (several kilograys). The removal efficiency depends on the presence of air
in the solution; it is noticeably higher for deaerated solutions.
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0

1

2
Dose (kGy)

FIG. 6. Dependence ofCr(VI) concentration in solutions containing 250 mg/L wheat flour
(1, 2) or 60 mg/L gluten (3, 4) on absorbed dose. Upon irradiation the solutions were
bubbled with air (1, 3) or argon (2, 4).

Several reasons can be responsible for synergistic effect obtained. The additives can
act as OH scavengers preventing reduced species (Hg(I), Hg(0), Cr(III) and so on) from
reoxidation. The aggregation of particles (especially in the case of the flour and gluten
containing proteins) upon irradiation leads to an increased capture of chromium and mercury.
The occurence of aggregation is confirmed by the considerable acceleration of coagulation
and sedimentation of the flour and gluten particles from irradiated solution in comparison
with unirradiated one. Apparently, aggregation is connected with radiation-induced
dimerization caused by formation of free radicals of the additive components via OH radical
attack. The capture seems to be facilitated also by polarization interaction of heavy metal ions
with peptide links -NH-CO- in protein components of flour and gluten particles. The absence
of such interaction in other sorbents studied is one of the reasons for lower removal degree
upon their use. The negative oxygen effect is due to reactions of this compound with e"aq , H
atoms and free radicals formed from the attack of OH radical on the additive. For example,
peroxide free radical is formed in reaction of oxygen with free radical from the additive; it
prevents the dimerization.
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FIG. 7. Dependence ofHg(Il) removal (initial concentrations are 1 (1) or 10 (2) mg/L)from
aerated water containing 250 mg/L wheat flour on absorbed dose.
4.

CONCLUSION
The results discussed allows to deduce the following:

(1)
(2)
(3)
(4)

(5)
(6)

(7)

comparatively cheap low-energy electron accelerators can be used for combined
electron-beam and ozone treatment of municipal wastewater in the aerosol flow;
even in the case of highly-polluted municipal wastewater, the doses required for
purification by the method mentioned are comparatively low (not over 4-5 kGy);
the method mentioned is suitable, for example, for purification and disinfection of
municipal wastewater of small towns;
electron-beam treatment (at doses of several kilograys) in combination with the use of
formate as a scavenger of OH radicals can be applied for the removal of cadmium,
lead, and chromium from water;
the efficiency of Cd(II) removal by the method mentioned increases if SiO2 is added to
the solution;
combined electron-beam and adsorption method with utilization of some wide-spread
plant materials as sorbents can be used for purification of water from Cr(VI) and
Hg(II);
the best sorbents of plant origin are wheat flour and gluten.
253

REFERENCES
[I]

WOODS, R.J., PIKAEV, A.K., Applied Radiation Chemistry: Radiation Processing,
Wiley, New York (1994) 535.

[2]

PIKAEV, A.K., Environmental applications of radiation technology, Khim. Vys.
Energ. 28(1994)5-16.
LYU, E., et al., Radiation-flotation purification of aqueous wastes from mercury,
Radiat. Phys. Chem., 22 (1983) 503-510.
GEHRINGER, P., ESCHWEILER, H., FIEDLER, H., Ozone-electron beam treatment
for groundwater remediation, Radiat. Phys. Chem. 25 (1995) 1075-1078.
BUSLAEVA, S.P., et al., Removal of non-biodegradable surfactants in aqueous
solutions upon the action of accelerated electrons, Khim. Prom. 6 (1991) 47-50.
PIKAEV, A.K., et al., Combined electron-beam and biological purification of
industrial wastewater from surfactant, J. Adv. Oxid. Technol. 1 (1997) (in press)
PIKAEV, A.K., et al., Electron-beam purification of highly-coloured river water,
Radiat. Phys. Chem. 48 (1996) 75-80.
PIKAEV, A.K., PODZOROVA, E.A., BAKHTIN, O.M., Combined electron-beam
treatment of wastewater in the aerosol flow, Radiat. Phys. Chem. 49 (1997) 155-157.
PODZOROVA, E.A., et al., New data on electron-beam treatment of municipal
wastewater in the aerosol flow, Radiat. Phys. Chem. (in press).
PIKAEV, A.K., et al., Removal of heavy metals from water by electron-beam
treatment in the presence of an hydroxyl radical scavenger, Mendeleev Commun.
(1997)52-53.
ZHESTKOVA, T.P., et al., Removal of lead from aqueous solutions by electron-beam
treatment in the presence of an OH radical scavenger, Khim. Vys. Energ. 31 (1997) (in
press).
KARTASHEVA, L.I., et al., Purification of water from cadmium in the presence of an
OH radical scavenger, Khim. Vys. Energ. 31 (1997) (in press).
KARTASHEVA, L.I., et al., Combined electron-beam and adsorption method of
removal of cadmium from water, Khim. Vys. Energ. 32 (1988) (in press).
PONOMAREV, A.V., et al., Combined electron-beam and adsorption purification of
water from mercury and chromium using materials of vegetable origin as sorbents,
Radiat. Phys. Chem. 49 (1997) 473-476.
PODZOROVA, E. A., Purification of municipal wastewaters by irradiation with
accelerated electrons in an aerosol flow, Khim. Vys. Energ. 29 (1995) 280-283.
CHEYCHIAN, M , et al., "Radiation-induced removal of heavy metals from aqueous
solutions", Third Intern. Conf. on Advanced Oxidation Technologies for Water and
Air Remediation. Abstracts (Cincinnati, 1996), Organizing Committee, London,
Ontario, Canada (1996) 98.
HENGLEIN, A., et al., Absorption spectrum and chemical reactions of colloidal
cadmium in aqueous solution, J. Phys. Chem. 96 (1992) 4598-4602.
GRUSHKO, Ya.M, Toxic Inorganic Compounds in Industrial Wastewater, Khimiya,
Leningrad (1979) 160 pp (in Russian).
PIKAEV, A.K., KABAKCHI, S. A., Reactivity of Primary Products of Water
Radiolysis. Handbook, Energoizdat, Moscow (1982) 201 pp (in Russian).
BUXTON, G. V., SELLERS, R.M., Compilation of Rate Constants for Reactions of
Metal Ions in Unusual Valency States. NRDS-NBS 62, NBS, Washington (1978) 68.
TERNOVTSEV, V.E., PUKHACHEV, V.M., Purification of Industrial Wastewaters,
Budivel'nik, Kiev (1986) 116 pp (in Russian).

[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]

[II]

[12]
[13]
[14]

[ 15]
[16]

[17]
[18]
[ 19]
[20]
[21 ]

254

IAEA-SM-350/17

RADIOLYTIC DEGRADATION OF CHLOROPHENOLS
FOR THEIR REMOVAL FROM POLLUTED WATERS

XA9847716

M. TROJANOWICZ, A. CHUDZIAK, T. BRYL-SANDELEWSKA
Institute of Nuclear Chemistry and Technology,
Warsaw,
Poland
Abstract
The efficiency of radiation induced decomposition of chlorophenols depends substantially on
the radiation dose used and the presence of specific scavengers in the irradiated samples. Due to the
use of HPLC for decomposition control it was shown, that the increase of radiat-ion dose results in
gradual elimination of chlorine atoms from the chlorophenols molecules. The efficiency of radiolytic
degradation of phenol and chlorophenols was monitored by rever-sed-phase HPLC. Prior to the
chromatography the products of radiolytic degradation were preconcentrated using solid-phase
extraction with phenyl columns.
The most difficult to decompose is a simple phenol, which is also a product of radiolysis of
lower chlorophenols. Doses up to 2.0 kGy have not decomposed it completely in experimental
conditions used. Degradation of chlorophenols in synthetic aqueous solutions takes place at doses
from 0.2 to 2.0 kGy at ppm level of substrates depending on the number of chlorine atoms in
molecule, however, for river water matrix containing scavengers such as carbonates or oxygen it
requires larger doses.

INTRODUCTION

Numerous studies have already shown that irradiation using high energy electron beam
or y radiation from 6°Co sources can be efficient for the destruction of several classes of
hazardous organic compounds such as halogenated alkyl hydrocarbons, aromatic
hydrocarbons and chlorobenzenes [1]. The efficiency of removal of organic chemicals from
contaminated water depends on radiation dose, the presence of scavengers of radiation, initial
concentration of contaminant, pH and turbidity. A descriptive empirical methods were
developed recently for estimating the removal of selected organic compounds as a function of
these factors and also for estimating the dose required to meet specific treatment objectives
[2].
Radiolytic degradation of phenolic compounds for environmental purposes has been
already a subject of several papers. In the study of radiolysis of phenol with y radiation mostly
formation of dihydroxybenzenes was observed [3]. The radiolytic degradation of monochlorophenols has also been studied [4,5]. In the study of 4-chlorophenol (4-CP) radiolysis the
yield of chlorine ions served as an indicator of the degradation process, while the main
products were hydroquinone and hydroxyquinone [5]. In the study of y-radiolysis of 4-CP in
conditions favouring hydroxyl radical oxidation besides hydroquinone, also 4-chlorocatechol
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was found, whereas under conditions favouring reduction of hydrated electrons, phenol is the
only major intermediate. In those studies for the identification of products the reversed-phase
HPLC with aqueous-methanol eluent was used. Rather complicated mechanism of radiation induced degradation of chlorinated phenols was indicated in recent review by Getoff [6]. The
positive synergistic effect of radiation and ozone was demonstrated for 4-CP [5,6]. A study on
radiolysis of 2,4,5-trichlorophenol was also reported [7].
The aim of this study was to examine the efficiency of radiolytic degradation of
chlorophenols with various number of chlorine atoms in the molecule by means of reversedphase HPLC with sample preconcentration by solid-phase extraction.

EXPERIMENTAL
Apparatus
The chromatographic measurements were performed using HPLC set-up from Perkin
Elmer, which consists of isocratic pump model LC-250, UV/VTS detector model LC-95 and
integrator LC-100. UV detection at 280 nm and Spherisorb S5 ODS1 (4 x 250 mm) 5 urn
column from Knauer were used.
The irradiation of solutions using doses above 1 kGy was carried out with a high
energy electron beam in a Russian made electron accelerator LAE 13/9 with electron beam
energy 13 MeV. The beam current was 6 |JA and the irradiation was carried out at room
temperature using doses up to 15 kGy. The irradiation with smaller doses below 1 kGy was
carried out with y radiation from a Russian made 60Co source Issledovatel. In both cases the
irradiation was carried out using 10 ml sample solutions placed in polyethylene bags with
about 10 mm layer of irradiation solution formed.
Reagents
Phenol (P), monochlorophenols (CP), dichlorophenols (DCP), trichlorophenols (TCP),
tetrachlorophenols (TeCP) and pentachlorophenol (PCP) used for optimisation of HPLC
conditions and for irradiation studies were purchased from Aldrich. For the preparation of
HPLC eluents acetonitrile for chromatography, LiChrosolv from Merck was used. Methanol
and other reagents used were of analytical grade from POCh (Gliwice). Triply distilled water
from glass still was used for preparation of solutions. Eluents were degassed using ultrasonic
bath. For preconcentration of investigated analytes 500 mg BAKERBOND SPE phenyl microcolumns from Baker (Gross-Gerau, Germany) were used.
Preconcentration procedure
Solid-phase extraction phenyl columns were rinsed with two 3 ml portions of
methanol and water. pH of the preconcentrated solution was adjusted to 2.0 with HC1 and
solid sodium chloride was added to total concentration of 25 g/100 ml. After the sorption from
sample solution, the column was rinsed with 5 ml 10 mM HC1 and dried by 5 min purging
with a stream of air. Preconcentrated analytes were eluted with 1 ml portion of methanol.
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Table 1. Retention time observed for phenol and chlorophenols using as eluent 10 mM
citric acid solution in mixture of water, acetonitrie and methanol in volume ratio
40:30:30. Column: Spherisorb S5 ODS (0.4x25 cm)
5 urn from Knauer. Flow rate 1.5 ml/min.

Analyte (abbreviation)

Retention time, min

Phenol(P)

1.76

±

0.07

2 - chlorophenol (2-CP)

2.12

±

0.03

4 - chlorophenol (4-CP)

2.39

±

0.06

2,4 - dichlorophenol (2,4-DCP)

3.19

±

0.08

2,6 - dichlorophenol (2,6-DCP)

2.64

±

0.08

3,4 - dichlorophenol (3,4-DCP)

3.40

±

0.05

2,3,6 - trichlorophenol (2,3,6-TCP)

4.18

±

0.05

2,4,6 - trichlorophenol (2,4,6-TCP)

4.70

±

0.06

2,4,5 - trichlorophenol (2,4,5-TCP)

5.12

±

0.06

3,4,5 - trichlorophenol (3,4,5-TCP)

5.61

±

0.07

2,3,4,6 - tetrachlorophenol (2,3,4,6-TeCP)

6.40

±

0.15

10.96

±

0.18

Pentachlorophenol (PCP)

RESULTS AND DISCUSSION

Optimisation ofHPLC conditions
In order to obtain satisfactory separation of various chlorophenols, which can be
products of gradual decomposition of irradiated solutes with larger number of chlorine atoms
in the molecule, three component eluent containing sodium citrate was used. A larger citrate
anion might offer a different separation when ionic interactions with essentially non-polar
stationary phase play more essential role. As optimum eluent for separation of chlorophenols
was found 10 mM citric acid in solution containing 40% water, 30% acetonitrile, and 30%
methanol. In these conditions at flow-rate 1.5 ml/min. the increasing retention times were
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observed with increasing number of chlorine atoms in chlorophenol molecules (Table 1). The
UV detection was carried out at 280 run, where both phenol and all chlorophenols absorb
radiation, however, with very different sensitivity.
For the study of products of radiolytic degradation of phenols the detectability of
developed HPLC method is not satisfactory, hence, the preconcentration step using solidphase extraction with 3 ml BAKERBOND phenyl column was employed, as reported earlier
[8].
Irradiation of chlorophenols
The study of efficiency of radiolytic degradation of chlorophenols have been carried
out in solutions prepared in distilled water and also in river water matrix in order to examine
the effect of the presence of scavengers in natural samples. 10 ml of each solution was placed
in polyethylene bags with about 1 cm layer of the solution formed, which provides sufficient
conditions for the penetration of the beam. The magnitude of radiation dose was controlled
with water calorimeter and PVC dosimeters. For HPLC measurements both initial sample
solutions and irradiated solutions were passed through preconcentration phenyl columns,
where 10 times preconcentration has been carried out according to previously developed
procedure [8].
The chromatograms of four selected chlorophenols obtained prior to the irradiation
and with the increase of absorbed dose of y radiation are shown in Figs.l and 2. In solutions
prep-ared in distilled water examined species are almost completely decomposed at 0.2 kGy
dose, and PCP (not shown on Figures) only requires 0.5 kGy dose. More difficult is
decomposition of chlorophenols in river water matrix, where at 1.0 kGy only PCP was
completely degraded, whereas remaining species at this dose were decomposed about 80%.

The most resistant for radiolytic degradation is unsubstituted phenol. It has been
pointed out earlier that radiation induced phenol degradation depends strongly on numerous
factors such as substrate concentration, applied dose and dose-rate and availability of oxygen
[6]. In this study it was found that for initial level of 25 ppm (0.27 mM) phenol in distilled
water, at 0.2 kGy dose only 24% of phenol is decomposed, and even at 2.0 kGy degradation
was not complete (93%). These results are not very different compared to those observed
earlier by other authors for aerated solutions of phenol. The 0.1 mM solution was practically
completely degradated using 1.2 kGy dose, wheres at the same dose applied for 1 mM phenol
solution about 50% of substrate was decomposed, only [6]. Other authors reported that
complete decomposition of 0.75 mM phenol required a dose of about 7 kGy [9]. At 0.5 kGy
the main product of decomposition which can be detected by used HPLC procedures was
catechol, while at larger doses applied besides catechol also hydroquinone was found. It was
discussed already, that the main process in degradation of phenol is the formation of polymers
as the total organic carbon content in the irradiated solutions decreased only slightly [6].
Significant decrease of degrad-ation of phenol is caused by the presence of even very small
amount of methanol, known as effective scavenger for hydroxyl radicals.
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B
2-CP
2,4-DCP

Initial
sample
2,4-DCP

—iH
4-CP

0.2 kGy

2-CP
2,4-DCP

0.5 kGy

1.0 kGy

2.0 kGy

Fig. 1. Chromatograms obtained in optimised conditions for 21 mg/l 2-chlorophenol (A)
and 21 mg/l 2,4-dichlorophenol (B) solutions prior to the irradiation and after irradiation
with various doses shown in the Figure. All chromatographed samples were
10-fold econcentrated usingphenyl BAKERBOND spe microcolumns with
methanol used as eluent.
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B
2,4,6-TCP

2,3,4,6-TeCP

Initial
sample
2,4-DCP

2-CP

0.1 kGy

2,4-DCP
p
2,6-DCP

0.2 kGy

AA

^

2,6-DCP

0.5 kGy

i

1.0 kGy

•—i
2.0 kGy

F/g.2. Chromatograms obtained in optimised conditions for 24 mg/l 2,4,6-trichlorophenol (A)
and 7 mg/l 2,3,4,6-tetrachlorophenol (B) solutions as in Fig.l.

As it can be seen from chromatograms in Figs. I and 2 the main products of the
degradation of chlorophenols are chlorophenols with reduced number of chlorine atoms and
phenol, except teraphenols and PCP, where only traces of phenol have been found . As it was
already mentioned above, the most difficult for radiolytic decomposition is a simple phenol,
that is also evident from the chromatograms obtained for mixture of chlorophenols prior to
and after irradiation with various doses. At 1.0 kGy there are practically no chlorophenols in
the solut-ion, but there is high level of phenol in concentration larger than in initial sample as
it was produced via radiolytic degradation of chlorophenols. Its complete decomposition in
the presence of scavengers requires to apply dose about 5.0 kGy.
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The monitoring of degradation of chlorophenols using HPLC allows the detection of
change of concentrations of different products as function of the applied dose. For irradiation
of 2-CP (Fig.lA), already at 0.2 kGy besides phenols small amounts of 4-CP appear, which is
completely decomposed at 2.0 kGy. These results obtained for 21 ppm 2-CP are significantly
different from those reported earlier for 2-CP, where a complete decomposition of substrate in
0.1 mM (12.8 ppm) aerated solution was achieved at a dose about 10 kGy [4]. The main
products of irradiation of 2,4-DCP (Fig. 1B) are 4-CP and phenol, however, small amounts of
2-CP were found, and also traces of 2,6-DCP, not present in initial solution of 2,4-DCP prior
to the irradiation. For 2,6-DCP (not shown in Figures) already at 0.5 kGy the only product of
degradation was phenols, with some traces of 4-CP. For the degradation of 2,4,6-TCP
(Fig.2A), the main product is also phenol. At smaller doses a small amounts of 2,6-DCP were
found, which are totally decomposed above 0.5 kGy. Much less efficient is degradation of
intermediate chlorophenols carried out in river water matrix. In the case of 2,3,4,6-TeCP
(Fig.2B) the complete decomposition of this compound was observed already at 0.2 kGy, and
main identified products were 2-CP and 2,4-DCP. Both at this dose and larger ones up to 2
kGy, in contrary to chlorophenols with smaller number of chlorine atoms, only traces of
unsubstituted phenol were found among the products. Practically complete decomposition of
PCP was observed at 0.3 kGy, where the main decomposition products were 2,4,6-TCP and
2,4- and 2,6-DCPs. These intermediate products are further decomposed at 2 kGy, and only
traces of unsubstituted phenol and 2,6-DCP remain.

CONCLUSIONS
The results of preliminary studies on radiation induced degradation of various
chlorophen-ols in aqueous, non-deaerated solutions, in stationary conditions with HPLC
monitoring of sample composition are reported. For most of the examined phenolic species it
can be concluded that with increase of the number of chlorine atoms in the molecule a lower
radiation dose is required for complete radiolytic degradation of given species. The most
resistant for radiolytic degradation is unsubstituted phenol. The complete degradation of
chlorophenols in used non-flow conditions requires usually several times larger dose than this
found satisfactory for particular compounds with 2 or more chlorine atoms in the molecule.
The radiolytic induced degradation is additionally restrained by some scavengers present for
instance in natural samples, but their influence on the efficiency of degradation of
chlorophenols requires further more detailed studies.
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Abstract
The radiation-induced degradation of 2-, 3- and 4-Cl-benzaldehydes in aqueous, oxygenated
solutions was studied at pH~6.5. The initial G-values (G;) for the substrate degradation as well
as for the formation of Cl" ions, formaldehyde and a mixture of acids were determined in
dependance of the absorbed dose. It was found that the Cl '-position on the aromatic ring is a
determining factor for the degradation process initiated by OH-radicals. For the first three
processes the ratios based in the G r values are increasing in the sequence 3-ClBzA : 2-CIBzA:
4-ClBzA, whereas those of the acids formation are: 2-CIBzA: 3-ClBzA : 4-ClBzA. Some
reaction steps are given for illustration of initial degradation processes and formation of some
final products.
Introduction
As a result of worldwide industrialization, more and more chemicals are introduced to the
environment leading to serious pollution problems. Fundamental studies have shown that an
efficient degradation of biorefractory substances, disinfection of sewage sludges as well as
inactivation of pathogenic bacteria can be achieved by ionizing radiation treatment. In the last
two decades a relatively large number of papers have been published concerning radiolytic
degradation of pollutants in water/ e.g. 1-3 and ref. therein/. High energy electrons as well as
gamma-rays can be used for initiation of radiolytic degradation processes. In some cases the
polluted water is irradiated in the presence of ozone in order to achieve a higher efficiency by a
synergistic effect /e.g. 21.
It was previously reported that in neutral and alkaline solutions of 2-, 3- and 4-Cl-benzaldehydes
the solvated electrons (<sTt^ react specifically with the aldehyde group of the substrates, k = 2.4
x 10'° dm3mol"' s"1, resulting in radical anions /4/. This reaction is independent of the presence
and position of halide on the aromatic ring. In acid solution the H-atoms are leading to the
cyclohexadienyl radicals of the three chlorobenzaldehyde isomers (k= 0.8-1.4 x 109 dm3 mol'1 s'1
I At).

In the present paper, the radiation-induced degradation of 2-, 3- and 4-Cl-benzaldehydes (2ClBzA, 3-ClBzA and 4-ClBzA) in oxygenated solutions was studied under the influence of
^Co-y-rays as a function of absorbed dose. The formation of chloride and formaldehyde as well
as the yield of total acids were taken as additional indicators of the substrate degradation.
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Experimental
Radiation source
A "Gammacell 220 " (NordionInternational Inc., Canada, 16 kCurie ^Co) providing a dose rate
of 0.20 kGy min*' was used as a y r a y source. Modified Fricke-dosimeter, (G(Fe?+) = 15.6 151)
was applied to determine the absorbed radiation dose. The samples (30 ml) were irradiated in
pyrex glass vessels at various doses.
Preparation of solutions
Aqueous solutions of 1 x 10"4 mol.dm3 (2-ClBzA, 3-ClBzA and 4-ClBzA; (E.Merck, p.a.
quality) were prepared using triple distilled water. The samples contained oxygen (1.25 x 10'3
mol.dm"3 O2) at pH -6.5 and were prepared just before irradiation.
Analysis
The radiation-induced degradation of the substrates was followed by the change of the optical
density (OD/cm) at the absorption maximum of the individual compound (Spectrophotometer:
Perkin-Elmer, UV/VIS Lambda 16). Since at higher doses the absorption of the radiolytic
products becomes superimposed with that of the starting compound, also HPLC-analysis were
performed (Hewlett-Packard, Series 1050; column 125 x 4 mm, i.d. 5 um; Hypersil ODS
solvent mixture: 60 vol % water containing 3 % H3PO4 and 40 % methanol; flow rate: 1 ml.min"
'; 30 °C). A multiple wavelength detector (210, 225 and 280 nm) associated with computer and
printer on line were used. Standard samples of the substrates were purified by double
crystallization.
The yield of Cl" ions was determined by mercury (Il)-thiocynate method (sensitivity 1 x 10 s
mol.dm"3161 and this of formaldehyde by Hantz's method, described in 111. In addition to this
also the total acid yield was measured by following the pH-decrease as a function of the
absorbed dose by the HPLC-method, but their yields were not determined.
Result and discussion
The H-atoms and the solvated electrons (e '^ produced as primary products of water radiolysis
(see eq. 1) are practically scavenged by oxygen present in the solution (1.25 x 10"3 mol.dm"3O2):

H2O

<m—>*

e- a q ,

H,

OH,

H2,

G-values at pH ~ 7:

(2.7)

(0.6)

(2.8)

(0.45) (0.72)

H

+

O2

>

HO2* (k2 = 2 x l 0 ' ° d m 3 m o r 1 s - 1 )

e'aq

+

O2

*

HO2* ^

H+

+

(1)

/8/

(2)

<V"

(k3=1.9xl010dm3mol-|s-')/8/

(3)

O 2 *"

(pK = 4.8) 19 and ref. therein/

(4)

*) 1 Gray (Gy) = 1 J.kg"1 = 100 rad.g"1 = 6.24 x 10 ls eV.g"
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H2O2

In solutions containing 1 x 10'4 mol.dm"3 chlorinated benzaldehyde, however, there is a
competition between O2 and substrate for e ~aq. In the case of all three substrates about 91 %
e
"aq (G=2.46) are converted into O2 *' spezies (eq. 3) and the rest of e "aq as mentioned above,
reacts exclusively with the aldehyde group of the substrate molecule 141. At the same time all Hatoms are resulting in HO2/O2 * " transients (eq. 2 and 4), where O2 * ' are rather weak
oxygenating agents, compared to OH radicals. Hence, the degradation process of the three
substrates is initiated predominately by the OH radicals.
Fig. 1 shows the decomposition of all three chlorinated benzaldehydes as a function of the
absorbed dose. In the dose range upto about 0.25 kGy both kind of analysis, optical absorption
measurements and HPLC determinations of the decomposed substrates are in good agreement.
At higher doses, however, as already mentioned, the absorption of the radiolytic products is
overlapping with that of the substrate. Therefore, in such case the HPLC-analysis offered the
acurate results for substrate degradation.

100

80-

O

60-

fcb

•s

40-

20-

A : 2-CIBzA
B: 3-CIBzA
C : 4-CIBzA

0
0

0.2

0.4

0,6
0.8
Absorbed dose, kGy

1.0

1.2

1.4

Fig. 1: Radiation-induced degradation (in %) of 1 x KT'mol.dnV3 (A) 2-CIBzA, (B) 3-CIBzA
and (C) 4-CIBzA in the presence of 1.24 x 10° moldm'3 O2 (pHc/6.4) as a function of
the absorbed dose (kGy).
Insert: The initial G-value of substrate degradation: G;(-S).
The calculated initial G-value (G;) for decomposition of the three chlorinated benzaldehydes are
given as insert in Fig. 1. Based on these data a degradation ratio of the substrates in the order of
3-Cl-BzA: 2-ClBzA:4-Cl-Bz-A = 1:2: 3.7 was found. This indicates that 4-CIBzA is the most
sensitive compound towards the oxydizing action of OH-radicals and the HO 2 7O 2 "" species in
comparison to the other two substrates.
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A similar relationsship is observed for the Cl" yields of the irradiated chlorinated benzaldehydes
studied in dependance of the absorbed dose, as shown in Fig. 2, namely 3-ClBzA: 2-ClBzA:4ClBzA = 1 : 1.6: 3.24. As already mentioned e " ^ do not attack the Cl-atom on the aromatic
ring, but reacts axclusively with the aldehyde group /4/. Therefore, it can be assumed that the
Cl" formation originates from the OH-adducts or/and from the peroxyl-radicals of the
corresponding substrate. For illustration 4-ClBzA is taken as example.
10~*20

16 -

12 -

2
o
CJ

8 -

1.0

.
2,0
Absorbed dose, kGy

3.0

Fig. 2: Formation of Chions from 1 x 10* mol.drir2 (A) 2-Cl-BzA, (B) 3-CIBzA and (C) 4ClBzA (as a function of absorbed dose (kGy) in the presence of 1.24 x 10*3mol.dm*3O2.
Insert: G; (Cl") of the three substrates.
O=C-H

O=C-H
OH

(OH-adducts on o-, m-, pand ipso-position)

In addition to splitting off HC1 (eq. 6) or/and aldehyde (eq. 10a and lla), the OH-adducts can
react with O2 resulting in peroxyl radicals (eq.7 and 8)
O=C—H

e.g.,
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O=C-H

H+

+

Cl-

+

(6)

O=C—H

0=C—H
OH

+

(peroxyl radical)

02
O=C-H

O=C-H
OH

O=C—H
OH

+ O2

(7)

OH

HO, +

(8a)

Cl

Cl

O=C—H

Cf+

(8b)

o2"
The fate of peroxyl radicals is manifold. They can in general undergo a ring-fragmentation (ea^/
9) or/and multistep hydrolysis /e.g. 2,3,9/ resulting finally in carboxylic acids etc. The precise
reaction mechanisms were still not elucidated. Possible reaction steps in the present case could
be e.g.:

O=C-H

O=C—H

O=C-H

O=C-H
+H 2 O

OH

7R\

O

(9)

OH O

o/ o

The formation of formaldehyde can be explained by reaction (10a and 1 la) and that of formic
acid by reaction (10b):
O=C-H
OH
OH

HCHO +

Cl

(10a)
Cl

HCOOH +

(10b)
Cl
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and/or:
O=C-H

+

HCHO +

(lla)

HO*

(lib)

HCO3

+

(lie)

The resulting transients can be involved in further processes. HO2 species (partly as O 2 '~; see
eq.4) can react similary as OH radicals, but essentially slower. The HCO3 radicals are leading
to formation of oxalic acid (or oxalate).

O2 +

(COOH)2

(oxalic acid)

(12)

O

(13)

C1O*

(14)

The CIO'species has oxidizing properties and can contribute to the oxidizing degradation of the
substrate.
The formation of formaldehyde studied as a function of dose for all three chlorinated
benzaldehydes is presented in Fig. 3 and the corresponding G r values are given as insert. Here,
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again the ratio of the G r values show the same tendency, namely: 3-ClBzA: 2-ClBzA: 4ClBzA= 1:1.26:2.68. It might be mentioned that at a dose above 1.5 kGy after reaching a
maximum value the aldehyde yield is decreasing, because of a subsequent oxidation:

HCHO

+

OH

HCO +

HCO

+

o2

HCO»O#2

(16)

+

(17)

2 HCO'O',

(COOH).

H,0

(15)

O,

12
A : 2-CIBzA
10 - B : 3-CIBzA
C : 4-CIBzA
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0.134

I

o

6

(Q

0.5
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1,5
2.0
Absorbed dose, kGy

2.5

3.0

Fig. 3: Formation of formaldehyde from 1 x 104 mol.dm"3 (A) 2-ClBzA, (B) 3-CIBzA and (C)
4-CIBzA (as a function of absorbed dose (kGy) in the presence of 1.25 x 10"3mol.
dm-3O2.
Insert: G, (HCHO) of the substrates.
It was finally observed, that the pH-value of the irradiated substrate silutions continually
decreased with rising the absorbed dose. This fact indicates that in addition to Cl" ions also
carboxylic acids are formed as degradation products (see reactions: 9, 10b, 12, 17). The total
yield of acids observed as function of dose is presented in Fig. 4, where G, values are given as
insert. In this case the highest acid yield is observed for 2-ClBzA and the lowest for 4-CIBzA.
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10/25

G

A : 2-CIBzA
20- B : 3-CIBzA
C : 4-CIBzA
E

I 15o
o
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(Q
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0

1.0
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Absorbed dose, kGy

Fig. 4: Total acid formation originating from 1 x 10"4 mol.dn? (A) 2-CIBzA, (B) 3-CIBzA and
(C) 4-CIBzA (pH ~ 5) in the presence of 1.25 x 10'3 mol.dm3 O2 in dependence
of absorbed dose.
Insert: Gf (total acids).
Concerning the ratios based on the G r values for substrate degradation, as well as for the
formation of Cl" ions and formaldehyde it is obvious that the Cl-position on the aromatic ring is
a determining factor for these processes (Table 1). Thereby 4-CIB2A shows the highest value
and 3-CIBzA the lowest one. However, in respect to the yield of total acids, there is a
chronological sequence. This indicates that the neighbouring positions of both, Cl-atoms and
HCO-group are favoring the formation of acids as degradation products.
Table 1: Ratios of the Gj-values for substrate degradation, formation of Cl"ions, aldehyde and
acids of the three chlorinated benzaldehydes.
Ratio for Grvalues for:
Substrate

Substrate
degradation

Cr ions

Aldehyde

Acids

2-CIBzA

2.0

1.6

1.26

2.65

3-CIBzA

1

1

1

1.85

4-CIBzA

3.7

3.24

2.7

1
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As a conclusion could be mentioned that in the radiation-induced degradation of 2-, 3- and 4-C1benzaldehydes in solutions saturated with oxygen a number of degradation processes are
involved. They are initiated practically by OH-radicals and the resulting OH-adducts of the
substrates are adding O2 forming peroxyl radicals, which are finally leading to various final
products.
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Abstract
The hydroxyl-radical induced dechlorination of pentachlorophenol (PCP) in water has been
investigated pulse radiolytically. Hydroxyl radicals react with PCP by both electron transfer and
addition. The former process results in pentachlorophenoxyl radicals (PCP-O), the latter process
followed by rapid HC1 elimination gives birth to deprotonated hydroxytetrachlorophenoxyl radicals
(O-TCP-O). These phenoxyl radicals exhibit maximum absorption around 452 nm, which hinders
the proper estimation of the ratio of the two processes. However, these two processes cause different
changes in conductivity. In basic solution, the electron transfer causes a conductivity increase due to
the formation of OH" whereas an addition followed by HC1 elimination results in a conductivity
decrease. The concurrence of these two processes reduces the relative variation in conductivity, from
which about 53% electron transfer is deduced.

1. INTRODUCTION
Aromatic halides are among the most common organic pollutants, therefore extensive
investigations have been done on the disposal of such pollutants by biological, photochemical
and/or radiation technologies (Draper et al., 1989; Ye and Schuler, 1990; LipczynskaKochany and Bolton, 1991). In the seventies, PCP was widely used in China in the fight
against snail fever and as a herbicide, thus it is not surprising now to observe its appearance in
some drinking water resources. Since 1996, an IAEA project on the remediation of drinking
water with regard to PCP removal has been initiated (Fang, et al. 1996). In the present paper
we will present some recent results on the possible mechanisms involved in the hydroxylradical induced dechlorination of PCP.

Current address: Department of Technical Physics, Peking University, Beijing, China.
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2. EXPERIMENTAL
The chemicals were of the highest purity commercially available and used without
further purification. Solutions were made up in Milli-Q-filtered (Millipore) water. Prior to
irradiation the solutions were saturated with O2-free N2O (Messer Griesheim) and adjusted to
the desired pH with NaOH. The pKa value of PCP is at 4.5, and since its acid form is almost
insoluble in water, experiments were done at pH 10. The pulse radiolysis set-up has been
described recently (von Sonntag and Schuchmann, 1994). Optical and conductometric
detection were used alternatively. Thiocyanate dosimetry was employed in the optical
measurements, and dimethylsulfoxide dosimetry for the conductometry (Schuchmann et al.,
1991).

3. RESULTS AND DISCUSSION
The free-radical generation system
When dilute aqueous solutions are irradiated, the energy of the ionizing radiation is
mainly absorbed by the solvent water thereby leading to the formation of OH radicals,
hydrated electrons and H atoms as reactive free radicals; in addition some H2O2 and H 2 are
formed in spur reactions [reaction (1)]. The radiation-chemical yields are G(OH) « G(eaq") »
2.9 x 10"7 mol J"1 and G(H) « 0.6 x 10"7 mol J"1. The hydrated electron may be converted with
N2O into further hydroxyl radicals [reaction (2)]. Hydroxyl radicals can react with PCP by
electron transfer to form pentachlorophenoxyl radicals (2a) or add to the benzene ring (mostly
at p- and o-positions) followed by HC1 elimination to form (deprotonated)
hydroxyltetrachlorophenoxyl radicals (3b, 3c and 3d) (scheme 1, cf. Koster and Asmus, 1973;
Merga et al., 1996; Latif et al. 1978). Alternatively, hydroxyl radicals may be converted into
N3 radicals [reaction (3)] which then react with phenolic compounds to form phenoxyl
radicals predominantly by electron transfer (Buxton et al., 1988; Alfassi and Schuler, 1985;
Netae/a/., 1988).
ionizing

H2O

^

.

_

TT. T

+

T

_^

e aq , OH , H , H , H 2 O 2 , H 2

n\

radiation

eaq" + N 2 O + H 2 O -> OH + OH" + N 2
N3" + OH - • OH" + N 3
OH (H) + HCO2" -> CO 2 + H2O (H2)
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(2)
(3)
(4, 5)

Cl

-ci-

cr

"V^

"ci

n^^y^^o
a

^v^

"o

C

C

a

cr

Cl

a

o-

Cl
3c

O

a

Scheme 1
Optical Measurements
Terzian et al. (1991) investigated the reaction of hydroxyl radicals with PCP pulse
radio lytically using optical detection and concluded that it reacts principally (77%) by
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electron transfer to form 2a. As the reported UV spectra of this phenoxyl radical was rather
broader than usually found for this kind of intermediate (Ye and Schuler, 1990), we reexamined this reaction pulse radiolytically using optical and conductivity detection
alternatively.
To obtain better spectral resolution, the slit of UV detector was set at 2 nm. Upon
pulse radiolysis of N2O-saturated PCP (pH 10), a spectrum characterized with absorption
maxima at 426 and 454 nm (Fig. 1). The observed rate of build-up linearly increases with
increasing PCP concentration (Fig.l, inset), from which k(lb + OH) = 8.6 x 109 dm3 mol"1 s"1
is obtained. The absorption decays bimolecularly (2k = 1.5 x 109 dm3 mol"1 s"1).

360

400

440

480

A, / nm
Fig. 1 Pulse radiolysis of N2O-saturated pentachlorophenol (PCP, 10'3 mol dm"3) at pH 10.
The UV spectrum was recorded 2 jas after a 2 Gy pulse. Inset: Rate of absorbance
build-up kobs at 454 nm vs. [PCP].

In order to resolve the UV spectrum obtained from the reaction of hydroxyl radicals
toward PCP, the UV spectrum of 2a was generated by the pulse radiolysis of N2O-saturated
103 mol dm'3 PCP in the presence of 2 x 10'2 mol dm'3 NaN3 at pH 10, which exhibits an
absorption maximum at 452nm (Fig. 2). From the PCP concentration dependence of the
absorbance build-up £(N3 + lb) = 5.7 x 109 dm3 mol"1 s"1 is obtained (Fig. 2, inset). It would
be helpful to generate separately hydroxyltetrachlorophenoxyl radicals 3b and 3d. In principle
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this could be done by reducing p- and o-chloranils with strongly reducing radical CO2".
Unfortunately, we have shown that the chloranils readily hydrolyze (i.e. they lose one mole
HCl) when they are dissolved in water. This prevents the pulse radiolytic determination of
spectral properties of the radicals 3b and 3d.

40
80
[PCP] / 10*mol dm'

400

450

500

550

X I nm
Fig.2 Pulse radiolysis of N2O-saturated pentachlorophenol (PCP, 10"3 mol dm'3) containing.
NaN3 (2 x 10'2 mol dm'3) at pH 10. The UV spectrum was recorded 2 us after a 2 Gy
pulse. Inset: Rate of absorbance build-up k^ at 452 nm vs. [PCP].

A comparison of the UV spectrum of the pentachlorophenoxyl radical 2a with the
spectrum resulting from the reaction of hydroxyl radical with l b shows only slight difference
in the absorption maximum but strong difference below 400 nm (Fig. 3). This indicates 3b
and 3d should also exhibit strong absorption below 400 nm in addition to one at around 454
nm. Therefore, the assignment by Terzian et al. of the absorption around 450 nm solely to 2a
is not justified and the electron transfer yield of 77% deduced on the basis of this assignment
is likely to be in error. The extensive overlap of the UV spectra (Fig. 3) of these phenoxyl
radicals hinders an accurate estimation of their ratio in the spectrum obtained after the reaction
of OH with PCP. The H-atom addition to PCP (the three-times-enlarged spectrum is shown in
Fig. 3, • ) also contributes (about 10%) to the spectrum obtained upon pulse radiolysis of
N2O-saturated PCP solution.
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Fig. 3

400
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X I run —

480

Compilation of UV spectra resulting from PCP reacting toward N3 (•), OH/H (A)
and H alone (•, three-times-enlarged for better view).

Conductivity Measurements
In contrast with the difficulties encountered when trying to resolve the respective
contributions on the basis of the optical spectra, it is possible to distinguish the electron
transfer from an addition followed by HC1 elimination by measuring the conductivity change.
In basic solution (the buffer effect of PCP as well as the poor solubility of its acidic form la
prevents a conductivity measurement in acidic solutions), the electron transfer converts lb to
OH" and thus increases the conductivity. The opposite is the case when OH radical addition is
followed by HC1 elimination. The released H+ neutralizes OH' and thus decreases the
conductivity. Upon pulse radiolysis of PCP at pH 10, the conductivity change 50 us after the
pulse (i.e. after completion of the neutralization finished) was positive (Fig. 4, lower trace).
The increment was about one sixth of that obtained in the presence of an excess of NaN3
(100% electron transfer; cf. Fig. 4, upper trace). The conductivity change caused by the Hatom is negligible. Taking X° (25 °C in water) of 76 and 198 cm2 Int. Q"1 equiv."1 for Cl" and
OH" respectively (Robinson and Stokes, 1959), it is calculated that about 53% of OH radicals
react with la by electron transfer. The further change in conductivity is rather complex due to
the elimination of chloride ions from the unstable products (e.g. p- and o-chloranils).
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Fig. 4 Pulse radiolysis N2O-saturated pentachlorophenol (4 x 10"* moldm'3) in the presence
(•) and absence (O) of NaN3(10"2 moldm 3 ). pH 10, about 0.4 Gy/pulse.
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Abstract
The decomposition of PCP in water induced by y - irradiation has been studied at low PCP
concentration under varions conditions. PCP is consumed linearly with increasing absorbed doses.
PCP could be decomposed almost completely by y - irradiation at relatively high doses. Chloride ions
are increased simultaneously with the consumption of PCP. The amount of chloride increases also
linearly with the increasing absorbed dose. At relatively high absorbed dose, almost all chloride
atoms in PCP are eliminated. Chemical oxygen demand (COD) has been measured after irradiation.
Ozone is a powerful oxidazing agent for PCP. After saturation of 1.09 x 10~4 mol. dm"3 PCP
aqueous solution with ozone, PCP concentration drops to 1.6x10" 5 mol.dnv^. The combination of
ozonation-ionizing radiation treatment is very effective, which greatly decreased the dose needed. pH
and chemical oxygen demand also have been measured after ozonation and irradiation.

INTRODUCTION
In China a certain chemical plant is well known not only for its huge throughput of
chlorinated organic compounds, but also for the fact that it is the unique assigned plant in
China to manufacture hexachlorocyclohexane (HCCH) in case of the plague of locusts.
Moreover, it used to synthesize a large amount of pentachlorophenol (PCP) to kill
oncomelania, which is the intermediate host of blood fluke in some provinces of China and
still manufactures PCP as main composition of some herbicide. Drinking water in some
district has possibly been polluted by HCCH and PCP and their precursor hexachlorobenzene
(HCB). Besides, according to a report [1] by Shanghai Running Water Company, 22
chlorinated organic compounds are formed after the daily treatment of the running drinking
water with chlorine, 6 of which are among the EPA list of chlorinate organic compounds to be
prior controlled. The level of chlorinated phenols is not significantly altered. HCB and other
chlorinated benzene increase considerably after the treatment. Therefore, our envisaged efforts
would focus on the remediation of drinking water polluted with PCP , HCB and other
halogenated organic compound by the mehods of advanced oxidation processes (AOP) such
as the combination of ionizing radiation and ozonation.

EXPERIMENTAL
The radiation chemical yield of PCP consumption has been determined
spectrophotometrically (kmax = 320 nra, s = 6900 dm mol"1 cm" ) and checked by highperformance-liquid-chromatography (HPLC) on a 12.5 cm C18 column employing ethanolwater (v:v = 88:12) containing 0.1% acetic acid as the eluent. The yield of chloride ion has
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been measured by the mercury(II) thiocyanate method according to ref. [2] with minor
modification. In brief, a certain amount of irradiated sample is extracted by diethyl ether to
minimize the possible effects of phenolic compounds.
Chloride ions in water phase react
with Hg(SCN)2 quantitatively, and the liberated SCN" is subsequently converted into
[Fe(SCN)6]3" which can be easily
measured spectrophotometrically (kmax = 460 run,
3
1
s = 2600 dm mol"' cm" ). Chemical oxygen demand has been titrated as described in ref. [3].
The ozone concentration in the solution by measuring optical density at 260 nm was
determined, taking s = 2900 dm mol" cm" [4]. The dose was determinded with Fricke
dosimeter.

RESULT AND DISCUSSION
Decomposition of Pentachlorophenol with y-Radiation
The decomposition of PCP in water induced by y-irradiation has been studied at low PCP
concentration under various conditions (different atmosphere or different pH). Figure 1 shows
the UV spectra of PCP aqueous solutions after y-irradiation at different doses. PCP exhibits a
characteristic absorption at 320 nm (e = 6900 dm3 mol"1 cm"1) while most of substituted or
non-substituted phenols (except pyrograllol, and/?-hydroxyphenol) have negligible absorption
there. Therefore the decrease of absorbance at 320 nm should quantitatively response for the
consumption of PCP.
As shown in Figure 2, PCP is consumed linearly with increasing dose. At the later stage
where most PCP are consumed and the remaining couldn't compete for OH radicals with
products efficiently, thus the consumption rate (G value) decreases. Yet PCP could be
consumed almost completely by y-irradiation at relative high doses (cf. Fig. 1). The G values
of PCP consumption are calculated from the slope of such plots as shown in Fig. 2 and
complied in Table 1.
Table 1 The compilation of G values for PCP consumption and release of chloride

air
pH
5
9

G(-PCP)
-0.22
-0.37

N2
C
1.1
1.7

G(-PCP)
N.D.
-1.2

G(C1")
2.4
4.8

N 2O
G(-PCP)
G(cr)
N.D.
2.7
7.1
-1.5

Note: G values in the units of 10' mol J'1; N. D. not determined.

Chloride ions released simultaneously with the consumption of PCP. The amount of
chloride eliminated increases also linearly with the increasing absorbed dose (Fig. 2). From
the slope of such plots of concentration of chloride vs. absorbed dose the G values of chloride
elimination are calculated and complied in Table 1. At relative high absorbed dose, almost all
chloride atoms (/. e. five times of initial amount of PCP) are eliminated.
As shown in Table 1, the radiation chemical yields are very low. The pulse radiolytic
study of PCP [5] suggested that OH radicals react with PCP by attacking the benzene ring to
generate dihydroxypentachlorocyclohexadienyl, pentachlorophenoxyl, and semiquinone
radicals [3]. At pH 8 the phenoxyl radicals prevail (77%) [4]. Phenoxyl radicals often react
very slowly with O2 but usually react with O2" very fast [6,7]. O2~ can add to phenoxyl

282

700 Gy
1200 Gy

/

O

•e
o

OGy
80 Gy

A
ill

1,5-

1,0-

<
0,5-

(i,-f

•.••. \ y

\

V.
*\ '^ * - -

~\\

~"-i>^_
300

250

350

400

X /nm
Rg. 1 UV spectra of PCP solution prior to and post y-irradiation at different doses.
Air saturated, pH 11, [PCP]0 6.3 x 10"5 mol dm"3, Dose rate: 0.3J .6 Gy s"1

PCP
15-

«

yT

a

yS

o
10-

5l 1 - - -

C

~""~D~n-

i

200

400

600

800

Dose / Gy
Fig.2 Dose dependent consumption of pentachlorophenol and release of chloride.
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radicals and subsequently regenerate phenols by O2 elimination or result stable adducts. The
very low yield of PCP decomposition in air saturated solution (where hydrated electrons are
converted into O2'") indicates that O2" react with PCP derived phenoxyl radical mainly to
regenerate PCP. Table 1 also shows that the G value of PCP consumption increases with
increasing
pH.
One
possible
reason
is
that
at
high
pH
the
dihyroxypentachlorocyclohexadienyl radicals formed by the addition of OH radical to PCP
tend to generate semiquinone radicals by Cl" elimination rather than to generate
pentachlorophenoxyl radicals by OH" elimination, since at high pH both OH groups in the
dihyroxypentachlorocyclohexadienyl radicals are deprotonated. The chemical yields of Cl"
elimination are about five times as large as that of PCP consumption at relative low absorbed
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dose (<500 Gy, i.e. the consumption of PCP is not more than a half) under all conditions
investigated. This means that the y-irradiation induced PCP dechlorination is somehow
cooperatively, i.e. the products formed by the dechlorination of PCP induced by OH radical
attack tend to dechlorination thoroughly. The products are polyphenols and thus are better
reductants than PCP, therefore they can reduce phenoxyl radicals to PCP while they
themselves are degraded. This might contribute to the much higher chloride yield, yet the
detailed mechanism remains unknown.
Chemical oxygen demand (CODMn) has also been measured after irradiation. The results
are shown in Table 2. At absorbed dose of 530 Gy about half of PCP is consumed (cf. Fig. 2),
yet the COD value doesn't not change. The COD value decrease markedly only when the dose
is high enough to consume almost all PCP. This suggests that at the early stage the benzene
ring open is negligible in the consumption of PCP induced by OH radicals though O2 is
present, which agrees to the low reactivity of phenoxyl radical towards O2.
Table 2 CODMn values of irradiated PCP. [PCP]0 = 6.3 x 10"5 mol dm'3, pH 5.3, airsaturated, dose rate 0.3~l .2 Gy s"
Dose / Gy
CODMn / mgdm*

0
10.5

530
10.5

1600
9.4

2500
3.4

The Combination of Ozonation-Ionizing Radiation Treatments
As the commercially available ozone generator is quite expensive, we requested and
cooperated with the Environmental Research Center of Tsinghua University to develop a
simplified device for the present project. The newly built ozone generator is under
examination. Ozone is a powerful oxidazing agent but the reaction is almost selective to the
unsaturated parts of the molecule to be oxidized. PCP is a special compound, in which
benzene ring have six substituted groups. Ozone itself can decompose PCP. As shown in
Figure 3, PCP is consumed considerably with increasing ozone inital concentration. PCP
-3
-3
concentration drops from 1.09x10" mol dm" to 1.60x10"" mol dm" , when ozone
concentration is to 1.80x 10 mol dm"

[O 3 ]

/KTmoldrTf

Fig.3 The effect of the concentration of ozone on the consumption of pentachlorphenol
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The combination of ozonation with y-irradiationlreatment greatly decreased dose applied.
Comparing with to y-irradiation treatment, only 1/3 dose is needed by combination method.
Chloride ions realeased with the decomposition of PCP. The change of chloride ion
concentration by ozonation and y-irradiation is summarized in Table 3. The pH value of the
irradiated solution is distinctly reduced.
By comparing UV absorption spectra of
decomposition products with carboxylic acid , one can suggest that the decomposition product
may be carboxylic acids, but further identification is needed. The variation of pH values and
chemical oxygen demand (COD) have been measured. The results are complied in Table 3.
Table 3 Effects of absorbed dose on chloride ion, CODMn and pH value of
ozonized PCP aqueous solution
Dose / Gy

0

183

367

565

734

[Crj/lO"4

3.20

3.50

4.90

4.70

5.1

13.5

9.37

8.92

8.92

7.57

3.74

3.64

3.95

3.53

3.49

moldm"
CODMn /
mg dm"J
pH

Note: [PCP]0 1.09 x lO^mol dm'3, pH 9.44, CODMn 18.23 mg dm"3, Dose rate 0.8- 3.2 Gy s"
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Abstract
The potential threat to the environment imposed by high pathogenic organism content in
municipal wastewater, especially the sludge and the world-wide growing aspirations for a cleaner,
salubrious environment have made it mandatory for the sewage and sludge to undergo treatment,
prior to their ultimate disposal to mother-nature. Incapabilities associated with the conventional
wastewater treatments to mitigate the problem of microorganisms have made it necessary to look for
other alternatives, radiation treatment being the most reliable, rapid and environmentally sustainable
of them. To promote the use of radiation for the sludge hygienization, Department of Atomic Energy
has endeavoured to set up an indigenous, Sludge Hygienization Research Irradiator (SHRI) in the city
of Baroda. Designed for 18.5 PBq of 60co to disinfect the digested sludge, the irradiator has
additional provision for treatment of effluent and raw sewage. From engineering standpoint, all the
subsystems have been functioning satisfactorily since its commissioning in 1990. Prolonged studies,
spanning over a period of six years, primarily focused on inactivation of microorganism revealed that
3 kGy dose of gamma radiation is adequate to make the sludge pathogen and odour- free. A dose
of 1.6 kGy in raw sewage and 0.5 kGy in effluent reduced coliform counts down to the regulatory
discharge limits. These observations reflect a possible cost-effective solution to the burgeoning
problem of surface water pollution across the globe. In the past, sub 37 PBq 6 0 c o batch irradiators
have been designed and commissioned successfully for the treatment of sludge. Characterized with
low dose delivery rates they are well-suited for treating low volumes of sludge in batches. Some
concepts of continuous flow 60£ o irradiators having larger activities, yet simple and economic in
design are presented in the paper.
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1. INTRODUCTION
Municipal wastewaters and sludges are potentially hazardous to the environment due to
their high content of pathogenic bacteria, viruses [1], cysts and eggs of infective parasites [2]
endangering human health. Degradable organic contents are also detrimental to the ecology.
Indiscriminate discharging, dumping, burning and burying of these wastes has led to
unacceptable levels of atmospheric pollution including the degradation and eutrophication of
surface waters. Growing aspirations of mankind for a clean and healthy environment has
made it necessary to return these wastes back to the nature, only with proper pretreatment.
Product of wastewater treatment, the sludge is rich in plant nutrients representing an
excellent, renewable source of material for soil amendment to enhance fertility. Instead of
wasting such valuable resource by way of discharging, dumping or burning, its application to
farmland as soil conditioner may be a acceptable alternative for ultimate disposal. Major
problem associated with this, however is the possible transmission of diseases, of bacterial,
viral or parasitic nature, through a man-sewage-soil-crop-man cycle [2]. Conventional
wastewater treatment processes efficient as they are in stabilizing degradable organics in the
sludge, are deficient in disinfecting them to acceptable levels, making one to look for other
alternatives.
Several technologies exist for the disinfection of sludge. A few of them, figuring in
USEPA recommendations[3], to achieve additional inactivation of micro-organisms beyond
that attainable by conventional sludge stabilization methods are (1) heat pasteurization for 30
min at 70°C, (2) high pH treatment >12 by lime application for 3 h, (3) prolonged storage of
digested sludge, beyond 60 d at 20°C, (4) composting at 55°C and curing in stockpiles for
30 d and (5) gamma and high energy electron irradiation under various application
procedures. All these processes with the exception of radiation treatment, either have
technological limitations or have problems associated with the reuse of process products.
Ability of ionizing radiation to eliminate or to inactivate the microorganisms in sludge
effectively, has been widely reported [4][5][6]. Albeit high in initial cost, the radiation route
is simple, compact, efficient and in recent times has become more practicable due to the easy
availability of large radiation sources. Radiation treatment has no adverse effect on the
nutritional values of the sludge. Therefore, land application of radiation disinfected sludge,
to return its organics and nutrition back to the soil is perhaps the most desirable sludge
management strategy. Radiation disinfection of effluents prior to the discharge will go a long
way in maintaining the quality of receiving surface waters.
2. RADIATION DISINFECTION OF SLUDGE
2.1. Radiation treatment process
Sewage sludge in liquid state (upto 8% S.S) or in dewatered state (upto 80% water
content) is exposed to an intense radiation source, for a given period of time, to accumulate a
specified dose which corresponds to the attaining of a desired level of microbial inactivation.
Combination of irradiation with heat and oxygen [7] offers advantages in maximizing the
lethality of radiation to reduce the dose requirement. A process developed in Japan [8]
includes irradiation of sludge followed by composting yielded a superior, granular organic
manure suitable for land application. The period of composting required for radiation
treated sludge was much lower than for non irradiated sludge. Canada has developed a
process where irradiation of artificially dried sludge to 25% solids is irradiated in prepackaged
condition to produce organic manure named as "Bio Rich". [9]
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Radiation doses generally applied for sanitizing different forms of wastewaters are,
- Effluents
Upto0.5kGy
- Raw sewage
1.5 kGy
- Raw sludge
- 3 - 4 kGy
- Digested sludge
3 - 4 kGy
- Dewatered sludge
UptolOkGy
2.2. Radiation Sources
Predominant radiation sources in the Radiation Processing Industry today are 60Co
radioisotopes and high-energy electron accelerators. These are equally useful in wastewater
applications. Use of 137Cs and X-rays although promising, have yet to make a mark due to
technological limitations associated with these sources. The use of UV in wastewater
application is on the rise[7], the technique working at its best on water devoid of paniculate
matter. Cobalt-60 decays at an annual rate of 12.5% continuously and periodic source
replenishment is essential for maintaining the throughput constant. This feature however is
not attributable to high energy electron from accelerators.
2.3.
S ludge irradiation systems
Sludge irradiation systems (sludge irradiators) are built as an add-on facility to the
conventional wastewater treatment plant, for the sole purpose of disinfection. Liquid sludge
irradiators can be designed to operate in batch or in continuous flow mode with the use of
pumps and piping. Irradiation of dewatered or dry sludge is carried out in irradiators identical
to those used in medical product sterilization equipped with unit package conveyor system.
3. BATCH IRRADIATORS
The batch irradiators for sludge built so far, are designed for 60Co having source capacities
below 37 PBq. These irradiators are inherently low dose rate units and are well-suited for the
treatment of sludge low in volume and intermittently drawn from the conventional plant. A
batch of measured volume of sludge is drawn in batches in a vessel charged with radiation
source and is recirculated in radiation zone within the vessel, by a high flow capacity pump.
Recirculation homogenizes the sludge within radiation zone for uniform irradiation
throughout its volume and prevents settling of suspended particles which tend to block
narrow passages in the system. Period of recirculation of sludge in radiation zone depends on
the source strength, lower source strength requiring longer period of recirculation. At the end
of recirculation period, sludge is evacuated from irradiation vessel and is despatched for land
application. This process is then repeated for the next batch of sludge. The entire operation
can be automated to minimize the human dependance.
A biological shield is provided around the irradiation vessel for the protection of operating
staff. Source requirement of a batch irradiator is dictated by factors, such as, volume of
sludge to be treated per day and source to water geometry signifying the efficiency of
radiation utilization. The rheological properties of sludge and degree of mixing required in
the irradiation zone influence selection of mechanical equipment like pumps.
3.1 Examples of batch irradiators
3.1.1. Sewage sludge irradiator, Geiselbullach, Germany [10]
The first technical scale plant for disinfection of sewage sludge by Gamma-radiation was
built in 1973 at Gieselbullach, near Munich, Germany. The project was jointly supported by
Federal and Bavarian Agricultural and Scientific Institutes and equipment manufacturers. A
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combination of
the plant are

-

60

Co and 137Cs sources was tried successfully in the plant. Salient features of

Nature of sludge
Max source design capacity
Max processing capacity
Volume per batch
Source geometry

-

Anaerobically digested liquid sludge (< 5% SS)
25 PBq , 60Co
180 mVd at 3 kGy
6m3
Cylindrical

A cylindrical irradiation vessel with radiation sources mounted on its hollow central pipe
in a cylindrical source geometry is housed in an underground shaft. A concrete plug covering
the shaft provides for the radiation protection. Source transfer in vessel is carried out
underwater by flooding the irradiation shaft. Recirculation and evacuation pumps are housed
in another underground shaft, 4 m away. The sludge is recirculated from inner to outer
annulus of the vessel partitioned by the source holder. After radiation disinfection, the liquid
sludge is transported by tankers for spreading on the farmland.
Unfortunately, for the past couple of years, the plant is out of operation due to some
technical reasons. The consistency in attaining inactivation of microorganisms and the
nutritional benefits to the crops, accruable from radiation treated, recycled sludge have been
extensively studied and the success of the process has been amply demonstrated in this
generic plant.
3.1.2. Sewage sludge irradiation project, PIBA, Argentina [11]
A new 60Co based sludge irradiator at Tucuman, Argentina has design features similar to
Geiselbullach irradiator. The project is funded by Argentina's National Economy Funds
through National Atomic Energy Commission. IAEA is supporting the part of research work
through Coordinated Research Programme.
Main features of the plant are

Sludge characteristics
Max source activity
Max processing capacity
Volume per batch
Source Geometry

-

Anaerobically digested, liquid sludge (8 - 10% SS)
26PBqof 60 Co
180 mVd at 3 kGy
6m3
Cylindrical

Following the irradiation, sludge is drained out of irradiation vessel , under gravity to an
outlet tank. Source transfer operation is carried out by flooding irradiation shaft and source
transfer shaft with demineralised water. Radiation sources are continuously cooled with the
help of demineralized water, which in turn is cooled in a heat exchanger. Provision for oxyirradiation also features in the plant design.
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3.1.3. Sludge Hygienization Research Irradiator (SHRI), Baroda, India
To demonstrate the role that radiation technology can play in the preservation of
environment, the Department of Atomic Energy set up SHRI facility, integrated with an
existing 22 MLd, conventional sewage treatment plant in Baroda.
The main features of the plant are,
Sludge characteristics
Maximum source capacity
Maximum processing capacity
Volume per batch
Source geometry

-

Anaerobically digested (4% SS)
18.5 PBq
110 m.7d at 4 kGy
3m3
Planar grid source

Irradiator system consists of two independent radiation chambers, built above ground
level, each having a separate, stainless steel, rectangular irradiation vessel of 3 m3 volume.
One of the chamber, at any given time is under operation while the other is serving as a
standby. Radiation sources are installed in the vessel in planar grid geometry. Sludge, while
entering in the vessel falls perpendicular to the source plane and flows towards the outlet
through large gaps provided in the source grid. Source assembly consists of a planar frame of
13 tubes of 42 mm ID X 48 mm OD to accommodate 26 nos. of integral source units of 38
mm OD X 693 mm length. Source transfer in the vessel is carried out remotely, with the use
of a special transport container and its accessories. The components of source transfer system
e.g. source container, rails, source loading ports and grid tubes in the irradiation vessel are
carefully aligned during construction. A mechanical key interlock system (castle locks)
ensures that from the thirteen loading ports only one port, aligned and shielded by the source
container is opened at a time. Inside the vessel sources are cooled by a separate cooling water
system which also provides for the monitoring of sources for leakages, if any.
Entry to the radiation chamber is through a maze, access to the active cell is totally
prohibited with the help of key interlocks and by welding of maze entry door with the
doorframe. Sludge feed and recirculating system consists of s.s. piping and cast iron pump
with s.s. open impeller. Plant controls and safety systems include control of irradiation
period, monitoring of the flow and levels of sludge, radiation monitoring and ventilation of
radiation chamber. Microbiological, physical and dosimetry investigations are carried out in
house. Various systems of SHRI facility are shown in Fig. 1.
3.1.4. Operational experience at SHRI
3.1.4.1. Microbiological aspects [12]
Since its commissioning in 1990, with an initial charge of 5.5 PBq of 60Co, the plant is
continuously in operation. Research efforts so far have been primarily focused on the study of
microorganism response to radiation. Effects of irradiation from pathogen reduction
standpoint on primary effluent, secondary effluent, raw sewage, raw and digested sludge have
been investigated routinely. Results of these studies are briefly summarized in Fig. 2 to Fig. 4,
indicating that, a dose of 0.5 kGy brings down the coliform counts in effluent water below
regulatory discharge level of 100/mL. A dose of 1.5 kGy is adequate to sanitize raw sewage
from its very high initial counts to an acceptable level and a dose of 3 kGy is sufficient to
sanitize raw as well as digested sludge for safe reuse. Significance of these indices lies in
revealing the fact that effluent water and raw sewage can be sanitized at much lower doses
than the concentrated sludge. The technology could therefore offer a realistic solution to
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serious issue like cleaning of river waters, which are highly polluted and save them from
further pollution caused by the cities on the banks. Big rivers like Ganga receive large
volumes of wastewater, often untreated, from the cities dotted on her banks. Coliform counts
as high as 106to 107 MPN/100 mL have been reported [13] at some locations indicating severe
bacterial contamination in the water. Story is the same for other rivers as well. Ministry of
Environment and Forests has shown a keen interest in this technology to clean the water of
Ganga, in a massive "Clean Ganga" campaign.

ELEVATION

FIG. 1. The SHRI irradiator system, Baroda, India (1: irradiation cell with maze access;
2: alternate cell for source storage and development; 3: sealed maze access with double
door protection; 4: irradiation vessel; 5: source assembly; 6: source coolant system; 7:
silo storage; 8: recirculation piping for sludge; 9: source loading and unloading
arrangements; 10: radiation source transfer and transport container; 11: pump house;
12: inlet reservoir (sludge); 13: outlet reservoir (sludge); 14: control room; 15:
contamination monitoring and control systems; 16: fire protection systems; 17: water
reservoir with water level monitors; 18: obnoxious gas exhaust).
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3.1.4.2. Engineering aspects
All plant-engineering systems have been performing very well during this period. Minor
modifications in recirculation and feed loop were incorporated to prevent formation of dead
pockets, to reduce static head requirements and to prevent choking of pipes at the
restrictions. During the processing of raw sludge additional screening of the sludge was found
desirable to remove long , fibrous materials present in it. Source loading and unloading
operation, carried out several times so far, is performed with ease and safety
proving
reliability of interlocks provided in the plant.
3.1.4.3. Dosimetry aspects
In initial phase of the plant operation, a nylon film encased in a PVC ball that circulated
with the sludge in radiation zone was used as a routine dosimeter in the plant. This method
was found to be inconvenient for following reasons,
- Movement of the balls and sludge being unidentical led to variations in the results.
- Density difference between the nylon film and the sludge.
- Problems associated with the retrieval of balls from the system.
A new dosimetry technique based on thermoluminisance of sand particles present in
irradiated sludge was developed in SHRI [14]. The dose vs TL response of 370&C TL peak
in H2O2 treated sand samples was found to be linear within 1 to 5 kGy, a dose range that
covers most of the wastewater applications. This method is found to be highly reproducible
and is now used for routine dosimetry of the irradiated sludge.
3.1.4.4. Coordinated research programme
Department of Atomic Energy is actively participating in two separate Coordinated
research programme under research contract from the joint FAO/IAEA Division by using
facilities at SHRI.
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FIG. 2. Survival curve for coliforms in primary effluent.
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The first CRP titled " The use of irradiated sewage sludge to increase soil fertility, crop
yields and to preserve the environment" [16] is being pursued at Nuclear Agriculture Divison
of BARC, Trombay. Initial results indicate that the soil conditioning attributes of irradiated
sludge like crop productivity, pH, electrical conductivity, uptake of phosphorous and heavy
metals were in no way inferior to those of non-irradiated sludge. The second CRP titled
"Radiation hygienization of raw sewage sludge" is being pursued at SHRI. Studies on the
response of microorganisms in raw sewage to radiation at varying doses are being conducted.
4.
4.1.

CONTINUOUS FLOW IRRADIATORS
High energy electron accelerators
Continuous flow irradiators developed for wastewater application so far, use high energy
electron accelerators as a source of radiation. These machines are inherently suited for
continuous treatment of wastes, in liquid form or dewatered, dried and prepackaged form of
appropriate thickness under the beam of accelerated electrons at a steady rate. For a given
radiation dose, gamma radiation emitted by 60Co source or a beam of high energy electrons
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generated in an accelerator has same lethal" effects on microorganisms. Difference,
however lies in their range of penetration in the material under treatment. Radiation emitted
by 60Co can penetrate much deeper in the sludge in comparison to high energy beam
electrons. A medium power electron accelerator of 50 kW is equivalent in processing
capacity to a 127 PBq 60Co irradiator which by any standard is a pretty large, radioisotope
source. Accelerator technology is constantly advancing and very compact, high powered,
high efficiency machines capable of processing very large quantities of wastewater are now
readily available. The processing rates are easily controlled and maintained by adjusting the
beam current in the machine. Unlike radioisotope sources, which continuously emit radiation,
electron accelerator can be switched off whenever desired. Appropriate method of
presentation of sludge to the beam in very thin layers has to be devised. While 60Co irradiator
is reasonably simple to operate, electron accelerator due to its sophisticated electronic and
electrical systems demands highly experienced staff for its maintenance and operation.
4.1.1. Examples of continuous flow irradiators
4.1.1.1. Deer Island Electron Research Facility, Boston, USA [16]
The facility equipped with 850 keV, 50 kW electron accelerator was commissioned in
1976 integrated with Boston's largest wastewater treatment plant at Deer Island. Built with
US National Science funding, the facility played a key role in the elaborate, scientific studies
carried out by Massachusetts Institute of Technology, USA in collaboration with other
institutions on the biological, chemical, engineering and economic feasibility of disinfecting
liquid municipal sludge by treatment with energized electrons. Sludge (5% SS) was presented
to the electron beam in a continuous flow, in the form of 1.2 m long and 2 mm thick film
generated by a drum-roll technique. Processing capacity of the plant was 0.4 MLd at a dose
of 4 kGy. Different sludge presentation techniques were tried for performance evaluation for
future applications.
4.1.1.2. The Virginia Key waste water treatment plant, Miami, USA [7 ]
A 75 kW, 1.5 MeV electron accelerator built by Miami Dade Water and Sewer Authorities
with support of USEPA is operating at Miami, USA since 1988 for the research work on
disinfection of drinking water, wastewater and destruction of chemicals in wastewater. A
curtain of water, 2 to 5 mm in thickness, continuously falling over a weir is presented to the
electron beam for irradiation. The Unit is designed to provide a dose of 4 kGy to 0.6 MLd of
sludge per day.
Continuous flow 60Co irradiators
Cobalt-60 irradiator can be designed to operate in a continuous flow mode. Advantage of
a continuous flow irradiator over a batch irradiator is that the time lost in evacuating and
filling of irradiation vessel during batch change operation is saved, resulting in a better
utilization of the radiation energy. To allow for a specified period of residence to sludge in
radiation zone, the sludge flow rate needs to be controlled accurately. Velocity of sludge in
this case is much lower as compared to the velocity of recirculating sludge in batch
irradiator, leading to absence of turbulence in the vessel. A large variation in the spatial of
dose rate distribution also exists in irradiation vessel. For these reasons a thorough agitation of
sludge in radiation zone, either with mechanical means or with pressurized air, is essential for
maintaining uniformity in administered dose to the sludge. Source requirement of an
irradiator depends on the magnitude of the dose to be delivered and the volume of sludge to
be processed per hour.
4.2.
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4.2.1. Continuous flow 60Co irradiator with cylindrieal source
A conceptual design of continuous flow irradiator is shown in Fig. 5. Irradiation vessel of
circular cross section, similar to that of a batch irradiator is placed in a water pool of
appropriate depth, water providing the biological protection. Vessel has a cylindrical source
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FIG. 5. Continuous flow sludge irradiator, cylindrical source (concept).
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cage, its tubular source channels projecting out of the vessel to open in pool water. This
provides a safe and easy access to the sources during source transfer operation shortening the
maintenance period. Pool water is always kept isolated from the sludge. Sludge admitted at
the top of the vessel descends slowly downwards, at a fixed rate, to provide adequate
residence time for the sludge in the radiation zone. Vertical gaps provided between the two
adjacent source channels allow free flow of agitated sludge throughout the volume for
uniform irradiation. Sludge flow rate is controlled by pump capacity control or by throttling
of the discharge valve. Increase in velocity of sludge at the exit of vessel will discourage the
particles to settle in downstream flow passages. Provision of an additional water pool
adjacent to the main pool to function as a temporarily source storage enhances the flexibility
in plant maintenance. Other components not shown in the schematic include, screens, feed
pump, flushing water connections, stirrer, level gauging and control system etc. A provision
to recirculate initial charge of sludge at the start up is desirable.
Preliminary calculations carried out by using Sievert integral method indicate that for 37
PBq of 60Co, distributed in a source holder of 0.6 m in diameter and 1.5 m high, each layer of
sludge will reside in the irradiation zone for about 8 min to accumulate a dose of 4 kGy,
which corresponds to a processing rate of 10 m3/h.
4.2.2. Continuous flow 60Co irradiator with planar (slab) source
Another conceptual design of a continuous 60Co irradiator is shown in Fig. 6. In this case
a planar source (slab source) integral to the irradiation vessel with rectangular flow passages
is used. The vessel is placed at the bottom of a water pool, water being used as a radiation
shield. Fluid enters the vessel at one end and makes four passes past the radiation source
before leaving the vessel. To prevent settling of particles in the vessel high fluid velocity is
essential and for this reason the available residence time, in this case, is rather limited. This
design is well suited for processing large quantities of wastes having lower solids content at
relatively lower radiation doses, such as, effluent and raw sewage. From the preliminary
calculation, using Sievert integral method, it is estimated that for about 37 PBq of 60Co,
approximately 80 m3/h of effluent at a dose of 0.5 kGy can be processed in such irradiator.
5. CONCLUSIONS
Radiation treatment of wastewaters and sludges has the potential of being a single, largest
application of radiation of nuclear as well as machine origin. The technology is far superior to
the rival technologies and facilities to meet specific applications can be built. Although not
yet cost competitive, reduction in the capital and operational cost is expected by bringing in
some standardization in the design and manufacture of such facilities. Only then the process
will become attractive and acceptable to municipal authorities, the potential users of this
technology.
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Abstract
Recycling of sewage sludge from wastewater treatment plant of beer industry as supplemental
feed for fish was conducted. Industrial biosludge from wastewater treatment plant of beer industry
was irradiated at 3.32 kGy gamma irradiator, carrier type, model JS 8900, 6®Co activity at
187,088.121 Ci on 6 June 1995. For fish production study, it is needed to change the wet sludge to dry
powder form by Rotadics dryer, type Stord TST 3.4 C, Stord (Thailand) Co. Ltd., at the maximum
capacity of 15 T/24 h. The moisture content of finished product is at 8-10%. Fish control diet was
then replaced at 60% by weight with irradiated and dried sludge to become as test diet.
Nile tilapia, Oreochromis niloticus (Linn.), fingerlings averaging 0.67 g. in body weight was
stocked into earthem ponds of 400 square meters at the density of 5 fishes per square meter. Fish was
fed with two diets, control diet and test diet, for 154 days. There is no statistical differences in
specific growth rate, quality of the fish flesh (Cd and Pb concentration, edible portion and off flavor)
and pond water quality. Survival rate and feed conversion efficiency of the fish fed test diet are higher
than control diet (P < 0.05). Replacement of irradiated sludge can decrease the cost offish production
and results in better benefit than that of control diet.

1.

INTRODUCTION

Nile tilapia, Oreochromis niloticus, (Linn.), is the popular fish for feeding all over the
world, due to its high tolerance to the environmental condition, easy breeding, and rapid
growth. In Thailand, the price of this fish is cheap, so the farmer needs to reduce the cost of
feeding. One of the acceptable way is to decrease the cost of fish feed, which was recognised
as main cost of production by using good quality feed but lower cost.
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The result from using irradiated undigested aerobic sludge from beer industry as feed
for Nile tilapia in fiber glass containner showed that the sludge had enough nutritive value for
fish feed by using 60% sludge replacing other ingredients. Fish fed with this rate of sludge
gave the same rate of growth as the control diet [1]. Therefore, it is interesting to study the
economic feasibility of commercial feeding Nile tilapia in conventional grow-out earthern
ponds.
The purpose of this study was to compare results between feeding Nile tilapia with
control diets without sludge, and test diet with 60% irradiated and dried sludge, on the
following of (1) growth (2) survival rate (3) food efficiency (4) cost of feed and benefit (5)
flesh quality (6) water quality in pond (7) microbial disinfection of sludge at commercial
irradiation.
2.

MATERIALS AND METHODS

2.1.

Sludge

Undigested aerobic sludge from beer industry were transported to Thai Irradiation
Center (TIC) of the Office of Atomic Energy for Peace (OAEP) which is located at Rangsit
Klong 5, Patumtani province at 10 tons by dump truck. Sludge was packed in used 200 L. oil
drums with the lids on and transported to irradiation room by folk-lift. The gamma irradiator,
carier type, model JS-8900, the activity was 183,423.65 Ci on 31 July 1995. The sludge was
irradiated at the dose of 3.32 kGy. After irradiation, The sludge was then dried at commercial
scale by using commercial dryer, Stord Rotadisc TST 3.4c, stord (Thailand) Co. Ltd.,
maximum capacity at 15 t/d. The sludge was dried at Rare Earth Research and Development
Center, Rangsit Klong 5, Patumtani. The sludge, both before and after irradiation, were
examined for total bacterial count, MPN of coliform, faecal coliform and Escherichia coli
using APHA [2]. The moisture content of dried powdery sludge was also examined by AOAC
[3].
2.2.

Experimental fish

Six thousand four hundred Nile tilapia fry, averaging 0.67 g. in body weight, were
allowed to adjust themselve to the feeding condition for 2 weeks before starting the
experiment.
2.3.

Experimental pond

Eight 400 m2 earthern ponds at Kasetsart University, Aguaculture Department, were
adjusted for pH at the same suitable range by adding lime and left sun-dried for 2 weeks.
Water was then filled through sieve until the water level in each pond was at 1.5 m.
2.4.

Experimental diet

The control diet without sludge was modified by using the formular of Linn [4]
recommended for feeding of Nile tilapia in the earthern pond. The test diet contained 40%
control diet and 60% irradiated dried powdery sludge from beer factory. The thorough
mixture was then pelletized as 2 mm. diameter pellet for feeding of 1-10 g fish, and 4 mm
diameter pellet for fish weight more than 100 g ingredients used, the cost and nutritive value
of diet are shown in table I.
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TABLE 1. INGREDIENT COMPOSITION, PRICE AND NUTRITIVE VALUE OF
EXPERIMENTAL DIETS
Diet without sludge
Ingredient
Price/
Nutritive value
Ingredient
Fish meal
Soybean meal
Broken rice
Vegetable oil
Dicalcium phosphate
Vitamin premixl
Mineral premix^
Sludge
Total
Average
Nutritive value
Protein (%)
Fat (%)
Carbohydrate (%)
Ash (%)
Energy (kcal/kg)

Price/kg
(USD)4

Quantity
(kg)

Price
(USD)4

0.54
0.33
0.25
0.01
0.51
3.75
0.51
0.323

12
43

6.54
14.35
9.47
2.20
1.02
7.49
0.26

38.6
1.9

2
2
0.5
0
100

0

41.33
0.41

1

Diet with sludge
Quantity
(kg)

Price
(USD)*

4.8

2.62

17.2
15.5

5.74
3.80
0.81
0.41
3.00
0.10
19.25
35.73
0.36

0.7
0.8
0.8
0.2
60
100
1

26.3

34.7

2.7

2.4

48.3
13.5
3,104

35.7
20.7
3,013

1. Contains (per kg): Vitamins D3 150,000 IU, E 5,000 mg, B, 900 mg, B,2 7.5 mg, K 500 mg,
2. C 15,000 mg, Niacin 5,000 mg., Inositol 5,000 mg, Folic acid 100 mg,
Choline chloride 75,000 mg.
3. Contains (per kg): Mn 5.4 g., Fe 14.2 g., Cu 1 g., Zn 2.9 g., Na 3.3 g., 1 19 mg., K 0.9 mg,
Co 1.1 mg.
4. Based on a capacity of sludge irradiation at 10 tons of sludge per day at TIC, OAEP.
USD = 29.36 bahts (Thai currency)

2.5.

Stocking and Feeding

Nile tilapia fry was stocked in earthern pond at 800 fishes per 1 pond, two times of
feeding were done at 9 am and 4 pm at 5% offish weight per day for 1-20 g fish, and at 3% of
fish weight per day for more than 20 g. The fish was fed everyday for 5 months except on the
day for sampling. The sampling which was scheduled at 1 month interval.
2.6.

Data Collecting and Analysis

Sampled fish from every experimental pond were weighed every month for the
adjustment of feeding rate. After the end of experiment, all fish in every pond were counted
and weighed. The data were determined on (1) growth (2) survival rate (3) food efficiency and
(4) benefit cost ratio [5].
The analysis of heavy metal contents in fish flesh (Cd, Pb), both before and after the
feeding, was determined using to find the toxicity in fish flesh [6]. The other determinations
were done using Lovells methods [7].
The analysis of water quality in the experimental pond was conducted at one week
interval at 9 am. The quality index analysed were (1) temperature (2) pH (3) DO, alkalinity,
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hardness, N0 2 , H2S using APHA [2] and (4) total NH3 using the technique described by
Grasshoff [8]. The analysis of variance followed by Duncan's new multiple range test for
comparison among treatment mean [9].
3.

RESULTS AND DISCUSSION

3.1.

Disinfection and drying of sludge

The disinfection effect of aerobic undigested sludge at commercial scale at the dose of
3.32 kGy could reduce the microbial load. The total bacterial count, MPN of conform, faecal
coliform and E coli of non-irradiated sludge were at 6.50 x 108 cfu/g 6.40 x 106, 2.10 x 105
and 7.50 x 10J MPN/100 ml respectively. After irradiation at 3.32 kGy, total bacterial count,
MPN of coliform, were at 9.50 x 105 cfu/g and 9.30 x 103 MPN/100 ml. respectively. Faecal
coliform and E coli could not be detected. It showed that sludge irradiation at commercial
scale at 3.32 kGy could reduce 3 log each of total bacterial count and MPN of coliform. No
detection of faecal coliform and E coli which are faecal contamination index from mammals.
Therefore, gamma radiation at 3.32 kGy could eliminate enteric pathogen in sludge. However,
this dose of gamma radiation could eliminate Ascaris suum egg at the amount of 104 eggs/g of
sludge [10]. According to the standard process of diet production, this irradiated sludge
needed to dry for mixing with other necessary ingredients of diet by using commercial dryer.
The moisture content of dried powdery sludge was at the range of 8-10%.
3.2.

Fish feeding

3.2.1. Weight gained
Table I shows ingredient composition, price and nutritive value of experimental diets.
Diet without sludge contained 26.3% proteins, which was the same level as reccommended
(20-25%) for suitable feeding Nile tilapia in earthern pond[l 1]. Diet with sludge contained
34.7% protein which was mostly coming from sludge. Sludge protein contained low level of
surfur-containing amino acids, especially methionine and cysteine [12]. Moreover, some part
of protein in sewage sludge from wastewater treatment plant came from naturally organic
matter during digestion processes. It included microbial cell wall which was difficult for
animal digestion [13-15]. This then limited fish from utilisation of sludge in the diet even
having high prorein level. However, fish could utilise diet with sludge better than without one.
From the result, sludge diet showed food efficiency at satisfactory level and higher than diet
without sludge (P < 0.05). And fish feeding with sludge added diet gained more weight,
eventhough no statistically significant difference (P > 0.05).
3.2.2. Survival rate
Table II shows weight gain, survival rate, food efficiency and benefit from feeding
Nile tilapia with experimental diets for five months. Fish feeding with sludge added diet
showed better survival rate than without sludge added diet (P < 0.05). This is mostly in
agreement with the study of feeding Nile tilapia with and without irradiated sludge added
diets at the same rate in fiber glass container [1]. Survival rate difference may be caused by
microbial disinfection by gamma radiation at 0.29, 2.93 and 3.26 kGy which was reported to
eliminate Aeromonas hydrophila, fish disease, and Listeria monocytogenes, serious hazard
food poisoning to human, and Enterobacteriaceae at 109, 107 cfu/g and 4-8 log respectively
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TABLE II. WEIGHT GAIN, SURVIVAL RATE, FOOD EFFICIENCY AND BENEFIT FROM
FEEDING NILE TILAPIA WITH EXPERIMENTAL DIETS FOR FIVE MONTHS
Diet

Replicate

Average
weight gain1

Survival
rate 1

Food
efficiency1

Benefit2

0.48
0.48
0.56
0.41
0.48a
0.69
0.53
0.59
0.67
0.63b

0.87
0.87
1.01
0.74
0.87
1.45
1.11
1.24
1.41
1.30

(g)
(%)

Without
Sludge

1

2
3
4

With
Sludge

Average
1
2
3
4

Average

226.58
228.36
252.08
228.89
233.98a
237.96
239.08
214.44
233.55
238.00a

69.4
71.9
72.1
69.3
71.2a
95.5
73.8
86.0
99.8
87.4b

1. Averages in the same column with common superscripts are not different at P > 0.05.
2.
Ratio between fish saling price and cost of feed used. Fish price at Bangkok Central
Market (1996) at harvesting day is 0.75 USD per kg. (1 USD = 29.336 baht, Thai currency).

[16-19]. Radiation could eliminate the contaminated microorganism which caused some
disease in sludge added diet. Moreover, sludge itself contained many essential vitamin
especially those soluble in water [20], which are needed more by fry or fingerlings in
particular at early stocking stage for rapid growth. However, this explanation has not been
cleared and needed more study.

TABLE III. FLESH QUALITY OF NILE TILAPIA FED EXPERIMENTAL
DIETS FOR FIVE MONTHS
Diet

Replicate

Edible
portion 1
(%)

Muddy flavor
sensory score
offish flesh1'2

Quantity found
in fish flesh (ppm) 3
Pb

Without
Sludge

1
2

3
4

Average
With
Sludge

1

2
3
4

Average

47.1
46.6
46.2
47.0
46.7a
44.9
47.3
44.7
48.1
46.2a

1.8
2.5
2.5
2.9
2.4a
2.4
5.8
3.3
3.5
3.8a

0.2859
03073
0.3707
0.7221
0.4215
0.1589
0.1237
0.3407
0.4746
0.2828

Cd
0.0128
0.0071
0.0317
0.0037
0.0138
0.0024
0.0043
0.0043
0.0037
0.0036

1. Averages in the same column with common superscripts are not different at P > 0.05
2. Evaluation by 10 panelists : scores 1-2 no flavor; 3-4 little flavor; 5-6 mild flavor;
strong flavor; 9-10 very strong flavor.
3. Before feeding, fish carcass contains Pb 1.3274 ppm and Cd 0.1075 ppm.
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TABLE IV. QUALITY OF WATER IN PONDS USED-TOR FEEDING NILE TILAPIA WITH
EXPERIMENTAL DIETS FOR FIVE MONTHS
Water quality
pH
Dissolved oxygen (ppm)
Hardness (ppm)
Alkalinity (ppm)
Total ammonia (ppm)
Nitrite (ppm)
Hydrogen sulfide (ppm)

Levels (min-max) found in ponds receiving diets 1
Without sludge
With sludge
6.8-7.7
7.0-7.8
1.9-4.8
2.0-4.8
184.5-327.5
176.0-330.0
122.0-223.5
120.5-199.5
0.041-0.345
0.029-0.344
0.002-0.027
0.006-0.033
0.024-0.178
0.006-0.169

Values are averages from four replicates. Water temperatures in ponds receiving diets with and without
sludge throughout the feeding trial were similar with a minimum and maximum value of 25.5 and 31.1°C,
respectively.

3.2.3. Benefit cost ratio
Nile tilapia fed with sludge added diet gained more benefit than without sludge diet.
Fish fed sludge diet gained 30% higher than diet cost, while fish fed diet without sludge lost
13% lower than diet cost. To produce 1 kg offish, using diet with sludge gained 0.18 USD
but lost 0.11 USD on without sludge treatment.
3.2.4. Flesh quality
The result of flesh quality of fish fed diets with and without sludge is shown in table
III. The percentages of flesh quality occurred are mostly the same. Pb was found in fish flesh
after the experiment was higher than Cd. Pb and Cd found in flesh feeding with diet added
sludge showed lower concentration than without sludge. Both Pb and Cd found in flesh after
the experiment revealed lower concentrations than before the experiment. These results were
contradict to the increase of 10 times Pb and 2 times Cd in liver and kidney of cattle fed with
diet added sludge [21,22]. The reason might be concerning to the more efficient mechanism of
toxic release in fish than in cattle. Moreover, liver ^nd kidney might be naturally more
efficient deposit of toxic substance than other tissue.
3.2.5. Sensory evaluation
The panelists evaluating muddy flavor between the flesh of fish fed diets with and
without sludge showed mostly the same result and could detect a little smell. The muddy
flavor came from geosmin compound produced by fungi and blue green algae which growed
rapidly in water with high concentration of minerals especially in earthern pond with a lot of
feed residues [23,24]. It were reported that muddy flavor in channel catfish flesh did not
directly come from diet, but it might came from environmental changes [25,26].
3.2.6. Water quality
Water quality resulted in Nile tilapia pond receiving diets with and without sludge
were mostly the same (table IV). They were suitable for fish grown in earthern pond [27]. The
lowest concentration of DO was found during the short period of time, so it is not seriously
harmful to the fish.
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4.

CONCLUSIONS

•

The irradiation of sludge from wastewater treatment plant of beer factory at
commercial scale with 3.32 kGy is enough to eliminate enteropathogenic bacteria to man and
animal. It is suitable for using as protein source for Nile tilapia diet, at the rate of 60% of
standard diet. The fish flesh is in good quality for consumption. The sensory evaluation of the
fish flesh was performed and no muddy flavor was detected. The water quality in the pond is
still in good condition.
It can be summarized that irradiated sludge at commercial scale with 3.32 kGy is
suitable for recycling as fish feed. This can solve the problem of lacking of raw material for
animal feed, such as soy bean waste, that have to be imported. The utilisation of irradiated
sludge is also beneficial in environmental protection. Sludge is by product from wastewater
treatment plant and recognised as waste which needed the appropriate management to cope its
expanding problem in the future. According to the Bangkok Metropolitan Authority's project
on wastewater treatment plant covering the central Bangkok area is under construction. The
large volume of sludge is expected from the above mentioned project. Therefore, the recycling
of sludge as fish feed to be as new resources is one of the promising alternative management
of sludge.
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Abstract
The Argentine Sewage Sludge Irradiation Project, conceived by CNEA in 1992,
decided the construction of an industrial-scale irradiation plant for disinfection of liquid
sludges coming from a sewerage treatment plant and their recycling as fertilizers. This
Plant is being constructed and installed in Tucuman City in an agricultural zone of
Northwestern Argentina. It is based on a gamma radiation process by batches of six cubic
meters and using Argentine made Cobalt-60 sources. The feasibility studies on the
Tucuman's Sewage Treatment Plant sludges involves: Technical parameters and chemical
characterization of the sludges; Microbiological test to verify disinfection by irradiation;
Toxic elements evaluation, both inorganic elements (heavy metals) and organic
compounds (pesticide traces). These pollutant concentrations should meet the criteria set
by the environment regulations. Many of these experiments have been conducted within
two Research Coordinated Programmes organized by the IAEA and the Joint FAO/IAEA
Division. Another important aspect is the bioavailability of soil nutrients (N and P) from
the sludges: it will determine the real economic value of sludges as fertilizers. Further
studies on the behaviour of toxic elements accumulation on soil and plants, and also the
capability of sludges to improve soil properties, will lead to the environment impact
assessment of the application on land.

1. Introduction
Urban sewage treatment plants produce large amounts of semi-solid sludge.
When dumping them into the sea is not a possible solution, the accumulation on land
without any treatment, implies a public health hazard.
The radiation treatment is a reliable method of disinfection to eliminate
pathogen microorganisms in the sludges, and therefore to protect the public health,
thus allowing the re-use in agricultural land [12]. Costly technologies such as a gamma
irradiation facility only becomes an option if a profitable use can be found for irradiated
sludge, apart from the sanitary conditions improvement.
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The CNEA opted to address the problem^ by a commercial scale irradiation
project for the Tucuman case. This city lies inland by a mountain river which goes dry in
winter; its climate is warm. There is a high incidence of hydric transmission diseases.
Agriculture is the main economic activity. Sugarcane crop covers 80% of the cultivated
area; there is practically no other industry except for the sugar industry near the city.
This fact presents a great advantage due to the minimum contribution of heavy metals
coming from the dumped industrial wastes. Another advantage is that the irradiated
sludge application zone is located next to the plant, thus minimizing the transport costs.
The feasibility studies on the sludges should proved their safe re-use from the
public health point of view; and will help to encourage farmers to replace chemical
fertilizers with irradiated sludges.

2. Technical parameters and chemical characterization of sludges.
Nowadays the sewarage served population is about 400,000 inhabitants in
Tucuman, although the network is being enlarged. The conventional plant consists of a
primary treatment of the wastewaters; the clarified liquid effluents are dumped into the
Sali River, after chlorination. The collected sludges, after concentration, are stabilized
by anaerobic digesters. Nowadays, the digested sludges are dumped into sandy drying
beds until completely dried. When the Irradiation Plant is operating the digested
sludges will go directly into the plant.
Influent wastewaters:
Clarifiers

0

80000 m3/day
0.02 % suspended solids

Settled sludges:

1600 m3/day
1% s.s.

Concentrated sludges:

300 m /day
5% s.s.

Concentrat.

Digesters

U
Digested sludges:

\RRADIATOR
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140 m3/day
8% s.s.

The design parameters of the Irradiation Plant are suitable to treat all the
amount of sludges, producing an annual treated volume of 46,600 m3.

Design parameters of the Irradiation Plant

Building area:
Irradiator tank capacity:
Irradiator tank diameter:
Concrete shielding thickness:
Maximum activity charge:
Source unit activity:
Absorbed dose (proposed):
Irradiation time:
Recirculation cycles/batch:
Maximum irradiation capacity:
Available sludge to irradiate:
Annual treated volume:

200 m'
6 m3
1.60 m
1.5 m
700,000 Ci
7,000 Ci
3kGy
30min
40 times
200 m3/day
140 m3/day
46,600 m3

Chemical Characterization of the sludges: (Table 1).

TABLE 1. Chemical characterization of liquid sludges
Raw Sludges
Mean
Range

Digested Sludges
Mean
Range

Total solids (%)

7.5

5.4-9.8

8.1

7.2-10.5

% Volatile Solids

67

64-69

41

38-55

PH

5.68

5.51-5.98

7.45

7.02-7.88

B.O.D. (g/l)

57.5

33.0-65.0

12.5

5.0-17.5

C.O.D. (g/l)

76.7

50.9-88.7

56.7

53.1-60.4

CaCO3 (g/l)

1.7

1.1-2.4

4.7

3.6-6.6

Total Kjeldahl N (g/l)

1.92

1.51-2.3

2.25

2.06-2.60

Ammonium N (g/l)

0.27

0.22-0.33

0.85

0.69-1.04

Phosphorus (g/l)

0.27

0.20-0.29

0.26

0.20-0.30

The anaerobically digested sludges are quite stabilized if they are compared to
the raw sludges. Evidently the required irradiation dose should be lower for the
digested sludges, as it will be shown in the next point, and then they are preferable as
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far as possible for the irradiation project. Odor is also controlled in digested sludges
thus facilitating the treatment acceptance from the public and the staff.
The principal nutrients concentrations (N and P) are reported within the chemical
characterization. Mainly N is important for the application zone where only Nitrogen
fertilizers are used. Total N concentration in sludges varies from 2.8% to 3.0% dry
matter basis.
Nevertheless, the real equivalence between sludges and chemical fertilizers will
be assessed by the N bioavailability that will result from several annual field
experiments which are being carried out.

3. Microbiological tests.
The first point to address in a commercial-scale project is to prove that irradiated
sewage sludge is safe, from a public health point of view, for its use in crop production.
The environment legislation in Argentina does not include specifically limits for sewage
sludges to be used in food crop fertilization. Thus, the prevailing limitations in other
countries are observed; mostly the U.S.E.P.A. (Environment Protection Agency of
U.S.A.) regulations, in both microbiological and chemical limitations.
Concerning pathogen microorganisms, those limitations are described for
bacteria, helminth ova and viruses. (Protozoa and helminth organisms are eliminated
during the wastewater treatment). The use in eatable crop production requires that the
sewage sludges contain:
fecal conforms: less than 1000 Most Probable Number per gram of total solids.
viable helminth ova: less than 1 per 4 grams of total solids.
enteric viruses: less than 1 Plaque-forming Unit per 4 grams of total solids.
Fecal coliform bacteria as well as helminth ova and enteric viruses are
considered as "indicators" of human fecal contamination.
Microbiological analyses on liquid raw and digested sludges were carried out
after experimental irradiations with several absorbed doses at the Semi-Industrial
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Irradiation Plant of the Ezeiza Atomic Center, while the Sewage Sludge Irradiation Plant
of Tucuman is under construction.
Total and fecal coiiform bacteria were analyzed by the
Fermentation Technique

Multiple-tube

f4]

. The geometric averages of three different experiments

showed that an absorbed dose of 2 kGy causes a reduction of more than 4 logarithmic
scales in fecal coiiform density in raw sludges (10 6 to 102), and more than 2 logarithmic
scales (10 4 to 102) in digested sludges, depending on the initial bacterial density. In
every case the results showed that 2 kGy is the dose enough to meet the law criteria
concerning bacteria limits. As it was also expected, the identification analyses for
several pathogenic bacteria resulted to be negative with an irradiation treatment of at
least 2 kGy.
Microbiological controls were accomplished on sugarcane field experiments in
Tucuman. The experiment design includes treatments with 3 different rates of non
irradiated sludges and the same rates with irradiated sludges, plus the control
treatment without sludge, and 4 replicates for each treatment. Total and fecal coliforms
were analyzed in MPN/g of soil samples from every treatment. Both coiiform group
densities were higher in soils with non irradiated sludge as it was expected. But what is
important to point out is that fecal coiiform density in the soil fertilized with irradiated
sludge was equal to control soils, and that there was absence of pathogenic bacteria.
Concerning parasite contamination, the Ascaris ova are considered the indicator
organism, mainly because of its survival time in soils that is reported to reach up to 7
years. An important reduction of ova is caused by the digestion treatment, previously
to the irradiation. Only a few of these eggs were observed in liquid digested sludges
samples and they became not viable with an irradiation dose of 2 kGy or less. That
means that anyway the irradiation treatment fulfils regulations.
Virus inactivation: Although a dose of 2 kGy causes satisfactory elimination of
bacteria and parasite ova, the proposed dose for the Irradiation Plant has to be
increased to at least 3 kGy because of the viruses inactivation requirements. The
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MPN/gram
100,000

10,000

1,000

100

Non-lrradiat. Sludge

Irradiated Sludge

110,000
1,600

4,400

Total Colif.
Fecal Colif.

Fig.1: Total and Fecal Coliform Bacteria
in sludges used in field experiments.

100,000

MPN/gram

With Non-lrr.Sludge

Total Colif.
Fecal Colif.
Pathogens

With Irrad.Sludge

2.750 41.300 45,000 88,500 2.100
57
366
655
852
84
7
8
5

4,600
42

9.700
44

Fig.2: Total and Fecal Coliform Bacteria
in the fertilized soils.
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enteric viruses were analyzed in irradiated and noh irradiated digested sludge samples.
Repeated experiments demonstrated that there was some viruses activity still in
samples irradiated with 3 kGy. However, the viruses quantifications could not been
accomplished and thus, it is not certainly determined if the dose will be satisfactory
concerning to this topic.

4. Toxic elements.
As the irradiation treatment has no effect on the inorganic toxics (heavy
metals) present in the sludges, they are the primary limitation for the agriculture re-use.
Some of them are micronutrients and become fitotoxics when their concentration in the
soil reaches certain level. The trend is to evaluate metals concentrations in the sludge
amended soil samples. After two years of annual experimental fertilizations, we have
not yet detected significant differences in the concentrations of metals in the soils
fertilized with sewage sludges compared to soil control.
The analyses of the liquid sludge samples made once a month throughout a
year are shown in Table 2. The extractions were made in Aqua Regia151 and the
detections by Atomic Absorption Spectrometry. The results are compared to EPA
ceiling limits, and the years of application, free of toxic effect, are estimated on the
basis of the Maximum Cumulative Loading Rate given by EPA, and assuming an
application rate of 10 ton/ha/year. Many years in results lead us to the conclusion that
there is nothing to be concern about the toxic element. Apparently, lead is the only
element that has to be under control in the Tucuman's sludges case.

A

large

number

of

organic

compounds,

like

organochlorinated

and

organophosphorated pesticides, PCB's, herbicides, etc. might be expected within the
sewage sludge chemical contents. Fortunately, the amount of time they remain in the
soil is variable due to many factors: volatilization, biotic degradation, photolisis, etc.
Only a few of them have been detected in monthly samples during a year. They were
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TABLE 2. Inorganic toxics
Element

years of applied

As

EPA Limit Concent
(mg/kg) *1
75

Concentration in
sludges (mg/kg) *1
5.7

Cd

85

1.2

3250

Cr

3000

13

23000

Cu

4300

215

697

Hg

57

0.3* 3

-

Ni

420

12

3500

Pb

840

354

85

Se

100

1

10000

Zn

7500

990

283

720

*1 Dry matter basis.
*2 "Years of sludge application without toxic effects"= Maximum Cummulative Loading
Rate / Pollutant Loading Rate
*3 Hg could not been analyzed by AAS. The result was obtained by chemical method
in liquid samples.

TABLE 3. Organic toxics
Component

Frequency*

Mean

Range

Lindane
Heptachlor
Endosulfan
Dicofol
Chlorpyrifos
Dimetoato
Malathion
Ethion
Parathion
Phenitrotion
ppDDT
Aldrin
Chlordene
2,4, Dphenoxiacid

1/10
1/10
0/10
0/10
8/10
0/10
0/10
0/10
0/10
0/10
0/10
0/10
1/10
1/10

0.01 ppm
0.125 ppm
0.026 ppm
0.1 ppm
0.1 ppm

(0.01-0.04) ppm
-

* Tests number with any detected datum/ total number of tests.
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tested by screening in Gas Cromatography comparing them with the

most

commercialized pesticides in the country, including some of those already out of use or
forbidden by law. The almost permanent detection of Chlorpyrifos, component of one
of the mostly used insecticides, does not seem to be a serious problem due to its low
concentration level and its probable decomposition in the soil.

5. Conclusions
The Irradiation Technology for sludges has been well tested. Nevertheless, the
feasibility of agriculture re-use depends on proper characteristics of the sludges and
also on some other factors: fertilizer demand, soil characteristics, farmer habits, etc.
The CNEA

has considered several factors for the decision of the Sewage

Sludge Irradiation Plant in the Tucuman City, 1300 km away from Buenos Aires. In
addition to the sanitary conditions improvement, a profitable use should be found for
the irradiated sludges.
The first step, the feasibility studies have been accomplished. Further
evaluations of long-term field experiments should lead to assess the limitation of the
land application.
The Plant has been projected on a commercial scale and the technological and
economic evaluations are being conscientiously carried out, taking into account that the
irradiated sludges will contribute to the agroeconomic activity of the community.
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Abstract
In this paper, we investigated the regeneration of polluted active carbon from monosodium
glutamate factory by combination of radiation and acid-alkali chemical techniques. The
experimental results show that the polluted active carbon will be highly regenerated on the
conditions of process concentration 3%, process time 0.5 hour and the adjustment process
concentration 2%, time 0.5 hour, radiation dose 5kGy. As regeneration times increase, the
regenerated active carbon behaves good repetition and stable property.

INTRODUCTION
Active carbon is already used during many years for removal of organic pollutants from
different wastes. However, the polluted active carbon will loss adsorption capacity after a
period of working time, it must be regenerated. Otherwise, it will bring about a faint waste
and create pollution once again.
Usually, some methods are used to regenerate the polluted particle, such as medicament
method, oxidizing method and heating method etc""21. For reversible adsorption of organic
pollutants with high concentration and low boiling point, above methods are very suitable
for regeneration of polluted active carbon. But for those unreversible adsorption, for
example the polluted active carbon used to treat the waste water, high-temperature method
is necessary for regenerating the polluted particle active carbon. Only by this method can
the adsorpted organic pollutants come off and the polluted active carbon regain activity.
Traditional method of high-temperature regeneration is operating at 900~1000°C in special
oven, adsorpted pollutants will escape from active carbon into air134"5'. Even so. the high
temperature method has some disadvantages, mainly is that heating must be at hightemperature for a long time, thus the high temperature operation has many difficulties in
large scale.
In 1972 the low-temperature method of destroying organic substance adsorbed at
carbon surface by irradiation was proposed by Case and Ketchen'6J. However, because the
concentration of pollutant was very high, the low-temperature regeneration wasn't
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continuously. Shubin and others (1980) found that considerably better results can be
obtained by combination of radiation treatment with biological and chemical treatment171.
They further observed that for the maintenance of adsorption activity of the carbon at
sufficiently high level the wastes were passed through column under continuous irradiation
of active carbon by ^Co y-ray.
Active carbon is also popularly used for treatment of industrial and municipal waste in
China. The most difficulty for its use in large scale is limited adsorption capacity and high
temperature in regeneration. Based on above all, we experimentally investigated the
regeneration of powerded active carbon from monosodium glutamate factory by
combination method of chemical with radiation technique.

EXPERIMENTAL
1 Material:
NaOH, HCl are the perchased chemical purity. Powerded active carbon and LY216-79
standard 782 style are from Shanghai Yimin factory of China.
2 Pre-treatment:
Put polluted active carbon into water solvent of HCl or NaOH with different concentration
separately, then treat it by chemical method and adjustment process.
3 Radiation regeneration:
By "Co •y-ray, radiate the pre-treated polluted active carbon to advised dose under the
circumstances of room-temperature.
4 Measure the organic matter from the polluted active carbon by DSC instrument .and the
decolour rate by violet-visible light photometer.

EXPERIMENTAL RESULTS
1 The property of powerded active carbon used to decolour monosodium glutamate
Powerded active carbon has been widely used in decolour proceeding of monosodium
glutamate manufacture, where it not only adsorbs pigment of glutamic acid sodium, iron
and other iron ions but also glutamic acid sodium, protein, amino acid, organic matter,
bacteria and so on. When the powerded active carbon was used as the decolorant of
monosodium glutamate, the adsorption ability is 5-8 times higher than that it is used in
treatment of waste water, the operation is loaded and the polluted carbon is deeper
adsorption. How to regenerate this kind of polluted carbon, it is impossible only by one
method. The decoloured active carbon contains water composition 40~64%, methylene blue
2~4ml, and PH value is 7~9.
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2 Selection of way
Generally, chemical method and heat-regeneration method are adopted to regenerate the
powerded active carbon. In China, acid-alkali chemical technique is more usually used to
pre-treat the polluted active carbon, where inorganic hydrochloric and high concentration,
low boiling point organic matter will be removed from polluted carbon. When the polluted
carbon whose adsorption depth has been deeply decreased was heat-regenerated (400 °C),
some desorption heat-discomposed organic matter and microbe bacteria will be got rid of.
But for some organic matter, such as lignin, naphthol etc, still remain in the micro-hole of
the active carbon, they make the active carbon difficult regenerate. If the organic matter
gather together for a long time, the property of active carbon will be greatly cut down.
Fig. 1,2,3 show the DSC curves of the unpolluted, polluted and regenerated active carbon,
respectively. From this curves, we can see that the unpolluted carbon is very pure, the
15.0
WT: 20.00mg
BAN RATE: 40deg/min

o
iii
CO

7.5

0.0

80

160

240

320

400

TEMPERATURE (°C)

Fig. 1 DSC curve for the unpolluted active carbon.
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Fig.2 DSC curve for the polluted active carbon.
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Fig.3 DSC curve for the regenerated active carbon.

polluted carbon contains many adsorption peaks from organic impurity. In regenerated
active carbon, most of organic matter with low boiling point and heat-discomposed, and
desorpted have been removed off, but some difficult degradation organic matter are exist yet.
This is why the DSC curves have adsorption peaks. Certainly, this kind of regeneration
method is not absolutely. Sometimes, in order to desorb the organic matter which was
adsorbed firmly by active carbon, heat-regeneration method of rising temperature to above
900°C is necessary.
Based on that high energy ray can effectively discompose and ionize organic matter, we
adopt a combination method of radiation with chemical techniques to investigate the
regeneration of active carbon. Experimental process is as follows: chemical process —>
reaction adjustment -» concentration -» radiation process -» wash, dry.
3 Experimental condition
In our experimental, we use alkali (NaOH) to react with polluted active carbon firstly, then
process it by acid (HC1). Here, there is no foam, the operation is very stable and the treated
active carbon have good sediment property. After reaction about 15 minutes, the sediment
ratio can raise to 60%. By experimental, we also investigated the chemical treatment process,
the reaction adjustment process and the conditions of the radiation regeneration process and
its effect to the activation characteristic regain of active carbon. At last, we obtained some
suitable parameters operation conditions and the performance of regeneration carbon.
Details are shown in table 1:
The PH value is a very important parameter, it can mirror the feature of regenerated active
carbon. The optimum of PH is 6.5 - 7.0 and the methylene blue of unpolluted active carbon
is 1 lmL.
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It is clear from table 1 :
1) On condition that the concentrations of NaOH, HCl and the time of adjustment process
are fixed, the time of chemical treatment process has little effect on the experiment results.
2)The increasement of HCl concentration and the decreasement of NaOH concentration are
of benefit to the regeneration of active carbon.
3)As the concentrations of HCl and NaOH are lower than 1%, the prolong of chemical
process and adjustment process time shouldn't regenerate the active carbon ideally.
4)With increasement of radiation dose, the property of regenerated carbon is enhanced
gradually. When radiation dose is above 3Ky, the active carbon will be regenerated highly.
Sample 5 was radiated at three different dose and measured by DSC, obtained result is
shown in Fig.4,5,6. It is clear that on condition of the radiation dose lkGy the organic
matter composition of regenerated carbon is less than that of the heat-regenerated active
carbon, some peaks of organic impurity are exist yet. When radiation dose is at 3kGy and
5kGy, the curve becomes smooth, what make clear that the organic matter, which adsorpt in
polluted active carbon has been removed off.
Experimentally, we determined the optimize experimental conditions: the concentration
of chemical treatment process %, corresponding time 0.5h, the concentration of adjustment

Table 1. Operation conditions and performance of regeneration
chemical process
sample concentra
-tion %

time
(hr.)

reaction
adjustment
radiation dose
concentra time
(kGy)
-tion %
(hr.)

1

5

1

1

0.5

2

5

0.5

1

0.5

3

3

0.5

2

0.5

4

3

0.5

2

1

5

2

0.5

2

0.5

6

7

2

1

0.5

1.5

2

1

1

1.5

1
3
5
1
3
5
1
3
5
1
3
5
1
3
5
1
3
5
1
3
5

performance of regeneration
carbon
PH value
methylene blue
(mL)
8.5
8.5
8.0
8.5
8.0
8.0
7.5
7.5
7.0
7.5
7.0
7.0
6.0
6.5
6.5
6.0
6.0
6.5
6.0
6.0
6.0

9.5

10.0
10.5
9.0
9.5

10.0
10.0
10.5
11.0
10.0
10.5
11.0
9.5
9.5

10.0
9.0
9.5

10.0
9.0
9.0
9.5
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DSC curve for the regenerated active carbon by
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DSC curve for the regenerated active carbon by
radiation process (dose: 5kGy).

process 2%, corresponding time 0.5h, the regenerated radiation dose rate is 0.3Gy/s,
radiation dose 5kGy.
4 Experimental results
In our experimental, the standards which judge the regenerated carbon are following: one is
powerded active carbon LY216-79, another is from Shanghai Yimin monosodium glutamate
factory, they are shown in table2, table 3.
Table2.
standard
name
grade

1
2

methylene
blue (mL)

>10
>8

Powerded active carbon LY216-79 standard
PH value

total

molysite
%
<9
<9

5-7
5-7

chloride
%
<0.05
<0.1

acid
dissolved
matter %
<0.2
<0.25

burned reduce
weight %
<3.0
<3.5

Table3. The standard of active carbon from monosodium glutamate factory
object decolour %
(monosodium glutamate manufacture)
>80

PH value
6.5-7

water
%
5-7

total
molysite%
<0.05

Table 4. The composition and adsorption performance of regenerated carbon
regeneration
times

unpolluted
carbon
2
5
8
11
15
28

the composition of regenerated carbon
chloride
burned lost acid
total PH value
weight % dissolved
molysite%
%
matte%
6.94
3.04
<0.05
0.20
<0.1

3.21
3.09
3.15
2.83
3.57
3.20

0.15
0.23
0.27
0.25
0.19
0.21

<0.1
<0.1
<0.1
£0.1
<:0.1
<0.1

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

7.21
6.96
6.74
6.90
6.89
6.90

adsorption performance
methylene
object
blue (mL) decolour %
11

86.2

10
10
11
9.5
10
11

83.6
85.0
82.6
83.2
84.0
85.7

The results of regenerated carbon are shown in table4, the concentrations of chemical
treatment process and adjustment process are 3%, 2% respectively, and the radiation dose is
5kGy. From table 4, we can see that the PH value, composition of regenerated carbon, value
of methylene blue and material object(monosodium glutamate manufacture) decolour are
according to LY216-79 standard and A level of 782 type and business standard. Active
carbon can be adsorb-regenerated repeatedly, and its performance remain stable as the
increasement of regeneration times. Experimental polluted carbon is from monosodium
glutamate factory, whose performances are as follows: water composition 40-50%, PH
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value 8.5-10, total molysite composition 0.3%, methylene blue 2~4ml. After the polluted
carbon is treated by chemical process, adjustment process and concentration process
according to above parameters, the performances of obtained semi-finished products are: PH
value 5-6, total molysite composition 0.05-0.1%, methylene blue 6~7ml. material object
decolour about 60%, and the finished product performances are: PH value 6.7-7.3, total
molysite composition 0.05-0.1%, methylene blue 9.5-1 lml, water composition 1-3%,
material object decolour 82-85%, rate of recover 50% (water composition of polluted
carbon 40-50%).
It' thus clear that the combination of chemical with radiation technique is an effective
method for the regeneration of polluted active carbon. Because the adsorption balance
among active carbon, solvent and adsorpted matter relates to temperature, PH value of
solvent and others. With regard to reversible adsorption and the adsorption of polluted water
with low boiling point and high concentration organic matter, we should change the
chemical property of adsorpted matter and dissolve it by strong affinity solvent to adsorpted
matter. When the active carbon is used to treat polluted water, radiation technique is usually
used to decompose various organic matter. By radiation, the organic matter will be
decomposed or oxidized into water, dioxide and salt, where the radiation is very similar to
strong chemical oxidation. Compared with other regeneration methods, radiation technique
has its advantages:
1 No heat and reaction can carry out at room temperature and atmospheric pressure .
2 Ray has strong transmissity, impurity adsorpted in active carbon is easy to remove off.
3 Reaction is easy to control, where the radiation dose, dose rate can be chosen conveniently
according to the various organic matter adsorpted in polluted active carbon.

CONCLUSIONS
1 The presented regeneration process was testified experimentally that the technique is
workable, the operation is simple and stable and the property of regenerated carbon can
reach a business standard.
2 Radiation technique used to regenerate active carbon can get rid of some organic matter
which is very difficult to remove by convention method, and can destroy harmful
microorganisms.
In conclusion, the combination of radiation technique with convention methods to
regenerate active carbon has a great future.
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Abstract
This study aims at: i) analytical evaluation for heavy metals, phenols and microorganism as well
as fungus contamination of municipal waste from Hanoi City (Vietnam); ii) application gamma
radiation technology to disinfect the material for re-using it as a carrier for microbial inoculant.
The study have been conducted with the municipal waste which was primirily processed at a
waste treatment station and it contains main components such as total organic carbon, nitrogen,
phosphorus, potasium, silica of 36.8%, 0.45%, 0.81%, 0.65% and 25.4%, respectively. The content of
heavy metals such as Pb, Hg, As, Ni, Cu, Zn, Cr etc. of the waste was quantified by the XRF technique
and it was found to be 169.4, 0.2, 18.6, 40.8, 149.4, 365.1 and 101.4 mg/kg dry weight, respectively.
The phenolic contamination content of the waste was evaluated by GC-FPD technique and it is lower
than the detection limit (0.1 mg/kg) of the FPD.
Total aerobic microorganisms and fungus populations in the waste were found to be 1.4.10^
cell.g-1 and 0.54.10^ CFU.g"', respectively, while pathogen was not found.
Irradiation technology was applied to disinfect the material and experimental results show that
the effective dose (Deff) in this case should be as high as 50-55 kGy.
It appeared that the municipal waste from Hanoi city with its high organic matter content
followed by irradiation disinfection is quite suitable for the re-use as a carrier in biofertilizers. The
irradiation disinfected municipal waste based inoculant are expected to be able to store for a long
period of time before the contaminating microorganisms and fungus could recover.

Introduction
The data issued by the Urban Environment Company (URENCO, Hanoi City) show
that, every day, about 2,000 m3, equivalent to 1,000 tonnes of waste is eliminated in to the
environment of the city with about 2 millions population [1]. From this amount, the
URENCO is able to collect only a half for processing and re-using, but the rest amount of the
waste is still spilt everywhere in the city. In Vietnam, municipal waste gathering and
processing, at the present, remains so many problems which have to be solved to improve the
environment of big cities such as Hanoi, Haiphong, Hue, Danang, Ho Chi Minn. Up to now,
in the country, dumping and then bury in selected areas is the common method to eliminate
the gathered garbage. Actually, this could lead to the contamination of surface as well as
ground water as it was found out in some places around Hanoi.
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In 1994, the URENCO set up (with an assistance from the UNDP and the Government
of New Zeland) a station for municipal waste processing with a yearly capacity of 30,000
tonnes waste. The processing technology applied there is the traditional fermentation.
It could be expected that the compost obtained after the waste processing has high
content of organic matter suitable for soil improvement. However, up to now, the level of
heavy metals such as Pb, Hg, As, Zn, Cu etc. generated from both daily human and industrial
activities as well as biological, particularly pathogen colities, contamination was not yet
evaluated for the waste. Practice shows that the compost is a good media for microorganism
and fungi development.
During the past decate, in Vietnam, biological nitrogen fixation and phosphate
solubilizing inoculant are begun to introduce into farming practice. These biofertilizers have
been proved to be of high efficiency for legume and other cearal crops [2,3].
Experimental results of the study on the application of gamma irradiation to disinfect
soil peat carrier in the production of the inoculant show many advantages upon traditional
heat disinfection [4]. Radiation disinfection allows to simplify very much the technology of
the inculant production as the disinfection is carried out when the carrier has been already
packed into sealed packages. Inoculation of N2-fixation and P-solubilizing microbial strains
into the carrier can be performed under close conditions, thus the possibility of recontamination is practically eliminated. This makes the inoculant possible to store for a long
time period before contaminating microorganisms could recover and compete with the
inoculated microorganisms/fungus. Moreover, it was shown that under irradiation phenols
and dyes can be decomposed [5].
The aims of this study are: i) analytical evaluation for heavy metals, phenols and
microorganism as well as fungi contamination of municipal waste from Hanoi City
(Vietnam); ii) application of gamma radiation technology to disinfect the material for re-using
it as a carrier for inoculant.

Experimental
1. The sampling strategy: The object of this study is the compost from the municipal waste
processing station of Hanoi city. The processing technology applied there is shown in Fig 1.
Air

Pre-processing on conveyor
(remove brick, plastic, rubber, steel etc.)

Gathered
waste

N, P, K organic
fertilizer

Grinding
and seiving

21 day aerobic
fermentation

«— 28 days anaerobic
Fermentation

FIG. 1. The diagramm of technological processes applied for municipal
waste processing at a waste processing station in Hanoi City.
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Particle size of the compost is < 1 mm. Samples were taken from 3 fermentation basins in an
amount of 50 kg each. These quantities then were thoroughly mixed. Samples for analyses
and radiation studies were sampled followed by the quartering strategy.
2. Elemental analysis: The content of elements including heavy metals was quantified by the
XRF technique with Cd activating source and Si(Li) detector [6]. Representative samples
were ground to particle size of < 0.1 mm and sprayed equally on plastic plates of 20 cm
diameter till the thickness of 0.15-0.17 mg/cm was obtained. The XRF spectra and data
processing program is the EMCALUS provided by IAEA.
3. The phenolic contamination analysis: Phenolic contamination in the waste is thought to be
generated from the decomposition of food residues contaminated with agrochemicals as well
as from wastes of leather, paint, plastic industries which located around the city. Analysis for
phenols was followed by the ISO-8615(1/1992) procedure [7]. According to the procedure,
waste samples (about 10 g) firstly were treated with alkali solution. Then the aqueous phase
was acidified and it was further subjected to the extraction with diethylether. Before all the
treatments, 10 ng of p-Bromophenol was spiked to the samples as an internal standard. The
organic phase obtained after the extraction was dried by passing it through a column packaged
with anhydrous Sodium Sulphate. The fraction of diethylether was evaporated in a rotary
evaporator and concentrated by blowing a gentle stream of nitrogen gas till 1 ml was obtained.
From this solution, 2 ul each time was injected into the Chromatograph GC14A (Shimadzu,
Japan) equipped with OV-1 capillary column (30m, 0.32 mm ID) and FPD. Data processing
was carried out on the Intergrator C-R4AX CHROMATOPAC of the GC 14A.
4. Analysis on microbial populations: The total aerobic microorganism and fungi population
in the waste samples were count by the dilution technique on the MPA and Czapex-Dox
media.
5. Radiation disinfection of the waste: The compost samples were dried to moisture content of
10-12%, then put into PE packages with a weight of lOOg. The samples were subjected to
irradiation on the Co-60 source (Institute of Nuclear Sciense and Techniques, Hanoi) with
doses of 1.9, 4.1, 5.3, 7.8, 10, 16, 25, 30, 40 and 50 kGy. The absorbed doses were determined
using Dichromate dosimeters with (8-10)% accuracy. After irradiation with certain dose, total
aerobic microorganisms and fungus survived were count in order to determine the effective
dose (DetT) - a radiation dose needed to reduce the initial microorganism/fungus population
down to <102 CFU.g"1 (Colony Forming Unit per gram), for the waste studied.
Results and discussion
Table I show some important compositions of the compost (Fig.l) which were
analyzed by chemical methods.
As seen from Table I, the compost of the processed waste from Hanoi city is a neutral
media (pHKCI = 6.6) that differs from soil peats usualy having pH K a value of 4-5. Moreover,
organic carbon as well as N, P, K content of the compost is high enough to support the
development of microorganisms and fungus. Jorgensen [8] has shown that municipal waste
from big cities of Canada, Sweeden and the USA usualy consist of 80, 77 and 65% of organic
carbon, respectively, i.e. it is much higher than that from Hanoi city. High organic matter
content of the waste is due to a large fraction of food residues in it. The data for Hanoi display
the urbanization character of the city. Thus, Silica as a part of construction materials presents
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TABLE I. SOME IMPORTANT COMPOSITIONS OF
THE COMPOST FROM HANOI CITY
Composition

Content (%)
36.80 ± 0.50

Organic carbon
Inorganic carbon

5.70 ± 0.30

Nitrogen

0.45 ± 0.01

Phosphorus

0.81 ±0.04

Potasium

0.65 ± 0.03

Silica

25.40 ± 0.50

Moisture

13.50 ±0.50

pH K a

6.6 ± 0.20

TABLE II. THE TYPICAL ELEMENT COMPOSITION OF
THE COMPOST FROM THE HANOI GARBAGE PROCESSING STATION
Element

Content

Element

Conlcnl

Ca

23 025 ±2 120

Cr

101 ± 14

Fe

12 940 ±527

Zr

83 ± 15

K

657 ± 25

Sr

73 ± 4

Zn

365 ± 12

Ni

41 ± 2

Mn

208 ± 32

As

19± 2

Ti

190 ±25

Nb

5.0 ± 0.4

Pb

169 ±23

Mo

3.1 ± 0.4

Cu

149 ± 6

Hg

0.21 ± 0.01

V

140 ±22

Bi

0.060 ± 0.006

in the waste with very high content, 25-26% (Table I). The urbanization character of the city
appears more impessively in the elemental composition of the garbage as shown below.
Table II presents the elemental composition of the compost analyzed by the XRF
technique. The data are expressed in mg/kg dry weight.
As can be seen from Table II, heavy metals in the waste of Hanoi city originate mainly
from construction materials residues. Cancium and Silica originate from mortar, but Fe, Zn,
Mn, Ti, Pb, V etc. from the construction steel dust. Fortunately, the content of very toxic
heavy metals such as Cr, Ni, As, Pb, Hg, Bi frequently used in the paint, plastic as well as in
leather industries, is relatively low. Jorgensen et al [8] revealed that the content of As, Cr and
Ni in waste from industrial cities of the USA is as high as 70, 115 and 70 mg/kg, respectively.
It could be supposed that the municipal waste at the Hanoi garbage processing station was
gathered mainly from inhabited areas where among with food residues the garbage contain a
significant fraction of construction materials. Nevertheless, it should be noticed that the
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municipal waste contain many elements needed as micronutritions of biofertilizers such as
Cu, Mn, Zn and Mo. Particularly, Mo was proved to be a microelement which stimulates the
nitrogen fixation effectiveness of bacteria [9].
Analyses for phenolic contaminations of the municipal waste show very low content
of the contaminants. In all samples studied, concentration of phenol and its derivatives such as
p-chlorophenol; m-chlorophenol; p-nitrophenol; 2,4-dichlorophenol; 2,3,5-trichlorophenol;
2,3,5-trichloropyridinol was below than the detection limit (0.1 mg/kg) of FPD. This can be
explained that, phenol and it derivatives have high volatilization pressure (10~3 -10"4 mm Hg,
depending on certain derivative [10]), so, in the environment of high temperature like in the
fermentation basins and under aeration, all phenols could completely volatilize. Thus,
composting seems to be a simple method to eliminate toxic phenolic contaminants from the
waste.
Biological analyses show that pathogen colities were not found for all the samples
studied, but the total aerobic microorganism and fungi populations in the waste is as high as
1.4xlO8 cell.g"1 and O.54xlO6 CFU.g"1, respectively. In our previous work [11], the respective
data for soil peat used to prepare the Nitragin, a nitrogen fixation inoculant for legume, were
found to be almost 10 times lower. Thus, it is expected that for radiation disinfection of this
waste, the disinfection dose could be much higher than that for soil peat.
Fig. 2 and Fig.3 show the effectiveness of gamma radiation disinfection of the waste.
From the dependences of the microbial survival on irradiation doses one can see the municipal
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FIG. 2. The survival of microorganism population in the municipal waste of
Hanoi City under various irradiation doses.
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waste studied contain two groups of microorganisms/fungus. One group is more and other is
less sensitive to irradiation. The first group would be eliminated with a dose of 20-25 kGy but
for the last one the dose requires higher. From Fig.2 and Fig.3 one can estimate the effective
radiation dose (Deff) as high as 50-55 kGy. The effective dose is the dose that is required to
reduce a bacteria count down to <10 cell.g" and fungus density to less than 10 CFU.g" .
Experiments with soil peat disinfected by gamma irradiation show that Rhizobium spp
and Pseudomonas spp inoculated on this carrier would grow up from a population of 106 cell.
g"1 to 109-1010 cell.g"1 in 14 days after the inoculation. This population slowly decreases to
108-109 cell.g"1 after 6 months of storage at 18-22°C [11]. This has a great practical value,
because the long duration of storage time makes the products possible to meet the seasonal
demand of farmers. The survival of nitrogen fixation and phosphate solubilizing
microorganisms and fungus in the radiation disinfected municipal compost during the storage
time is under investigation at our Institute.
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FIG. 3. The survival of fungus in municipal waste of
Hanoi City under various irradiation doses.
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60.00

Conclusions
Some conclusions from the study can be drawn as follow:
1. The compost from the city garbage processing station in Hanoi city contains high organic
matter content as well as many usefull microelements such as Mo, V, Zn, Cu etc. needed for
the development of microorganisms and fungus.
2. The phenolic contaminations of the municipal waste of Hanoi city is lower than the
detection limit (O.Olmg/kg) of FPD in gas-chromatographic analysis, the total aerobic
microorganism and fungus populations are rather high - up to 108cell.g"' and 106 CFU.g"1 ,
respectively, but pathogen colities were not found.
3. The effective dose of gamma radiation disinfection of the waste is estimated as high as 5055 kGy.
4. The disinfected waste can be used as a carrier for nitrogen fixation and phosphorus
solubilizing inoculant.
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Abstract
Research activities for accelerator fields at Samsung Heavy Industries could be categorized into
the accelerator development and its industrial applications. As the initial step of the efforts, high
voltage industrial electron accelerators are developed, and development of synchrotron light source
and other accelerators are also investigated. The research activities for the applications of accelerator
include wastewater treatment, combustion flue gas purification, semiconductor treatment, and other
radio-chemical processing. For wastewater treatment, an electron beam pilot plant for treating
1,000m3/day of wastewater from 60,000m3/day of total dyeing wastewater is under construction in
Taegu Dyeing Industrial Complex. A commercial plant for re-circulation of wastewater from
papermill company is also under construction in S-paper Co. in Cheongwon city, and after the
successful installation, up to 80% of wastewater could be re-used in paper producing process.

1. Introduction
Samsung Heavy Industries (SHI) was established in 1974 and has managed to enter a wide
range of successful business areas. These include plant engineering, Industrial machinery,
shipbuilding, and construction equipments. The volume of annual sales is over 4 billion
dollars with the 13,000 employees. The Central Research Institute of SHI is located in Daeduk
Science Town which is at the central part of Korea. The accelerator Laboratory in this institute
is devoted for the development of accelerator technologies and applications. Current research
activities are mainly concerned on the development of industrial electron accelerators and
their applications on the conservation of environment.
Industrial electron accelerators using high voltage rectifiers have been developed with the
collaboration of Russian Budker Institute of Nuclear Physics. The energy and power of the
electron accelerator is up to 2MeV and 80kW in CW mode. The scanning system is used for
the uniform spread of the accelerated electron beam through a Titanium extraction window.
The treatment of industrial wastewater with electron beam is one of the actively studied
subject for the environmental application in Central Research Institute. The method for the
removal of heavy metals from wastewater and other technologies [1,2] are developed with the
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joint works of Central Research Institute of SHI and Institute of Physical Chemistry (IPC) of
Russian Academy of Sciences. The development of flue gas purification process is also
actively studied. Pilot scale tests using the flue gas with the flow rate of 500Nm3/hr in Central
Research Institute proves the simultaneous reduction of SOX and NOX up to 90% and 80%,
respectively. Some of these works are shown in Fig. 1. An actual plant operation in
Kaweczyn, Poland with the collaboration of Institute of Nuclear Chemistry and Technology
showed that this is one of the most prominent methods for the treatment of the flue gas from
incineration plants and coal-fired power plants.
2. Electron Beam Treatment of Wastewater
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 Samsung Heavy Industries.
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.
The wastewater under current investigation at SHI are from dyeing companies,
petrochemical processes, papermill and leachate from sanitary landfill area etc.. Those are
summarized in Table 1. Two electron accelerators of energy 1 MeV each in continuous mode
at Daeduk (SHI) and one accelerator of 5 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.
400NirT3/hr, 0.7MeV, lMrad, 10%steam
NOx =190ppm, Sox =100ppm, HC1 =400ppm
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3. Pilot and Commercial plant for wastewater treatment
Pilot plant for wastewater from dyeing process
An electron beam pilot plant for treating l,000m3/day of dyeing wastewater from
60,000mJ/day of total wastewater is under construction in Taegu Dyeing Industrial Complex
(TDIC). TDIC includes now more than hundred factories occupying the area of 600,000m2
with 13,000 employees in total. A majority of the factories has equipment used for dip dyeing,
printing, and yarn dyeing. The production requires high consumption of water
(90,000m3/day), steam, and electric power, being characterized by large amount of highly
colored industrial wastewater. Therefore, intensive and effective
purification of the
wastewater is one of the most complicated and actual problems of TDIC's current activities.
Purification of the wastewater is performed by Union wastewater treatment facilities
using conventional methods (Fig. 2). Current facility treats up to 78,000m3 of wastewater per
day, extracting thereby up to 730 m3 of sludges. Rather high cost of purification results from
high contamination of water with various dyes and ultra-dispersed solids. 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. Some characteristics of raw wastewater as well as
characteristics of treated water after several treatment stages and of effluent are listed in the
Table 2.
The studies have been carried out regarding the possibility of electron beam application
for purification of wastewater. With the co-works of SHI Central research Institute and IPC,
the experiments on irradiation of model dye solutions and real wastewater samples (from
various stages of current treatment process) have been performed. [3] 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. 3). The most significant

TABLE I. WASTEWATER UNDER INVESTIGATION AT SHI
Wastewater (from)
Dyeing company

Papermill

Purpose of Investigation

Results

- Remove color and organic - Bio-treatment, decolorizing
improved, pilot plant under
impurities
construction
- Improve Bio-treatment
- Decrease COD
- Improve re-circulation

- Reduction in impurities
- Commercial plant under
planning

Petrochemical process

- Remove organic residues - Removal of TCE, PCE,
after process
PVA, HEC

Leachate from Landfill

- Remove organic substances
- Improve Bio-treatment

- Efficiency in Bio-treatment
improved

Heavy metal ion removal - Decrease the content of - Removal of Cd, Cr+6, Hg
heavy metal ions in water
up to 98% ( 95% in Pb)
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FIG. 2. Process diagram in dyeing complex wastewater treatment facilities.

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%.
A pilot plant for a large-scale test (flow rate of 1,000 m3 per day) of wastewater is under
construction with the electron accelerator of lMeV, 40kW (Fig. 4). At present time the
shielding room for accelerator and equipment are under construction and the installation of
reactor and other instruments will be finished by November 1997. The wastewater from
various stages of the existing purification process can be treated with electron beam in this
TABLE II. TYPICAL CHARACTERISTICS OF WASTEWATER FROM DYEING
COMPLEX
Parameter

pH

BOD5)
(mg/1)

CODMn,
(mg/1)

suspended
solid, (mg/1)

raw wastewater

12

2,000

900

100

1,000

after chemical treat

6.8-7.5

1,700

450

50

500

after 1st bio-treat

7.0-8.0

1,300

250

50

400

7.0-8.0

30

60

50

250

nd

after 2 bio-treat

1400
^1200
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FIG. 3. Combined effect ofe-beam and biological treatment.

plant to investigate the experimental possibilities of the pilot plant and it will give rise to
elaborate the optimal technology of the electron beam treatment of wastewater with increased
reliability at instant changes in the composition of wastewater.

Commercial plant for wastewater from Papermill
A commercial plant for re-circulation of wastewater with electron beam from papermill
company is also under planning in S-paper Co. and SHI. S-paper co. is located in Cheongwon
city, 120km south of Seoul, and consumes 18,000 m3 of water per day. The major products of
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Reservoir

this company are papers for newsprint (450t/day) and are mainly made of recycled paper
(91%) and pulps. Purification of wastewater is now performed by 2-stages of chemical and
biological treatment facilities. For the economical point of view, this company tried to recycle
the treated water to production lines, but used only 20-30% at total water since the amount of
organic impurities after treatment are high and some of them are accumulated during recirculation. In order to develop the most efficient method for re-circulation of wastewater, the
experiments were conducted with samples in various stages of treatment. The best result
obtained is irradiation of water after biological treatment combined with coagulation and
filtration (Fig. 5). Irradiation in this stage, the additional removal of impurities are up to 80%
in TOC (Total Organic Carbon) values.
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FIG. 5. Treatment of wastewater from papermill.

On the base of data obtained by SHI and IPC the suitable doses in this case are determined
as around 1 kGy for the flow rate of 15,000 mJ wastewater per day (since the 3,000m3 of
wastewater is returned to initial stage with sludge). Therefore, four accelerators with the total
power of 320kW and treating systems are designed and will start construction in October
1997 to finish by the end of June 1998. After the successful installation of electron beam
treatment facilities, up to 80% of wastewater could be re-used in paper producing process
(Fig. 6).
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e-beam irradiation

4. Conclusion
• Electron beam treatment of industrial wastewater is under development in Samsung Heavy
Industries and the Institute of Physical Chemistry of Russian Academy of Sciences.
• Electron beam treatment combined with conventional purification methods 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 1,000m /day of wastewater from dyeing
company is under construction and will start operation in January 1998.
Commercial plant for re-circulation of 15,000m /da;
/day of wastewater from papermill is also
planned and will start construction in October 1997.
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Abstract
Medical advances that have prolonged the average life span have generated increased need
for new materials that can be used as tissue and organ replacements, drug delivery systems
and/or components of devices related to therapy and diagnosis. The first man-made plastic
used as surgical implant was celluloid, applied for cranial defect repair. However, the first
users applied commercial materials with no regard for their purity, biostability and postoperative interaction with the organism. Thus, these materials evoked a strong tissue reaction
and were unacceptable. The first polymer which gained acceptance for man-made plastic was
poly(methyl methacrylate). But the first polymer of choice, precursor of the broad class of
materials known today as hydrogels, was poly(hydroxyethyl methacrylate) synthesized in the
fifties by Wichterle and Lim. HEMA and its various combinations with other, both
hydrophilic and hydrophobic, polymers are till now the most often used hydrogels for medical
purposes. In the early fifties, the pioneers of the radiation chemistry of polymers began some
experiments with radiation crosslinking, also with hydrophilic polymers. However, hydrogels
were analyzed mainly from the point of view of phenomena associated with mechanism of
reactions, topology of network, and relations between radiation parameters of the processes.
Fundamental monographs on radiation polymer physics and chemistry written by Charlesby
(1960) and Chapiro (1962) proceed from this time. The noticeable interest in application of
radiation to obtain hydrogels for biomedical purposes began in the late sixties as a result of
the papers and patents published by Japanese and American scientists. Among others, the
team of the Takasaki Radiation Chemistry Research Establishment headed by Kaetsu as well
as Hoffman and his colleagues from the Center of Bioengineering, University of Washington
have created the base for spreading interest in the field of biomaterials formed by means of
radiation technique. Immobilization of biologically active species in hydrogel matrices, their
use as drug delivery systems and enzyme traps as well as modification of material surfaces to
improve their biocompatibility and ability to bond antigens and antibodies have been the main
subject of their investigations. The rising interest in the field of application of radiation to
bioengineering was also recognized by the International Atomic Energy, which has initiated
the international programs relating to those studies. In this lectures some directions of
investigations on the formation of hydrogels and their applications to biomedical purposes
have been specified. Also, some examples of commercialized products being produced by
means of radiation technique have been presented.
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BIOMATERIALS AND BIOCOMPATIBILITY
Biomaterials is defined as any substance (other that a drug) or combination of substances,
synthetic or natural origin, which can be used for any period of time, as a whole pr as a part of a
system which treats, augments, or replaces any tissue, organ, or function of the body. Device
was defined by the 1976 amendment to the Food, Drug, and Cosmetic Act to mean: ,,an
instrument, apparatus, implement, machine, contrivance, implant, in vitro reagent, or other
similar or related article, including any component, part, or accessory, which is... intended for
use in the diagnosis of disease or other conditions or in the cure, mitigation, treatment, or
prevention of disease, in man or other animals,... and which does nor achieve any of its principal
intended purposes through chemical action within or on the body of man or other animals and
which is not dependent upon being metabolized for the achievement of any of its principal
intended purposes"
Virtually every individual will have contact with biomaterials at some time during his or her
life. This contact may occur in several ways:
• permanent implantation, e.g., heart valves, total joint replacement, dental restoration,
intraocular lenses;
• long-term application, e.g., fracture fixation devices, contact lenses, removable dental
prostheses, hemodialysis systems;
• transient application, e.g., needles for vaccination or phlebotomy, wound healing dressings,
cardiopulmonary bypass and cardiac assist systems.
In evaluating safety and effectiveness of biomaterials, the material cannot be divorced from
the device. Effectiveness must be considered in relation to the specific device and the
indications for its use.
There are three general situations in which biomaterials are use: to sustain life or limb
viability; to restore or improve function; to restore or improve contour.
Most cardiovascular and neurosurgical implants are in the first category, e.g., cardiac valves,
vascular grafts, pacemakers, and hydrocephalus shunts. These implants have allowed major
advances in treatment, and, although significant improvements still can be made, they are
generally effective.
The second category includes biomaterials intended to restore function, such as joint
replacement, fracture fixation devices, and dental implants. The success rates vary significantly
in this category, ranging from excellent results in total hip replacement to lesser success rates in
other joints. The biomaterials used in these devices have been improved through an increased
understanding of the relevant properties, and are a key to further progress.
Facial reconstruction and breast augmentation and reconstruction are procedures
representative of the third category (restore or improve contour). Even though these types of
devices are not employed in life-threatening situations, they play an important role in restoring
and preserving psychological and social well-being. If used properly, they have a high degree of
effectiveness.
In order to consider the safety of biomaterials, a balance of risk to benefit must be
recognized. Biomaterials in devices used to maintain life can carry some degree of risk in terms
of time to failure and still be considered relatively safe. On the other hand, devices used to
restore function or contour must have a higher degree of safety to justify their used. Overall,
currently used biomaterials have been found to be safe, causing little difficulty with local tissue
reaction or systemic toxicity.
While functional aspects of the performance of materials in the human body can be predicted
with some reliability, forecasting the biological performance of implants is difficult. There is
limited fundamental information on the subtle variations of the host response to the different
classes, types and forms of materials, anatomic places, and duration of contact. Each
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biomaterials considered for potential clinical application has unique chemical, physical, and
mechanical properties. In addition, the surface and bulk properties may differ, yielding
variations in host response and material response. Evaluating biological performance also
depends on the unique biological characteristics of the anatomic site of implantation. All these
factors suggest that the failure of material in a particular application may not preclude it from
consideration in a different setting. Conversely, the success of a material in a given application
does not guarantee its universal acceptance. In fact, the mechanism of failure in one application
may provide the key to success in another application.
Design of replacement tissues or medical devices must include analysis of desired functions
of a biomaterial and its localization into an organism, physiology of tissue and body fluids which
will be in direct contact with man-made species, choice of constituent materials and technology
to achieve product, fabrications of prototype and examination of its chemical, physical and
mechanical properties, analysis of biocompatibility, end-use functioning of prototype in cell
culture and in animal models, regulatory review and human testing. Such sequence of events
force very closely collaboration between specialists from various domains of science. Any
materials to be intended for contact with living organisms have to fulfil some specific
requirements, which can be divided into four groups (Williams, 1992):
(1) Non-toxicity; materials must not be pyrogenic and carcinogenic, must not evoke hemolysis,
antigenic reactions and chronic inflammation;
(2) Functionality; biomaterials should replace temporally or for life span the defective organs
and tissues, heal wounds and targeted organs, correct and assist the misfunctioning system
of the organism;
(3) Sterilizability; they should be easy to sterilize by heat (autoclave) or ionizing radiation (the
sterilization with toxic gases like formaldehyde or ethylene oxide because of some problems
with residuals causing inflammation as well as environmental poisoning is expected to be
limited).
(4) Biocompatibility; the meanings of this term sometimes cause confusion - other properties of
biomaterials are decisive in the case of vascular grafts and with respect to dressings or drug
delivery systems. Nevertheless, there are some common requirements to be fulfilled. The
biomaterials should adhere well to bones, teeth, soft tissues and undergo cell covering and,
in general, evoke and minimal stress in the organism of the recipient. Minimal stress can be
understood as non-causing of damage of host cells and tissues nor their hyperplasia or loss.
In the long-term no calcification or encapsulation should occur. Also biomaterials, especially
devoted to contact with blood, should not cause thrombus formation, complement
activation and protein deposition.
With the estimation of thrombogenicity one should be very careful, because materials
satisfying all the above mentioned requirements in vitro can be unacceptable in vivo. Using the
chronic arterio-venous (AV) shunt systems for animal experiments in vivo Sefton (1993)
indicated that low platelets deposition, which is observed in vitro can not be taken as evidence
of blood compatibility. With PVA surface, both heparinized or not, he observed a dramatic drop
in platelet count, indicate of platelet consumption and activation problems. He proposed a new
definition of thrombogenicity, which consists of a thrombin production rate constant less than
10"4 cm/s, partially deposition and spreading of platelet on a surface, and low platelet
consumption (or activation). Although blood compatibility is only a part of the general meaning
of biocompatibility, Sefton's experiments and conclusions force a revision in the conventional
point of view.
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HYDROGEL BIOMATERIALS
Polymers seems to be today the largest group of materials used for biomedical purposes.
They are used separately or/and in combination with other materials, especially of natural origin.
The latter includes human tissues and cells as well as those taken from animals. The main areas
of today's applications of hydrogel materials include:
Topical applications as wound dressings
The hydrogel materials are used in direct contact with living tissues. They prevent
contamination of a wound by microorganisms from outside, inhibit the loss of body fluids,
deliver oxygen to the wound, and generally accelerate healing processes. A commercially
successful example of such a dressing is the hydrogel dressing known under the trade name
HDR or AQUA-GEL and marketed mainly in the Central Europe. It is manufactured by means
of radiation technology in the form of a thin swollen slides of hydrogel (Rosiak, 1991).
It was announced that Nichban Co. Ltd of Japan begins commercial production of hydrogel
dressings on the base of poly(vinyl alcohol) due to radiation-chemical technology developed at
the Takasaki Radiation Chemistry Research Establishment (Yoshii et al., 1995; Makuuchi,
1977).
Hydrogels can also be utilized as sprays, emulsions, ointments and creams, with or without
the addition of active compounds. All the above types of wound dressings and covers can act
also as slow-release drug depa, or drugs can be administrated through the hydrogels in situ.

Drug delivery systems
Such materials in the form of hydrogel matrices enable sustained and or controlled release of
embedded medicines to body fluids after their implantation, injection or other introduction into
the organism. Generally speaking there are two different concepts of such systems. The first one
consists of releasing of small drug molecules as a result of hydrogel swelling. The second one
consist of a gradual erosion of polymer matrix containing drug. In this case the diffusion of
medicine into the surroundings is controlled by the rate of biodegradation. Sometimes,
hydrogels are used as membrane encapsulating drugs, which allow the control of the rate of
release of medicine by changing the degree of crosslinking and chemical composition of the
hydrogel. Special cases of drug deposits are called "intelligent" or signal-responsive hydrogel.
Small changes of the environment, e.g. pH, temperature, ion concentration, osmotic pressure,
electric or magnetic field can cause huge changes of hydrogel properties and in this same way
influence the rate of drug release. An example of the application of hydrogel technology is
prostaglandin delivery system for the ripening of the cervix in women at full term in labour. The
product constructed with poly(ethylene oxide) and prostaglandin E2 has been granted a product
license in the U.K. and Ireland and is marked under the trade name Propess by Roussell
(Graham, 1990). Another hydrogel system, with similar functions was developed in Poland
using radiation technology and successfully passed clinical tests (Rosiak and Olejniczak, 1993).

Transdermal systems
Hydrogels are applied as the reservoir for biologically active species. The properties of skin
and its interaction with the solutants as well as properties of the membrane usually placed
between skin and drug container are the main factors controlling the delivery of a medicine. The
first devices were developed for astronauts who become sick in space. The little patch
containing scopolamine and designed to be placed behind the ear was commercialized under
trade name Transderm-Scop. A number of other transdermal systems containing various
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therapeutic agents are now available on the market, including glycerol trinitrate, clondine,
estradiol/progesterone etc. An example of such systems are the devices for glaucoma patients,
in which hydrogel strips or sacs containing pilocarpine are placed in the fornix of eye-lid. Such
systems have been introduced in the market under the trade name Ocusert by Alza Corporation,
U.S.A. Similar devices in form of thin foil fabricated using radiation technology have been also
clinically tested (Czechowicz-Janicka et al., 1992).

Dental applications
There are some two- and multicomponent denture base materials, containing HEMA or
other hydrophilic polymers in form of a monomer or prepolymer of the jaw they are
polymerized and/or crosslinked. In many cases these reactions are initiated by UV light
delivered through a light guide. Some trials were undertaken to fabricate by radiation
crosslinking the hydrogel dental material composed of poly(vinyl alcohol) and gelatin (Dybek et
al., 1992).

Injectable polymers
Injections of collagen have been used to fill and repair cosmetic defects by plastic surgeons.
The drawback of this treatment consist in relatively fast collagen resorbtion. Some hybrid types
of materials were proposed, e.g. collagen and poly(vinyl alcohol) or specially crosslinked
collagen (Guisti et al., 1993). The latter belongs to the group of polymers which undergo
crosslinking under action of ionizing radiation. Other promising application include the
fabrication of microgels encapsulating the therapeutic species or being attached to them. After
injection they can be sieved by part of the circulatory system. In addition, if such microparticles
were equipped with antibodies, they might act as "magic bullets" targeting a receptor on the
particular cell to be treated. The radiation technique allows to obtain microparticles of different
shape and size (Kaetsu, 1985).

Implants
Poly(vinyl alcohol), the first hydrogel widely used for implantation, is still a subject of
intensive investigations, especially by radiation chemists. For example, a new PVA material
withstanding the autoclaving temperature for a few hours has been developed lately (Yoshii et
al., 1992). The hydrogels have been used as postenucleation balls, breast implants, for repair of
cranial defects, noses and chins, cleft palates, as films for ear drum replacement, columels for
tympanoplasty and for other special purposes. It seems that the use of hydrogels as cartilage
replacement, tendon sheaths and aortic grafts will be soon commercialized.
Radiation grafting and/or similar methods, e.g. plasma treatments, give the opportunity to
modify the surface properties of implants made from various materials toward better and
permanent biocompatibility (Hoffman, 1990).

Ophthalmic applications
The market of contact lenses is completely dominated by products on the base of
polyHEMA. There is also a great number of various hydrogel compositions, which contain as
copolymers such compounds as poly(vinyl pyrrolidone), poly(vinyl alcohol), poly(methacrylic
acid), chitosan, etc. Copolymerization is mainly used to improve polyHEMA'S mechanical
properties and increase its oxygen permeability. Some contact lenses produced by radiation
technology have been marketed in China (Carenza, 1992).
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An intraocular lens (JOL) currently used in the treatment of cataracts is generally made of
poly(methyl methacrylate). Despite the great number of implantations performed, in about 10%
of cases the implanted JOL have had to be removed. Hydrogel intraocular lenses made of
poly(vinyl alcohol) have been successfully clinically tested and seem to be the next generation of
such implants; contrary to the former, they can be sterilized by ionizing radiation (Gen, 1989).
Also the use of hydrogels as corneal implants, artificial vitreous humor, postenucleation
implants and rods for retinal detachment surgery have been cilinically tested with very good
results.

Stimuli-responsive systems
Various polymer gels have been found to undergo reversible swelling changes in response to
small changes in solvent composition, pH, temperature, intensity of light as well as magnetic
and electric fields. The applications of such hydrogels in devices as actuators, artificial muscles,
controlled molecular separators have been suggested (De Rossi et al., 1991). There are many
papers devoted to radiation and conventional synthesis of such systems, although their practical
commercialization has not yet been achieved. The polymers used in these investigations include
N-substitute polyacrylamide derivatives, polyacrylic and methacrylic acid derivatives, poly(vinyl
alcohol) and their combinations. Especially often used are poly(N-isopropylacrylamide) and
poly(vinyl methyl ether). Their aqueous solutions show thermoresponsible characteristics. Both
polymers exhibit phase separation at lower critical solution temperature (LCST), which is equal
to 32 and 38°C, respectively. The hydrogels swell below and shrink above those temperatures.

Hydrogel hybrid-type organs
Such devices designed for implantation consist of living cells surrounded by suitable
membranes. The living metabolic cells, e.g. Langerhans islets, hypatocytes, hepatoma (Hep G2)
etc. placed in appropriate capsules secrete specific compounds in response to the changes in
body fluids. The system works as a self-controlling bioreactor. From an engineering point of
view, the point of the matter is the choice of suitable materials and preparation procedures to
fabricate the membrane. It should satisfy the following requirements:
• it must be permeable to water, oxygen, nutrients as well as specific secretions of living cells;
• it must be impermeable to components of the immune system;
• it should be completely "invisible" for its environment to avoid deposition of proteins and
biodegradation.
There are two methods used for obtaining such systems: microencapsulation and preparation
of some special larger containers. The first consisted of the entrapment of a few cells inside of
macrocapsules, which can be injected into the organism. The second consisted of construction
of a massive container, whose walls are semi-permeable membranes. Such devices containing a
great number of cells able to substitute damaged organs, can be implanted into the peritoneal
cavity of a recipient. There is some information about a successful clinical application of devices
prepared from poly(vinyl alcohol) as implanted artificial pancreas (Inoue et al., 1992). The
appropriate connection of some functions of living cells and the properties of man-made plastics
will result, in the near future, in fabrication of hydrogel, hybrid-type artificial organs.
HYDROGEL DRESSINGS
Hydrogel dressings were originally invented as wound burn dressings (Rosiak et al., 1989).
Since their commercialization, first on the domestic, market under the trade name HDR and
AQUA-GEL, they have also been used for medical treatment of other types of wounds and
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illnesses. During laboratory studies on the properties of various hydrogels obtained by means of
radiation technology, the inventors attention was mainly drawn to those close to the so-called
"ideal" burn dressing. Although there is no general consensus, such a dressing should obviously
fulfill the following requirements: absorb effectively the body fluids and prevent their loss, act as
an efficient barrier against bacteria, adhere well to the wound but stronger to healthy skin,
exhibit high elasticity but also some mechanical strength, show good transparency, enable the
oxygen to penetrate through the volume of dressing to the wound surface, enable to control
drug dosage, offer good handling (i.e. easy placement and replacement) without pain. In
addition they should be sterile, easy to store, relatively cheap and generally accelerate healing.
Such a set of sometimes opposite properties is almost impossible to achieve, so some
equilibrium must be adjusted between them. However the commercial success of AQUA-GEL
and much clinical evidence of their almost "miraculous" action in hopeless cases seems to
confirm their excellent medical properties. Details about the medical properties can be found in
the KIK-GEL Company Pamphlet ofQUA-GEL Dressings (1993).
The hydrogel dressings are typical hydrogels governed by all the relations described in this
article. They are composed of poly(vinyl pyrrolidone), poly(ethylene glycol), agar and water. In
the end-use form they represent transparent sheets of thickness of a few millimeters, containing
over 90% of water.
The first stage of technology consists in the preparation of aqueous solution of dressings
components. After dissolving and mixing them at elevated temperature a homogeneous solution
is formed. Then the moulds, which can also be used as final packages, are filled with the liquid
components of the dressing. After solidification of the solution it is cut into pieces of desired
size and packed in the proper final boxes, non permeable for air and microorganizms. In the
final step of the production these semi-products are treated with ionizing radiation. The dose of
25 kGy is sufficient to sterilize the material and insures the formation of a permanent threedimensional network consisting of polymer chains joined together by covalent bonds. Upon
irradiation these semi-products turn into sterile hydrogel dressings. Due to radiation processing
the product is fully sterile and durability of this property depends mainly on the quality of
packing material. In spite of high content of water it retains the capacity for its further
absorption (over 50% of its won weight). It ensures access of oxygen to the wound being
healed and, if desirable, permeation of drugs. It sticks to healthy skin surrounding the wound
but not to the new forming dermis. It protects the wound from contamination. Usually, 8 - 1 0
dressings allow for complete recovery. Besides healing burn wounds, AQUA-GEL are applied
for the treatment of bedsores, thropic ulceration, in plastic surgery and to other skin damages,
in which a humid medium is favorable. In addition, the production cost is very low, especially if
an electron accelerator is used for irradiation.
This radiation technology presents some advantages in comparison with other chemical
processes. There are no side-products such as wastes, sewage, fumes, and all chemicals used to
manufacture the dressings are safe for humans (human-friendly). There is no need to maintain
special sterile rooms, but the final product is fully sterile according to the GMP for radiation
processes.
Due to the advantages of technology and the excellent properties of hydrogel dressings
investigations on similar hydrogel products are currently being undertaken in other countries,
e.g. Indonesia, China, Italy, Japan, Brazil, Malaysia, Iran.
HYDROGEL DEVICE FOR INDUCTION OF LABOUR
In the case of serious prolongation of pregnancy over natural time limit, or in the case when
life of women and infant is in emergency, it is necessary to accelerate the beginning of labour. In
such cases therapeutic induction of labour must be undertaken. The essential problem may be
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unripened uterine cervix. Local induction of prostaglandins (E2,F2a) is usually applied for
acceleration of ripening. However, the known methods of introducing prostaglandin often cause
negative side effects.
New therapeutic system for local release of prostaglandins have been elaborated by author's
group (Rosiak and Olejniczak, 1993). It is based on hydrogel devices obtained by irradiation of
N-vinylpyrrolidone. This device has the shape of thin rod of 8 mm diameter and 35 mm long,
equipped with round head on the one side and surgical thread on the other side. The method of
obtaining the therapeutical system is a three-stage procedure. It consists of: radiation
polymerization and crosslinking of VP, incorporation of prostaglandin into hydrogel matrix and
radiation sterilization of product. The polymerization is carried out in a special form which
enables to obtain the desired shape of devices. Placing the surgical silk thread in the monomer
prior to irradiation makes it possible to obtain the rod with strongly fixed thread. Incorporation
of prostaglandin into the devices is carried out by placing this rod in appropriate solution of
hormone. The swelled rod is dried and then packed into foil bags. The sterilization is carried out
in cobalt source with the dose of 25 kGy.
After placing by physician the rod into vicinity of the uterine cervix, hydrogel absorbs the
body fluids and begins to swell. The hormone gradually diffuses into surrounding environment.
The local action of this device, besides prostaglandin release, is based also on the mechanical
(expanding) action on the uterine cervix, because in course of swelling the dimensions of insert
increases. In several hundred cases of labour being induced by means of these devices it has
been found that these therapeutic systems are highly useful and safe for women in childbirth.
The system may also be applied for abortion of dead fetuses.

CONCLUSIONS
Biomaterials have made an important contribution to modern health care. Their field of
application, already much more extensive than generally appreciated by the public, is likely to
expand even further as chronic, debilitating disease becomes a dominant concern in an aging
population.
The implantation of biomaterials can result in some complications, but in most cases it is
difficult to discern whether the problems are related to background disease, faulty implantation
techniques, improper device design, or inadequate material properties. It is important that the
source of such problems be identified, since failure related to implanted devices can threaten the
life of the patient.
Continuing attention must be paid to the conditions under which biomaterials are prepared,
evaluated, and implanted. Follow-up clinical studies constitute the best approach to the
assessment of long-term safety and reliability. Device retrieval programs must be encouraged,
together with the evaluation of materials that have been exposed to the body environment for
prolonged periods.
The biomaterials field is in transition from cottage industry to an integrated research and
product development effort. There is a distinct problem of technology transfer, with clinical
application often considerably ahead of fundamental science. There is no uniform set of
principles in biomaterials research. Rather, each participating discipline has been bringing its
own precepts to bear on it an empirical fashion. In the future, an interdisciplinary approach
should be taken to answer critical questions related to material compatibility with living tissues.
One approach will be to bring together the various participants in the process of developing
biomaterials (government, industry, academia, and the medical profession) in periodic scientific
gatherings.
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The growth potential of biomaterials is now recognized by observers of the biomedical
industry. The UK-based Clinica Reports estimates that the world market for advanced
biomaterial-based products will grow by 13,6% a year to reach a value of $15.2 billion by the
end of the century (Enany A. A., 1996). The main areas of future growth include:
• the controlled release of drugs;
• artificial skin, cartilige and other body parts;
• orthopaedic and wound care activities; and
• the cardiovascular and incontinence sectors.
Some segments of the biomaterial product market may grow faster than others. A study
release last year by Frost&Sullivan projects a whopping 24% compound growth rate of
absorbable and erodable biomaterial products, from $466 million in 1994 to $2.1 billion in
2001. This is sub-segment of the biomaterial products market that includes collagen, hyaluronic
acid, gelatin products, and polymers such as polylactic acid.
Although the US market for biomaterials is dominated by big firms, such as DuPont or
Depuy, many small firms have made inroads into the research-intensive, advanced materials
segment of this market. A recent survey conducted by CorpTech of 17 of these firms found that
41% plan to expand their work force during 1997 by an average of 10,8%.
Human-friendly hydrogel systems, due to the rising trend to prolong life span and improve
results of medical care, seem to be one of the most expected and required products. The unique
advantages of radiation technology can be successfully utilized for the preparation of new
commercial products, with designed functions which satisfy expectations of patients and
physicians. Implants, drug delivery systems, artificial organs, and bioengineering generally are
the domains in which radiation formed polymer materials begin to play an increasingly
significant role. Despite a great number of investigations on radiation processes which allow
clarification of some mechanisms of reactions and elaboration of some general rules governing
those phenomena, there are still some doubts and need of further studies. Both fundamental and
applied. Despite many patents devoted to radiation bioengineering there are continuing needs
for new products and more sophisticated biomaterials. The use of ionizing radiation in the
production of human-friendly products seems to be the most promising way to broaden the
range of commercial applications of radiation technology.
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Abstract

The potential of using electron beam radiation and bremsstrahlung for
some biotechnological materials treatment it is presented based on the results of
the R & D programme established in 1993 at the Institute of Lasers, Plasma and
Radiation Physics Bucharest, Electron Accelerator Laboratory.
There are presented the main parameters of different electron accelerator
types used to process biotechnological materials, as these machines were
designed, developed and improved. In order to fulfil the radiation processing
requirements for biotechnology and environmental protection there are
considered betatron, linear and microtron-type electron accelerator and there is
an interest to develop a dedicated one, as well.
There are presented the results on irradiation of different biotechnological
items as cell cultures, microbial strains, enzymes and biopreparates, cellulosebased wastes.

361

Irradiation have been carried out to different doses, usually in the range of
0.5^20 kGy with a mean dose rate of 1.5 kGy/minute. For cellulose-based
wastes the dose range was 0.5-7-3.0.MGy.
The cell cultures, based especially on different microbial and fungal
strains, were irradiated to investigate their radio-resistance that is useful for
further applications. Some of these strains, namely Bacillus subtilis and
Monascus ruber were irradiated in order to improve their biosynthesis potential.
To achieve the required qualities of biopreparates there were irradiated
different enzymes as dehydrated crude extract and a red pigment obtained from
Monascus ruber biosynthesis.
There are also presented the tests carried out for radiolytical degradation
of cellulose containing wastes, based on a mechanical and chemical pretreatment followed by a very high dose (MGy) irradiation.
From the results it should be pointed out that electron-beam irradiation
could be, in some cases, an effective method for practical purposes in
biotechnology.
1. INTRODUCTION
Radiation processing development in the last years is the result of
extensive research activities, especially on the field of electron beam irradiation
based on new power radiation sources [1, 2]. The use of

the electron

accelerators has been successful tested in the field of environment protection
[3], but there are active research programmes and encouraging results, too.
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There could be mentioned the results obtained in different fields as reduction of
volatile organic compounds emissions; decontamination of industrial and
municipal wastes; degradation of high molecular wastes, as cellulose-based
ones; treatment of airport, hospital, or industrial wastes; obtainment of
biotechnological materials and of biomaterials [1, 3, 4].
In the same time, it should be emphasised the improvements in design
principles, especially if there are related to safety and radioprotection features,
and the increased operational experience on irradiation facilities, as well as the
new trends in quality assurance and control of process parameters [1,2].
All this matter and the necessity of development alternative effective
methods for different purposes in processing materials of biological nature and
to preserve and rehabilitate the environment had lead to set up an appropriate
R&D programme on irradiation. On this basis, in 1993 a research part regarding
electron-beam processing was started at the Institute of Lasers, Plasma and
Radiation Physics, Bucharest-Magurele. This programme concerns with
developing and improving the technical parameters of

different types of

electron accelerators [2], and, on another side to perform and develop suitable
methods for food processing; irradiation in biotechnology and electron-beam
processing of biomaterials, medical supplies, materials and for environmental
protection [4, 5].
After this period some results seem to be promising, and as actual trend, it
should be considered a technological transfer of these methods to the market and
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practical application, especially in irradiation of biotechnological materials,
irradiation of plastics, polymers and other materials and for food irradiation [5].

2.

ELECTRON

BEAM

EQUIPMENT

FOR

BIOTECHNOLOGICAL

MATERIALS PROCESSING
One of the main part of the R&D programme on electron beam processing
is to design, develops and improves different types of electron beam machines
as appropriate for the established objectives of the programme [2, 4].
These accelerators should be flexible enough to be used in biotechnology,
for biomaterials, medical supplies, plastics, environmental protection and in
food irradiation. The electron accelerators should also be reliable and they have
to meet the specific technical requirements, as well as the safety features. In
order to fulfil all these requirements there are considered three electron
accelerator types: betatron; linear accelerator and microtron [4].
The linear accelerator could be used to irradiate materials both
horizontally and vertically, because it is designed to produce a rectangular
deflection of the horizontal beam spot, by an electromagnetic mirror. This linac
also supports a bremsstrahlung obtaining module. The linear accelerator has the
following main parameters: electron mean energy 6 MeV; mean beam current
5uA; pulse length (duration) 3.5 \xs; and pulse frequency (repetition) 100 Hz [4].
This accelerator is equipped with control automation and registration of
operating parameters system, which is placed in operator's room.
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In horizontal position of the beam the samples are irradiated only in batch
mode, directly in the perpendicular electron beam. In beam vertical position, the
samples could be irradiated both in batch or continuous mode by adapting a rail
conveyor on the floor surface. This conveyor supplies materials with a
programmable and constant velocity established in such a way to achieve the
appropriate radiation dose.
The microtron-type electron beam accelerator is adapted for radiation
processing in order to scan the electron beam in vertical direction and to
generate bremsstrahlung, as well. It should be noted this feature was not so far
used into processing experiments.
The microtron parameters are: number of orbits 17; electron energy in the
first accelerating mode 10 MeV; mean beam current in the first accelerating
mode 50 uA; pulse duration 3 us; pulses repetition frequency 400 Hz. The
facility comprises the irradiation room; manipulation (loading-unloading) room
and supplies and ventilation room, as they are specified in Fig. 1.
As result of the research done and of the rough technical and economical
calculations, there is a deal of interest in developing a dedicated electron beam
machine, which seems to be a promising solution for the biotechnological
materials processing, both in continuous and batch modes.
The foreseen parameters for such an electron accelerator should be:
adjustable electron mean energy approximately 5 MeV; mean beam current
approximately 1 mA; mean power in the beam 5H-10 kW; vertical and horizontal
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electron beam spot; both electron beam and bremsstrahlung irradiation;
controlled material conveyor; control and automation room in order to achieve a
wide range of irradiation doses, by adjustable dose rate, in an economic effective
manner [4].
3. ELECTRON BEAM IRRADIATION OF CELLS AND MICROBIAL
STRAINS
Electron beam effects on cells and microbial strains have been extensively
studied to acquire basic knowledge on this topic, and in the same time, to obtain
real information on cells radio-sensitivity or a Higher biosynthesis potential for
some microbial strains. Both these aspects are of great interest for the
commercial application development in biotechnology; environment protection;
medical supplies sterilisation and food irradiation [5, 6, 7].
The radio-sensitivity was analysed in dose-effect terms by survival
curves. The microbial strains took into consideration in experiments were from
IFR collection and consist of: Bacillus subtilis; Mucor spp.\ Aspergillus niger
and fungal strains of Monascus ruber.
The irradiation has been performed in cell culture, at dose-rate of
approximately 0.5 kGy/minute, in the dose range of 0.5 H- 10.0 kGy and at room
temperature (~20°C).
The microbiological tests are the standardised ones, based on the total
viable cell counting. The effectiveness of electron-beam irradiation was
measured in terms of survivor cells out of the original population, considering
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the loss of colony-forming ability as main criterion of radio-induced
inactivation.
The main experimental results for the microbial and' fungal strains
inactivation are presented in Fig. 2 as dose-effect survival curve. From these
curves there could be obtained other significant parameters as exponential or
decimal reduction doses, i.e. De and D l0 , and the inactivation factor, IF.
Considering these findings there were performed some radio-induced
stimulation and mutagenesis on the strains of Bacillus subtilis and Monascus
ruber. There were obtained some strains which a higher biosynthesis potential
for both micro-organisms. The microbial strains are used to produce crude
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FIG. 2. Survival curves (dose-effect) for different micro-organisms.
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enzyme preparation of amylases and proteases, meanwhile from Monascus ruber
strains is obtained a very good red pigment for foodstuffs.
4. ELECTRON BEAM IRRADIATION OF ENZYMES, PIGMENTS AND
CELLULOSE-BASED WASTES
In biotechnology there are two important requirements

for the

biotechnological preparates considered: the functional and technological
properties and the quality of these materials, especially in terms of the microbial
load and hygienic constraints.
Irradiation represents one of the most suitable methods to obtain a good
biotechnological product quality which, in the same time, preserves its
technological requirement. In this respect, irradiation has been extensively
studied to identify its ability and restrictions to be used for processing crude
enzyme preparations [6].
The experiments were conducted by electron beam processing using
either linear accelerator or microtron-type accelerator. Electron beam irradiation
has been performed in normal environmental conditions at dose rates of 1.0+1.5
kGy/minute, in the dose range of 1 + 3 0 kGy. The enzymes were obtained by
specific biotechnologies and from some biochemical companies, and there were
irradiated in dry (dehydrated) state.
There were considered the following enzymes: microbial cc-amylase (E.C.
3.2.1.1) obtained in I.F.R. Bucharest from B. subtilis and produced by MERCK,
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Darmstad, Germany and FLUKA A.G, Buchs, Switzerland; a fungal amylase
produced by SERVA, Heidelberg, Germany and glucoamylase (E.C. 3.2.1.3) and
protease (E.C. 3.4.2.3.) from I.F.R. Bucharest.
The molecular weights of these enzymes are approximately: 34,000 D for
protease; 51,000 D for fungal amylase; 58,000 D for Fluka cc-amylase; 6080,000 D for IFR a-amylase; 75-90,000 D for glucoamylase and 96,000 D for
Merck amylase.
Before and after irradiation there were analysed, by standardised methods,
the specific enzymatic activities and the microbial load. There is also studied the
conservability of

these preparations and there is calculated the inactivation

parameter. There were established, by appropriate methods, the kinetic
parameters as activity, Ae; Michaelis-Menten constant, Km; and reaction
velocity, v, which could be useful in the investigation of technological changes
under irradiation conditions.
The results are presented in Fig. 3 for inactivation curve, which represents
the loss of enzymatic activity and in Fig. 4 representing the dependence of
kinetic properties by dose, in terms of Michaelis-Menten constant [6].
From these results it seems that electron beam irradiation could assure a
good microbiological and hygienic quality of enzyme crude extract, preserving
the most important part of its properties.
The same methods have been used to study the irradiation influence on a
food-grade red pigment obtained by a specific biotechnological process from
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Monascus ruber fungi [7]. There were tested several strains of Monascus ruber,
some of them being obtained by electron beam radio-mutagenesis and they
present a better pigment production biopotential, as is shown in Fig. 5. From this
figure it is observed the "red" pigment consist of three colour-type pigments and
this was confirmed by chromatography and spectrophotometric analysis.
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Therefore, this pigment contain a yellow-component at X ~ 400 nm from
monascine and anka-flavine; an orange-component at X ~ 425 nm from
monascorubrine and rubropunctatine and a red one at X ~ 510 nm from
monascorubramine and rubropunctamine [7].
From the experiments result that electron-beam processing is a good
treatment for this red food-grade colorant, in order to assure its hygienic quality
together with the preservation of its colouring power and its stability.
Another trend has had in view to test a more economically method for
degradation of cellulose-based wastes by using irradiation of lignocellulosic
materials at very high doses: 0.5; 1.0; 2.0; 3.0 MGy, at dose rates over 4
kGy/minute. The samples were grounded and chemically treated before
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irradiation, by an alkaline solution or by a concentrated sulphuric acid solution.
After irradiation some samples were enzymatically treated by cellulases.
All the process is based on the radiation effects on polymeric chain of
cellulose, combined with a very specific action of enzymes, which leads to
flexibilisation of the macromolecular chain, its degradation and, finally, to the
depolymerisation in different degradable or useful compounds.
Based on radiolytical degradation of cellulose there were obtained results
from which it could be concluded that a mild mechanical and chemical treatment
together with irradiation presents technical and economical advantages but
further studies and developments still remain to be performed.
5. CONCLUSIONS
The presented R&D programme results point out the potential of electron
beam radiation and bremsstrahlung for processing different biotechnological
materials.
For electron beam irradiation there could be used different types of
electron accelerators -betatron, linear accelerator, microtron- but an interesting
point is to develop a dedicated electron accelerator, flexible and which can
optimise the technical and, especially, economical parameters of such an
equipment.
From the wide range of biotechnological materials, a good opportunity is
to use electron beam machines to obtain very good quality enzyme preparations
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and ingredients, as a mentioned food-grade red pigment. Due to the rather high
specific value of these materials, the electron beam processing could be
developed as technique in order to transfer this technology on the market.
In the case of cellulose-based wastes the irradiation experiments show the
feasibility of radiolytic degradation, but still remain open some questions on the
technology that should be chosen and, especially due to high doses required, the
questions persist from economical point of view.
All the subjects of the R&D programme of electron-beam irradiation of
biotechnological materials has confirmed this process effectiveness and
advantages, together with its feasibility.
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Abstract
y-irradiation was used to produce free-standing sterilized edible films based on milk
protein, namely sodium-caseinate and calcium-caseinate. The nature of the counter-ion as well as
the protein and glycerol concentrations were examined. Irradiation of solution based on calciumcaseinate produced more crosslinks than solution based on sodium-caseinate. As a consequence,
films based on calcium-caseinate showed a better mechanical strength. Glycerol was found to
play a double role in enhancing the formation of crosslinks within caseinate chains, accounting
for the increase of the puncture strength, and acting as a plasticizer, being responsible for the
improved film extensibility and viscoelasticity. Moreover, the effect of the irradiation on the
mechanical properties were strongly dependent on the glycerol/protein ratio, i.e. the formulation
of the films. Films of high quality and a satisfactory mechanical behaviour were generated with
at a glycerol/protein ratios of 0.5 and 0.67.
INTRODUCTION
Increased consumer demands for both higher quality and longer shelf life foods in
combination with environmental needs for reduction of disposable packaging amounts have led to
increased interests for edible films research (Chen, 1995). Edible films offer potential solutions to
these concerns, by serving as a barrier to water, oxygen, carbon dioxide and lipid transfer in food
systems. Edible films can also improve food system mechanical properties and control the loss of
volatile flavors and aromas (Chen, 1995).
Milk proteins, such as whey proteins and casemates, were extensively studied, owing to
their excellent nutritional value and their numerous functional properties, which are important for
the formation of edible films (McHugh and Krochta, 1994; Chen, 1995). For instance, caseinates
easily form films from aqueous solutions due to their mandom-coil nature and ability to form
extensive intermolecular hydrogen, electrostatic and hydrophobic bonds, resulting in an increase
of the interchain cohesion (McHugh and Krochta, 1994). Moreover, edible films based on milk
proteins were reported to be flavorless, tasteless, flexible and depending on the formulation, they
varied from transparent to translucent (Chen, 1995). Glycerol, a polyol, is well known for its
plasticizing effects and its use in food technology. Glycerol was mixed at different concentrations
to calcium-caseinate solutions, since solutions of this protein generated films having better
properties than sodium caseinate solutions. All these characteristics make them suitable for
applications in food science.
* Current address: Procter & Gamble Co., Rome Technical Center,
Viale Cesare Pavese 385, 00144 Rome, Italy

377

Among the films investigated, edible films based on proteins showed the best mechanical
properties (Kester and Fennema, 1986; Peyron, 1991). However, the use of physical treatments,
such as irradiation, can increase the cohesive strength of the protein by the formation of
crosslinks. Indeed, the irradiation of aqueous protein solutions generate hydroxyl radicals (•OH)
that produce stable compounds (von Sonntag, 1987). These radicals are produced upon water
radiolysis (Scheme 1) (Fricke and Hart, 1966). Sulfur and aromatic amino acids react more
readily with free radicals, than aliphatic amino acids; particularly •OH reacts readily with
aromatic residues (Thakur and Singh, 1994). As an example, when phenylalanine reacts with
•OH, tyrosine isomers are generated (von Sonntag, 1987). Tyrosine is also sensitive to »OH
attack. Indeed, tyrosyl (phenoxyl) radicals (II) are produced as a result of hydrogen abstraction by
•OH (Scheme 2). Tyrosyl radicals may then react with other tyrosyl radicals or with tyrosine
molecule to form several stable biphenolic compounds, where the phenolic moieties are linked
through a covalent bond (Priitz et al., 1983). The 2',2-biphenol bityrosine (YU), which exhibits a
characteristic fluorescence, appears to be the major product due to the strong directing effect of
the hydroxyl group (Priitz et al., 1983; von Sonntag, 1987). Bityrosine may be more likely to
form between two protein chains (intermolecular bonding) than within a single protein
(intramolecular bonding). The intermolecular formation of bityrosine is certainly one mechanism
for protein aggregation, although other crosslinks can also be formed (Davies et al., 1987).
In this preliminary work, we want to report on the use of y-irradiation to produce
edible and sterilized films based on casemates, namely sodium-caseinate and calcium-caseinate.
Moreover, the effect of a plasticizer agent, such as glycerol, on the production of bityrosine and
on the mechanical behaviour of sterilized edible-films was also investigated.

Scheme 1
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MATERIALS & METHODS
Materials. Sodium-caseinate (alanate-180) and calcium-caseinate (alanate-380) were provided by
New Zealand Milk Products Inc. (CA, USA). Glycerol plasticizer (99.5%) was obtained from
A & C (Montreal, Canada).
Film formation method. 5 % w/w or 7.5 % w/w caseinates were solubilized in distilled water,
under stirring. Desired weights of glycerol were added to the solution and solutions were then
poured in a test tube under a flow of inert atmosphere. Test tubes were exposed to gamma-rays
with a Co60 source (GAMMACELL 220; Nordion International Inc., Kanata, Canada) at a mean
dose rate of 2.18 kGy/hr for irradiation doses of 4, 8, 12, 15 and 20 kGy. Films were then cast by
pipetting 5 mL of the solution onto plexiglass plates, sitting on a level surface. Solutions were
spread evenly and allowed to dry overnight at room temperature (20 ± 2°C). Dried films could be
peeled intact from the casting surface.
Film thickness measurements. Film thickness was measured using a Digimatic Indicator
(Mitutoyo, Japan) at five random positions around the film. Depending on the formulation and
irradiation dose, the average film thickness was in the range of 27-64 ± 2 ^m.
Fluorescence measurements. The formation of bityrosine was measured using a
Spectrofluorometer 2070 (Varian, CA, USA), according to a procedure reported previously
(Davies et al., 1987).
Mechanical properties. Puncture tests were carried out using a Stevens LFRA Texture Analyzer
Model TA/1000 (NY, USA), as described previously(Gontard et al., 1992). Strength and
deformation values at the puncture point were used to determine hardness and deformation
capacity of the film. In order to avoid any thickness variations, the puncture-strength measured
value was divided by the thickness of the film. The force-deformation curves were recorded.
Statistical analysis. Analysis of variance and Duncan multiple-range tests with P < 0.05 were
employed to analyze statistically all results. The Student t test was utilized at the time of the
analysis of variance and paired-comparison with P < 0.05 (Snedecor and Cochran, 1978). For
each measurements, three replicates of three films type were tested.
RESULTS & DISCUSSION
Film formation
Irradiation of both sodium and calcium caseinate solutions resulted in an significant
increase of bityrosine, as suggested by fluorescence analysis (table 1). This aggregation might
account for the insolubility of films obtained from irradiated solutions, while films obtained from
non-irradiated solutions are water-soluble. Both caseinates produced significantly more bityrosine
at a concentration of 5 % (w/w), for doses ranging between 4-12 kGy. However, the the calciumcaseinate produced significantly more bityrosine than sodium-caseinate, for doses ranging
between 4-12 kGy (table 1). This latter observation suggests that more crosslinks are produced at
a concentration of 5 % (w/w).
Moreover, for a same irradiation dose, calcium-caseinate films had higher puncture
strength values than sodium-caseinate films, independent on the concentration of the protein
(table 2). These preliminary results have clearly demonstrated that calcium-caseinate generate
more bityrosine, i.e. crosslinks, upon exposure to y-irradiation, than sodium-caseinate. As a
result, films from calcium-caseinate exhibit a greater mechanical strength. However, these films
were found to crumbly easily, to be brittle and to exhibit poor deformation properties. The use of
plasticizers was thus necessary to obtain films with an acceptable mechanical strength and
flexibility.
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TABLE 1. FORMATION OF BITYROSINE AS A FUNCTION OF IRRADIATION DOSE
AND PROTEIN CONCENTRATION
Sodium-caseinate
Dose
(kGy)

12

Caicium-caseinate

5%

7.5%

5%

7.5%

20,730 ± 762 4a

17,067 ± 547 4-b

28,552 ± 1,621 7-b

17,192 ±7077-b

39,651 ±2,095 5,c

35,287 ± 1,893 5-c

M

39,344 ± 687 8-c

66,271 ± 1,287 6-f

64,735 ± 769 6-e

82,504 ± 1,650 9-g

61,076 ± 607 9f

66,803 ± 2,391

Means followed by the same number in each column are not significantly different at the 5% level.
Means followed by the same letter in each row are not significantly different at the 5% level.
For each measurements, three replicates of three films type were tested.

TABLE 2. VARIATION OF THE PUNCTURE STRENGTH OF CASEINATE EDIBLE FILMS
WITH THE IRRADIATION DOSE

Sodium-caseinate

Calcium-caseinate

Dose

(kGy)

5%

7.5%

5%

7.5%

0

16.2 ± 0.4 3 a

14.5 ± 1.8 3-a

16.8 ± 0.9 5 a

17.4 ± 0.4 4-b

4

15.0±0.34b

14.5 ± 0.2 3-c

16.3 ± 1.5 5-b

16.4 ± 0.0 5-d

8

15.3 ± 0.7 4-c

14.2 ± 0.2 3-e

17.4 ± 0.5 5>c

16.3 ± 0.2 5f

12

14,7 ± 0.2 4'd

14.3 ± 0.5 3ig

17.2 ± 1.0 s*

16.7 ± 0.2 5-h

Means followed by the same number in each column are not significantly different at the 5% level.
Means followed by the same letter in each row are not significantly different at the 5% level.
For each measurements, three replicates of three films type were tested.

00

Glycerol effects
The amount of bityrosine formed upon irradiation was found to be significantly more
important in presence of glycerol, than in absence (table 3). The production of bityrosine was
significantly dependent on the irradiation dose and on the formulation, i.e. the concentration of
both protein and glycerol. The more pronounced effect of the irradiation process on the formation
of bityrosine, and hence on the formation of crosslinks, was observed at formulations
corresponding to 2.5% w/w glycerol/7.5 % w/w caseinate, at doses ranging between 4-20 kGy
and 2.5% w/w glycerol/5% w/w caseinate, at doses >12 kGy (table 3). Lower amount of
bityrosine, i.e. crosslinks, were produced at the other two formulations.
The significant improvement of the production of bityrosine in presence of glycerol can
be explained by the preferential binding concept elaborated by Gekko and Timasheff (1981).
These authors have suggested that the presence of glycerol in an aqueous solution of protein
increases the chemical potential of the protein. Such an increase of the chemical potential
corresponds to a decrease of the solubility of the protein in the glycerol-water system.. In the
presence of glycerol, tyrosine residues are then able to react more easily upon exposure to yirradiation, accounting for the increase of bityrosine production.
Crosslinks confer to any material elastomeric properties, if the crosslink density
does not exceed a critical value (Champetier and Monnerie, 1969; Stevens, 1990). Indeed, the
higher this value is, i.e. the greater is the number of branched chains, the more rigid is the
material. The effect of an increase of crosslinks, induced by glycerol, on the mechanical
properties of films were also investigated, namely the puncture strength and puncture
deformation.
In presence of glycerol, the irradiation dose affected significantly the puncture
strength, depending on the formulation of the caseinate solution. The puncture strength of the
films were found to be strongly related to the formulation of caseinate solutions.
As demonstrated on table 4, the mechanical behaviour of the films and effects of the
irradiation treatment are strongly sensitive to the glycerol/protein ratio. The highest amount of
bityrosine, i.e. crosslinks, occurred at a ratio of 0.33 (2.5 % glycerol/7.5 % caseinate) (table 3).
Moreover, at a glycerol/protein ratio of 0.33 the mechanical properties did not show significant
variations with the irradiation dose: the puncture strength increased of 10% only, while the
puncture deformation showed an increase of 2% only (table 4). However, when this ratio was
increased, mechanical properties were found to be different. At glycerol/protein ratio of 0.5, the
puncture strength was found to be more affected by the irradiation process: an increase of 80%
was noticed between the non-irradiated and irradiated sample at 20 kGy. On the other hand, the
most important effect of the irradiation on the deformation was observed at a ratio of 0.67 (5.0 %
glycerol/7.5 % caseinate): an increase of 45% was measured after irradiation at 20 kGy. These
findings can be explained by the fact that the lowest amount of crosslinks were produced at a
ratio of 0.67, as confirmed by puncture strength values. As a consequence, films behave more
similarly as elastomers. The largest increase of the puncture deformation (45%) by the irradiation
treatment was observed at a ratio of 0.67, suggesting that crosslinks produced are near optimal at
a glycerol/caseinate ratio of 0.67, irradiated at 20 kGy. Among formulations investigated, films
obtained upon irradiation process exhibited the best mechanical strength and flexibility at
glycerol/protein ratios of 0.5 and 0.67.
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TABLE 3. EFFECT OF GLYCEROL CONCENTRATION AND IRRADIATION DOSE ON
THE FORMATION OF BITYROSINE
Dose
(kGy)

Calcium-caseinate 5%

Calcium-caseinate 7.5%

0% glycerol

2.5% glycerol

5% glycerol

0% glycerol

2.5% glycerol

4

28,552 ±1,621'•"

20,503 ± 941 "-b

23,126±1,482 18-c

17,192 ±1,621 l a

43,513 ±1,328 6-b

20,803 ± 928 "*

8

66,803 ±2,391 2d

66,439±1,805

81,304±2,395 19f

39,344 ± 687 2-d

97,240 ±4,388 7-L

57,961 ± 897 12-f

12

82,504 ±1,650 3 *

75,782 ±1,20613<*

85,465 ±1,392 20<>

61,076±607 3 «

103,811±1,6538h

92,734 ±1,901 13J

15

89,584 ±1,817 4k

134,112±1,328 Mm

125,394±l,55121-n

95,587 ±1,252 "<"

128,415±1,232 9-k

117,110±l,398 14-L

20

129,044 ± 931 5o

163,519±1,12615<i

158,853±l,28922r

139,249±l,6975m

184,986±1,581

12d

Means followed by the same number in each column are not significantly different at the 5% level.
Means followed by the same letter in each row are not significantly different at the 5% level.
For each measurements, three replicates of three films type were tested.
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5% glycerol

151,133±1,65315-0

00
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TABLE 4. EFFECTS OF THE GLYCEROL/CASEINATE RATIO ON THE
MECHANICAL BEHAVIOUR OF FILMS IRRADIATED AT 20 kGy

glycerol/caseinate
ratio ->

0.33

0.5

0.67

1

puncture strenght

+ 10±0.1%1

+80+0.3%

+30+0.6%

+ 15±1.2%

puncture

+2±0.1%

+30+0.1%

+45±2.0%

+25±2.0%

mechanical
property^

deformation

indicates an increase of the mechanical property measured after an exposure to yionization corresponding to 20 kGy.
indicates a decrease of the mechanical property measured after an exposure to y-ionization
corresponding to 20 kGy.
For each measurements, three replicates of three films type were tested.

CONCLUSION
This investigation has clearly demonstrated the usefulness of y-irradiation for making
free-standing sterilized edible films, based on caseinates. Calcium-caseinate was found to yield
films having better mechanical strength than sodium caseinate. Addition of glycerol has
significantly increased the formation of crosslinks within protein chains. This effect was
explained by the preferential binding concept. Moreover, glycerol played a second role, i.e. it was
found to improve the mechanical strength and to increase the film flexibility. Depending on the
glycerol/caseinate ratio, the irradiation treatment was beneficial for the toughness and the
flexibility of the films. Among formulations investigated, the largest effects of irradiation dose on
the mechanical properties of edible-films were found at a glycerol/caseinate ratios of 0.5 and
0.67. These results are a direct consequence of the bityrosine, i.e. crosslinks, produced upon
irradiation. Indeed, they lead to a branching of polypeptide chains to form a three-dimensional
network. If the number of branched chains is not too high, i.e. optimal, the resulting network
demonstrate a viscoelastic behaviour. The three-dimensional network constructed upon
irradiation of calcium-caseinate and the interactions between the protein and glycerol molecules
contribute to the mechanical behaviour of the films. Hence, inadequate irradiation period or
inadequate glycerol/caseinate ratio will strongly affect the structure of the film, and thus its
mechanical behaviour.
It is believed that these promising films might find application as microencapsulating
agents of flavors and medicaments, in coating of fruits, vegetables and cheese, as well as in food
packaging. Preliminary coating tests with solutions of calcium-caseinate and glycerol on
strawberries, sliced potatoes and apples were performed. Films obtained from irradiated solutions
have reduced considerably the water loss for strawberries during the storage and have delayed the
oxidation (browning) of potatoes and apples.
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Abstract
Gamma-irradiation was used to produce free-standing sterilized edible films based on
caseinate. The effect of calcium ions (Ca2+) and two plasticizers, namely propylene glycol
(PG) and triethylene glycol (TEG) were investigated, as well as the effect of the irradiation on
both the gel formation and mechanical properties of the resulting films. Gamma-irradiation
provoked formation of bityrosine, i.e. crosslinks, accounting for the increase of the puncture
strength of films. The presence of PG or TEG enhanced the formation of crosslinks, leading to
an improved mechanical strength of films. TEG was found to interact more favorably with the
caseinate than PG, being responsible for the improved film extensibility. Addition of Ca2+
caused the formation of gels. The breaking strength of gels was directly related to the
concentration of Ca2+, while the puncture strength of films was found to be almost
independent on. Moreover, high irradiation dose seemed to affect the protein structure,
accounting for the decrease of the breaking strength of gels and for the depreciation of the
mechanical behavior of films.
INTRODUCTION
Increased consumer demands for both higher quality and longer shelf-life foods in
combination with environmental needs for reduction of disposable packaging amounts have
led to increased interests in the preparation of biopolymers films and coatings (Chen, 1995).
Milk proteins, such as whey proteins and caseinates, were extensively studied as film-forming
agent, owing to their excellent nutritional value and their numerous functional properties,
which are important for the formation of edible films (McHugh and Krochta, 1994; Chen,
1995).
Edible films based on proteins were found to possess satisfactory mechanical
properties (Kester and Fennema, 1986; Peyron, 1991). However, they also exhibit poor water
vapor barrier properties (Guilbert, 1986). The increase of cohesion between protein
polypeptide chains was thought to be effective toward the improvement of the barrier
properties of the films. The crosslinking of caseinates with calcium ions (Avena-Bustillos and
Krochta, 1993) or with transglutaminase (Ikura et al., 1980; Motoki et al., 1987) were
reported. More recently, gamma-irradiation was also reported to be an effective method in
enhancing the cohesion within caseinate (Brault et al., 1997). Upon radiolysis of an aqueous
protein solution, hydroxyl radicals («OH) are generated (von Sonntag, 1987). Aromatic amino
* Current address: Procter & Gamble Co., Rome Technical Center,
Viale Cesare Pavese 385, 00144 Rome, Italy
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acids react readily with these «0H (Thakur and Singh, 1994). For instance, tyrosine amino
acids react with »OH to produce tyrosyl radicals (II) (Scheme 1). Tyrosyl radicals may then
react with other tyrosyl radicals or with tyrosine molecules to form several stable biphenolic
compounds, where the phenolic moieties are linked through a covalent bond (Prutz et al.,
1983). The 2',2-biphenol bityrosine (VII), which exhibits a characteristic fluorescence,
appears to be the major product due to the strong directing effect of the hydroxyl group (Priitz
et al., 1983; von Sonntag, 1987). Formation of bityrosine is certainly one mechanism for
protein aggregation, although other crosslinks can also be formed (Davies et al., 1987). The
gamma-irradiation method presents some conveniences: it is a well known process for the
sterilization of goods (Rice, 1986) and it is less expensive than using enzymes.
Our assumption was that the combination of both calcium ions and gamma-irradiation
would generate films with an improved cohesion, making them suitable for packaging and/or
coating purposes. The addition of plasticizers and calcium ions was also assumed to enhance
the mechanical strength of films and gels based on caseinate.
MATERIALS & METHODS
Materials. Caseinate (alanate-380) was provided by New Zealand Milk Products Inc. (CA,
USA). Propylene glycol and triethylene glycol plasticizers (99.5%) were obtained from A & C
(Montreal, Canada).
Film formation method. 5 % w/w of caseinate was solubilized in distilled water, under
stirring. Desired weights of additives were added to the solution and. Solutions were then
poured in a test tube under a flow of inert atmosphere. Test tubes were exposed to gammarays with a Co60 source (GAMMACELL 220; MDS-Nordion International Inc., Kanata,
Canada) at a mean dose rate of 2.18 kGy/hr for irradiation doses of 8, 16, 32, 64, 96 and 128
kGy. Films were then cast by pipetting 5 mL of the solution onto plexiglass plates, sitting on a
leveled surface. Solutions were spread evenly and allowed to dry overnight at room
temperature (20 ± 2°C). Dried films could be peeled intact from the casting surface.
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Film thickness measurements. Film thickness were measured using a Digimatic Indicator
(Mitutoyo, Japan) at five random positions around the film. Depending on the formulation and
irradiation dose, the average film thickness was in the range of 30-50 ± 2 urn.
Fluorescence measurements. The formation of bityrosine was measured using a
Spectrofluorometer 2070 (Varian, CA, USA), according to a procedure reported previously
(Davies et al., 1987).
Mechanical properties. Puncture tests were carried out using a Stevens LFRA Texture
Analyzer Model TA/1000 (NY, USA), as described previously (Gontard et al., 1992).
Strength and deformation values at the puncture point were used to determine hardness and
deformation capacity of the film. In order to avoid any thickness variations, the puncture
strength measured value was divided by the thickness of the film. The force-deformation
curves were recorded.
Gel formation method and Gel breaking strength measurement. Gels were formed using a
modified procedure of Sakamoto et al., 1994. The strength of gels was evaluated by
measuring the breaking strength using a Stevens LFRA Texture Analyzer Model TA/1000
(NY, USA), according to a procedure described previously (Sakamoto et al., 1994).
Statistical analysis. Analysis of variance and Duncan multiple-range tests with P < 0.05 were
employed to analyze statistically all results. The Student t test was utilized at the time of the
analysis of variance and paired-comparison with P < 0.05 (Snedecor and Cochran, 1978). For
each measurements, three replicates of three samples (films and gels type) were tested.
RESULTS
Formation of bityrosine
Bityrosine (i.e. crosslinks) was produced upon gamma-irradiation, as suggested by
fluorescence analysis. The amount was directly related to the irradiation dose (Figures 1). In
absence of calcium ions (Ca2+) and plasticizers, the bityrosine increased significantly with the
irradiation dose until 64 kGy. Plasticizers, such as propylene glycol (PG) and triethylene
glycol (TEG) significantly improved the amount of bityrosine produced by gammairradiation. A dose of 64 kGy was optimal for caseinate solutions containing 2.5 % PG, 96
kGy for caseinate solutions containing 5 % TEG, while for caseinate solutions containing 5 %
PG or 2.5 % TEG, the production of bityrosine was not optimal even at 128 kGy.
Mechanical properties of films
The puncture strength of films formed with caseinate only, i.e. without calcium ions
and plasticizers, increased significantly (p.<0.05)with the dose (Figure2), followed by a
plateau at doses 16-32 kGy. Films containing PG showed a significant decrease (p.<0.05) of
puncture strength values at any doses with respect to 0 % PG, except at a concentration of 2.5
% where the puncture strength was higher at 96-128 kGy. The puncture strength of films
containing 2.5 % PG increased significantly (p.<0.05)with the dose, followed by a plateau
from 8 to 64 kGy (Figure2). The increase of the concentration of PG to 5 % caused a further
decrease of the puncture strength. The dose was found to modify superficially the puncture
strength of films having 5 % PG (Figure 2). Films with TEG showed also lower puncture
strength values, at any doses with respect to 0 % TEG. The irradiation dose was found to
affect poorly the puncture strength of films containing 2.5 % TEG. A maximum was reached
at 16-96 kGy. The puncture strength of films having 5 % TEG increased significantly with the
dose up to 16 kGy, where a plateau was reached and extended to 32 kGy (Figure 2).
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Moreover, the puncture strength was found to be significantly lower (p<L0.05) at 5 % TEG
than 2.5 % TEG.
The trend of the puncture deformation of films with the irradiation dose was relative to
the formulation. The puncture deformation of films formed with caseinate only was not
influenced by the irradiation process, except at 128 kGy where it decreased significantly
(p<0.05)(Figure 3). In all cases, the puncture deformation of films increased significantly
when plasticizers were added (Figure 3). The puncture deformation of films containing 2.5 %
PG and without calcium ions showed a significant decrease (p <0.05) upon exposure to
gamma-rays, from 0 kGy to 128 kGy (Figure 3). At 5 % PG the puncture deformation
decreased significantly (p <_0.05) from 0 kGy to 8 kGy. However, further irradiation caused a
stabilization of the puncture deformation up to 96 kGy. A second decrease of the puncture
deformation occurred at 128 kGy (Figure 3). The puncture deformation of films having 2.5 %
TEG did not vary from 8-32 kGy (Figure 3). However, a significant decrease (p <.0.05) was
observed from 64 kGy to 128 kGy (Figure 3). When films contained 5 % TEG, the puncture
deformation was not affected by gamma-irradiation, but at high doses (i.e. 96-128 kGy) a
significant decreased was noticed (Figure 3).
Formation of gels
Gels were not formed in the absence of Ca2+, independent of the irradiation dose.
However, gels were obtained once Ca2+ were added (Figure 4). Depending on the formulation,
gels were formed at doses corresponding to 16 kGy or 32 kGy.
At 0.125% Ca2+, gels appeared at 16 kGy for caseinate solutions without plasticizers
and those containing PG. Gels appeared at 32 kGY when TEG was added instead of PG
(results not shown). At 0.25 % Ca2+, gels appeared at 16 kGy for each formulation
investigated. The breaking strength of these gels was enhanced with respect to 0.125 % Ca +
(Figure 4). Moreover, at 0.25 % Ca + the breaking strength of gels increased significantly
upon exposure to gamma-rays up to 64 kGy, followed by a significant decrease at higher
doses. Depending on the nature of the plasticizer (i.e. PG vs. TEG) the breaking strength of
gels increased significantly upon irradiation, followed by a plateau and then by a significant
decrease (p.<0.05). Gels having 2.5 % PG showed a maximum of the breaking strength at 96
kGy, while those containing 5 % PG showed a plateau going from 32 kGy to 128 kGy. The
breaking strength of gels having 2.5 % TEG varied slightly with the dose. A maximum was
reached at 64 kGy. The effect of the dose was more evident for gels containing 5 % TEG: it
increased significantly up to 64 kGy, followed by a significant decrease at 128 kGy.
DISCUSSION
The amount of bityrosine formed upon irradiation (i.e. crosslinks) was improved in
presence of PG and TEG (Figures 1). A similar behaviour was recently reported with glycerol
(Brault et al., 1997) and was explained by the preferential binding concept (Gekko and
Timasheff, 1981). Tyrosine residues are then able to react more easily upon exposure to
gamma-irradiation, accounting thus for the significant increase of bityrosine. Contents of
bityrosine was found to be independent on both the nature of the plasticizer, i.e. PG vs. TEG
and on its concentration, i.e. 2.5 % vs. 5 %. Likewise and as expected, calcium ions did not
affect significantly the formation of bityrosine, since they were added after the ionization
process (results not shown).
Calcium ions, the irradiation process and the heating were essential for the formation
of gels. Calcium ions are well known to act as firming agent. The irradiation process was
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reported to affect the conformation of proteins (von Sonntag, 1987). The heating process was
reported to be necessary to induce structural changes within the protein, in order that it
becomes receptive to Ca2+ to form a gel (Barbut and Foegeding, 1993). It is known that Ca2+
ions favor electrostatic interactions between two adjacent carboxylic groups of different
polypeptidic chains (Hongsprabhas and Barbut, 1997). These interactions contribute toward a
more dense structure of the protein and thus, to an increase of the puncture strength of gels.
The presence of PG and TEG caused a decrease of the breaking strength of gels and
films and an increase of the puncture deformation of films (Figures 2-4). Likewise, the
breaking strength of gels and films decreased and the puncture deformation of films increased
with an increase of the concentration of PG and TEG. These results clearly emphasize the
plasticizing effect of both PG and TEG. Similar results were recently reported with glycerol
(Brault et al., 1997). In any cases, TEG was found to be a more effective plasticizer than PG.
In other words, TEG is more able to reduce internal hydrogen bindings within the caseinate
(i.e. caseinate-caseinate or water-caseinate bindings), thereby decreasing the internal forces
and resulting in an increase of intermolecular spacing. This effectiveness of TEG with respect
to PG might be explained by the structure of these plasticizers. Indeed, TEG has four sites
(two hydroxy groups and two ether groups) that might interact with caseinate, while PG has
only two sites (two hydroxy groups).
The irradiation treatment affected significantly (p<. 0.05) the breaking strength of gels
and films (Figures 2,4). The puncture strength values can be associated to the amount of
bityrosine produced, i.e. crosslinks, during the irradiation process. A greater amount of
bityrosine means an increase of crosslinks within polypeptide macromolecules. Crosslinks
confer to any material flexibility and/or rigidity, depending on the crosslink density; the higher
this value is, i.e. the higher branched chains are, the more rigid is the material (Champetier
and Monnerie, 1969; Stevens, 1990). However, as the dose is increased, the breaking strength
of gels and films decreased. This uncommon trend might be explained by a partial
fragmentation or conformational changes of the caseinate at very high irradiation dose, mainly
96 kGy and 128 kGy. Proteins irradiated at very high doses were reported to be more
susceptible to molecular damage of the primary, secondary, tertiary and quaternary structures
(Garrisson, 1987).
The puncture deformation exhibited a unusual behaviour toward the irradiation
treatment. Indeed, either the puncture deformation was not affected by the irradiation, either it
decreased, depending on the formulation.. These results suggested that high crosslink density
is quickly reached, at lower doses, giving a rather rigid film than an elastic one.
Biodegradability experiments using Pseudomonas Aeruginosa were carried out with
films irradiated at 4 kGy and 64 kGy, i.e. with films having a different crosslink density.
Preliminary results have shown that the film irradiated at 4 kGy (low crosslink density)
undergo a faster biodegradation than the one irradiated at 64 kGy (high crosslink density).
CONCLUSION
This investigation has clearly demonstrated that gamma-irradiation is responsible for
the generation of bityrosine, i.e. crosslinks, accounting for the making of free-standing
sterilized edible films, based on caseinates. Addition of propylene glycol or triethylene glycol
has significantly increased (p<0.05) the formation of crosslinks. Moreover, propylene glycol
and triethylene glycol improved the mechanical strength and the flexibility of films.
Triethylene glycol was, however, found to be a more efficient plasticizer than propylene

393

glycol. The chemical structure of triethylene glycol might account for this effectiveness.
Calcium ions allowed the formation of gels based on caseinates and their breaking strength
was directly related to the concentration of these ions. This effect was rationalized by
interactions of calcium ions with caseinate that lead to a more dense structure. High
irradiation doses were found to affect severely mechanical properties of films. It was assumed
that caseinate underwent a partial fragmentation or conformational changes at high doses. The
formation of bityrosine upon gamma-irradiation lead to a branching of polypeptide chains to
form a three-dimensional network. This three-dimensional network and interactions between
the protein and plasticizer molecules contribute to the mechanical behaviour of the films.
However, inadequate irradiation period will strongly affect the structure of the film, and thus
its mechanical behaviour.
It is believed that these caseinates might found several practical implementations. For
instance, they might be used as films in food packaging; as coating agent for cheese, fruits and
vegetables, and as microencapsulating agent of flavors and medicaments.
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Abstract
Microbiological contamination of herbals raw materials is a serious problem in the production
of therapeutical preparations. A good quality of the product, according to the pharmaceutical
requirements may be achieved by applying suitable methods of decontamination. The
decontamination treatements should be fast and effective against all microorganisms. It should ensure
the decontamination of both packaging and the product in order to act effectively against all the
microorganisms present and must not reduce the sensory and technological qualities of the
commodities.
In the paper, the results of comparative investigations on the microbiological decontamination
of herbal raw materials by chemical (ethylene oxide, methyl bromide) and physical method
(irradiation) are presented.
Decontamination of herbal raw materials by irradiation is a method by choice. It is because
chemical methods are recognized recently as not safe to the consumer. Irradiation, in turn, is
technically feasible, very effective and friendly enough to environment process.

Introduction
Under the prevailing production and handling conditions, most herbs contain a large
number of microorganisms what is a serious problem in the production of therapeutical
preparations. The microorganisms present are those, which are indigenous to the soil and
surroundings in which herbs are grown, and which survive the drying process.
For several years the most widely used methods for decontamination of herbs was
fumigation with ethylene oxide or methyl bromide. Both methods are today banned in most
countries. Irradiation is an alternative and safe method for effective reducing the microbial
contamination of herbal raw materials.
Below the results are presented of comparative investigations on the microbiological
decontamination of herbal raw materials by chemical and physical methods.
Results
The effect of ethylene oxide in concentration 1.000 mg/dm , time of action 6h,
temperature 56°C , pressure 0,55 MPa and relative moisture 40% on microbiological
decontamination of herbal raw materials illustrate Table I.
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Table I. Effect of ethylene oxide on the number of microorganisms occurrence in herbal raw
material.
Microorganisms

Number of microorganisms Number of microorganisms
in lg of plant material *
in 1 g of plant material *
A
B

Aerobic bacteria
Yeast and moulds
Enierohacteiiaceae bacilli
Enterococci
Bacillus spores
(lostridium spores

8.670.000
69.000
27.300
1.600
23.000
190

840
0
0
0
710
58

* Average from 11 samples
A - before decontamination; B - after decontamination.

As seen in the Table I, microbiological decontamination reaches 99,960%. It means,
that out of every 1.000.000 microorganisms occuring in lg of herbal raw material only 400
microorganisms survive after the decontamination.
Fumigation with ethylene oxide effects some biological active substances as present in
herbs. The results of investigation as show in Table II prove the decrease in significant
degree of the content of tannis in Folium Betulae (25%), glycyrhizic acid in Radix
Glycyrrhizace (29%) and valepotrates in Radix Valerianae (11%).
In some flavonoid raw materials ( Herba Hyperici), glycoside raw materials (Cortex
Salicis), saponin raw materials (Semen Foenugraeci) and essential raw materials (Folium
menthae Piperitae, Folium Salviae, Fructus Juniperi), the losses of the main biological active
substances are up to 10%.
Table III present the results of the microbiological decontamination by fumigation
with methyl bromide of some raw herbal materials. Herbal raw materials were exposed to the
action of methyl bromide in concentration 100 mg/dm , time of action 16h, pressure 0,08
Mpa, temperature 15°C and relative moisture 60%.As seen in the Table methyl bromide
decreases the number of microorganisms in herbal raw materials by 96.830%. It means, that
out of every 1.000.000 microorganisms occuring in lg of herbal raw materials 31700
microorganisms remain after the decontamination. Therefore, it is not a process allowing to
obtain the high microbiological purity of herbal raw materials.
The content of biological active substances in some herbal raw materials exposed to
the action of methyl bromide decreases significantly (Table IV). The content of the essential
oils in Folium Menthae piperitae and Folium Salviae decreases for 29% and 25% ,
respectively.
The effect of irradiation on the microbiological decontamination herbal raw material is
given in Table V. The samples were irradiated by electron beam from the accelerator
ELEKTRONIKA 10-10 (10 MeV, 10 kW) at the dose 10 kGy. After irradiation, the reduction
of microorganisms in herbal raw materials is 99,988%. It means that from 1.000.000
microorganisms as present in lg of raw material before decontamination, only 120 ones
remain alive after using this method.
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Table II. Influence of ethylene oxide on the content of main biological active substances in
herbal raw materials.

Herbal raw
materials

Biological
active
substances
Herba Hyperici flavonoids
Folium Betulae flavonoids
Folium Salviae flavonoids
Folium
essential oil

Content of
substances (%)
A
0.67
1.12
0.34
1.70

Content of
substances (%)
B
0.65
1.12
0.34
1.66

Decrease of
substances
content (%)

essential oil
essential oil

0.78
0.63

0.78
0.61

0
3.2

essential oil
diosgenin

1.95
0.54

1.95
0.54

0
0

glucofranguhne

6.09

6.09

0

12.51
8.38
13.91

6.0

0.65

11.0

3.1
0
0
2.4

Menthae

piperitae
Folium Salviae
Anthodium
Chamomillae
Fructus Juniperi
Semen
Foenugraeci
Cortex
Frangulae
Cortex Salicis
Folium Betulae
Radix
Glycyrrhizae
Radix
Valerianae

phen.glucosides 13.31
tannins
11.10
19.58
glycirrhizinic

24.5
29.0

acid

valepotriate

0.73

A - before decontamination, B - after decontamination

Table III. Effect of methyl bromide on the number of microorganisms occurrence in herbal
raw material.

Microorganisms

Aerobic bacteria
Yeasts and moulds

Enterohacleriaceae bacilli
Enterococci
Bacillus spores
(losthdium spores

Number of microorganisms
in 1 g plant material *
A
359.000
40.300
14.200
10.100
37.700
920

Number of microorganisms

in lg of plant material *
B
9.900
2.100
0
0

2.200
800

* Average from 17 samples
A - before decontamination, B - after decontamination
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Table IV. Influence of methyl bromide on the content of main biological active substances in
herbal raw materials.
Herbal raw
materials

Biological
active
substances
essential oil

Folium
Menthae
piperitae
Folium Salviae essential oil
Fructus Juniperi essential oil
Herba Hypenci hyperoside
rutoside
hypericin
Infiorescentia
flavonoids
Tiliae
Semen

Foenugraeci

flavonoids
diosgenin

Content of
substances (%)
1.70

Content of
substances (%)
B
1.20

Decrease of
substances
content (%)
29.4

1.10
0.90
0.78
0.40
1.96
0.65

0.80
0.90
0.67
0.36
1.90
0.65

24.9

0.05
0.52

0.05
0.52

0
0

A

0

14.1
10.0
3.1
0

A - before decontamination, B - after decontamination

Table V. Effect of irradiation on the number of microorganisms occurence in herbal raw
materials.
Microorganisms

Aerobic bacteria
Yeasts and moulds
Enterohacteriaceae bacilli
Enterococci
Bacillus spores
(lostridhim spores

Number of microorganisms Number of microorganisms
in 1 g of plant material *
in 1 g of plant material *
A
B
86
12.675.000
198.000
5
0
11.900
2.900
0
74
79.600
2.200
3

* Average from 17 samples.
A - Before decontamination, B - after decontamination

The content of biologically active compounds before and after irradiation the herbal
raw materials is given in Table VI. In the most of herbs the content of biological active
substances did not change in a significant degree after irradiation. The decrease by 10% is
considered as typical one. The following raw materials have been examined: Folium Salviae,
Fructus Juniperi, Folium menthae piperitae, Rhizoma Calami, Herba Hyperici, Folium
Digitalis lanatae, Flos Calendulae, Cortex Hippocastani, radix Glycyrrhizae and Radix
Valerianae. Slightly higher changes of the content of the biological active substances from
12.4 to 15% were found in Herba Abrotani, Cortex Salicis, Rhizoma Tormrntillae and Cortex
Frangulae.
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Table VI. Influence of irradiation on the content of main active sunstances in herbal raw
materials.
Herbal raw
materials

Biological
active
substances
Herba Hyperici flavonoids
hypericin
Folium Digitalis lanatoside C
lanatae
Flos Calendulae oleanosides
Cortex
esculin
Hippocastani
fraxin
Radix
glycirrhizinic
Glycyrrhizae
acid
Radix
valerenic acid
Valerianae
Rhizoma
essential oil
Calami
a-asarone
P-asarone

Content of
substances (%)

Content of
substances (%)

A

B

0.77
0.20
0.28

0.77
0.20
0.28

Decrease of
substances
content (%)
0
0
0

3.71
5.60
3.00
1.80

3.71
5.30
2.90
1.80

0
5.4
3.3
0

94.30

85.90

8.9

4.15
0.38
3.71

4.15
0.38
3.71

0
0
0

A - before decontamination, B - after decontamination.

Table VII. Project of microbiological requirements for herbal plants assigned for Polish
Pharmacopoeia Vth ed.
Content of microorganisms
in lg of the raw materials

Group of the raw materials

Microorganisms

I.
The raw materials designed
for preparing granulates,
tablets, dragees, capsules,
aqueous extracts, infusions.
macerations and
preparations for external
use.

< 10.000
Aerobic bacteria
<100
Yeast and moulds
Bacilli from the
<100
Entcrobactenaceae familly
S. aureus, P. aen/gino.sa.
absent
Salmonella

II
The raw materials assigned Aerobic bacteria
for preparing alcoholic
Yeast and moulds
preparations, isolated
compounds, oil
preparations and essential
oils.

< 1.000.000
< 10.000
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Discussion
The medical herbs and herbal raw materials before their use in the production of herbal
drugs ought to have an acceptable high microbiological purity level. The Polish
Pharmacopoeia [1] defines a permissible level of microbiological contamination of plants
preparation. In the Research Institute of Medicinal Plants in Poznan the microbiological
requirements for herbal plants were elaborated to be included in Pharmacopoeia, Vth ed. [2].
Microbiological requirements for herbal raw materials are given in Table VII.
In herbal raw materials from the first group, according to international requirements [3]
the total count of aerobic bacteria can not exceed 10000 in lg. Fungi and bacilli from the
Enterobacteriaceae family should not be higher than 100 in lg. The absence of E.coli,
S.aureus and P.aeruginosa are the obligatory requirement.
Our investigations have shown conclusively that herbal raw materials in Poland are
contaminated by microorganisms in a large extent. In all samples number of aerobic bacteria,
yeast and moulds, Enterobacteriaceae baccili exceed the permissible level.
Among investigated methods, decontamination with methyl bromide is not a process
allowing to obtain a proper microbiological purity of herbal raw materials. In addition, this
process causes a decrease of essential oil content in some fumigated materials. Because
methyl bromide destroys the ozone layer at atmosphere, the total prohibition of the usage this
compound as a fumigant will obey from 2010 (Montreal Protocol).
Decontamination with ethylene oxide is an effective process. It gives bacteriostatic
and bactericidal effect without more pronounced unfavourable changes in biological active
substances in raw herbal materials. However, ethylene oxide is known of its high toxicity and
is considered as a human carcinogen, and the use of ethylene oxide for fumigation is
prohibited in EU. In the near future the same situation will be in Poland.
Conclusions
Deconamination by irradiation is one of the most effective method for decreasing of
the number of microorganisms in herbal raw materials. The content of biological active
substances in many raw herbal materials did not change in a significant degree after
irradiation. The process is technically feasible, very effective and friendly to environment.
Radiation treatment can be applied to hermetically packed product, thereby excluding
recontamination.
ACKNOWLEDGEMENTS
The work is supported by the Committee for Scientific research, Poland
(project no 5P06G00496C/2870).
REFERENCES
[1] Farmakopea Polska V, Tl, PZWL., (1990) 126p.
[2] KETJZIA, B.,"Zanieczyszczenie surowcow zielarskich drobnoustrojami w swietle
wymagan mikrobiologicznych", Herba Polonica, Vol.40, (1994), pl25.
[3] UNIDO, Guidelines for commercial plantation and manufacture of medicinal and aromatic
plants (1984).

402

RECYCLING AND TREATMENT OF
PLASTIC AND SOLID WASTES
(Session 6)
Chairperson
J. SILVERMAN
United States of America

NEXT PAQE(S)
toftBLANK

IAEA-SM-350/58

Invited Paper

XA9847731

RECYCLING AND TREATMENT OF PLASTIC WASTE
T. CZVIKOVSZKY
Department of Polymer Engineering and Textile Technology,
Technical University of Budapest,
Budapest, Hungary
Abstract
Radiation technology, using gamma or electron beams, develops its benefits at highest
yield if macromolecular systems are treated. This is valid equally if build-up processes
(polymerization, crosslinking) or degradative processes (chain scission, depolymerization) are
initiated by radiation.
Radiation-induced degradation is applied to convert polytetrafluoroethylene (Teflon)
scrap into powder and low-molecular-weight products used in the production of other
perfluoro compounds. The Teflon powder is blended with other materials for use as lubricant,
and the perfluorocarboxylic derivatives are employed as surfactants.
Radiation treatment of polymers could play a build-up role in the recycling of polymer
wastes. The non-selective energy transfer from gamma or electron sources to polymer systems
produces many kind of reactive centers such as free radicals, oxydized and peroxydized active
groups, on which further reactions may occur. In presence of monomer-like or oligomer-like
reactive additives grafi-copolymerization may take place, compatibilizing on that way the
originally incompatible polymer components. Such a compatibilization is the key solution of
recycling commingled plastic waste or producing composite materials of fibrous natural
polymers and synthetic thermoplastics.
Introduction
Waste management will be one of the most burning problem of the upcoming 21.
century (1). Plastics wastes are blamed for the pollution of land, forest, deep soil and waters
as well. In fact, the world production of synthetic polymers in 1996 surpassed the 120.000.000
tons/year, starting from a level below 1.000.000 ton/year of 50 years before, in 1946. The
service life of the synthetic polymer raw materials varies widely between the < 1 year use of
(disposable) packaging material, representing 25% of the plastics application, and the > 40
years use of construction material (windows, tubes, building-siding etc.) wich represent
another 25 % of the plastics application. There is no doubt that the main stream of synthetic
polymers - being tough, resistent and multifunctional thermoplastic structural material should be recycled in the future.
Similar re-use may be required in a significant portion of biopolymer products and byproducts, wich are reproduced in a > 10 tons/year rate world wide. Radiation technology
could help in the transformation and re-use, i. e. waste management of polymeric structural
materials. Radiation as an efficient, non-selective tool of modifying materials may affect the
polymers either in build up processes (polymerization, graft-copolymerization, cross-linking)
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or in degradative processes (chain scission, depolymerization) (2). In fact, radiation
technology, using gamma or electron beams, develops its highest yields if macromolecular
systems are treated. Both build-up and degradative processes may be applied in radiation
treating of polymer wastes (3).
Radiation degradation of polymer wastes
Although the covalent bond between the individual members (monomers) of the
polymer chain represents comparable - or even better - bonding energy than that of between
two metall ions (Fe-Fe, Cr-Cr, Ti-Ti, etc.) - however, polymer chains are sensitive to
different kind of thermal-, mechanical-, chemical- and radiation - degradation. The radiation
response of the polymers is greatly determined by their structure, and often both type of main
response: chain scission and crosslinking occurs simultaneously. The resulted dominating
effect depends also on the surrounding atmosphere.
Radiation-induced degradation is applied to convert polytetrafluoroethylene (PTFE,
Teflon) scrap into useful, recycled products (3). Teflon scrap is formed during the special
processing technologies of this corrosion- and heat-resistant technical polymer. The highly
crystalline polytetrafluoroethylene polymer cannot be extruded or injection molded as other
thermoplastics. High-pressure pre-forming is applied on the powder, wich is sintered
afterwords, similarly to the powder - metallurgy of metals. Often shaving, milling and drilling
are applied to make final PTFE products, producing a significant amount of scrap and all
kind of waste.
The radiation dose required to degrade such PTFE scraps is relatively high (> 500
kGy). The high dose and the high dose-rate generates a significant amount of heat, leading to
simultaneous thermal degradation as well. The product of EB-treatment of PTFE depends on
temperature, absorbed dose and the presence of oxygen. The G value of degradation is
growing with the increasing temperature: G = 0,3; 0,9 and 2,1 scission /100eV at 100°, 300°
and 500°, respectively (3). The perfluorohydrocarbons form a range from C6 to C14
compounds. Irradiation of Teflon with several hundreds of kilograys in the presence of
additives gives a fine powder of polytetrafluoroethylene. The powdered Teflon polymer has
additional functional groups that are not present in the original PTFE, e.g. carboxylic acid
groups, if irradiation is carried out in the presence of oxygen or air. The Teflon powder is
blended with other materials for use as a lubricant, and the perfluorocarboxylic acids are
employed as surfactants (4).
The degradative radiation-recycling of PTFE led to successful pilot scale plant (12
tons/year), and later to commercial scale production of PTFE powder at Sumitomo, Japan. At
present no other similar industrial scale plastics-degrading radiation technologies are known,
although several other candidates are very promising. Among other synthetic polymer
products, discarded automobil tires represent a major environmental concern, as they are very
difficult to degrade and recycle. A promising method is mentioned in the literature in which
the vulcanized rubber product is crushed (at low temperature), irradiated at a dose of 100 kGy,
and milled, - repeatedly if necessary. The reclamed ,,de-crosslinked" material can be added to
an extent of 10 - 15% to various new rubber blends (3).
Another degradative radiation recycling technology is proposed for a most abundant
biopolymer, for the cellulose itself. As it is well known, cellulose is not simply a yearly
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renewable raw material, the main component of the biomass. It is a high strength polymer, a
highly crystalline polysaccharide, from which the lower molecular mass oligomers and the
monomers (starch, sugar and derivatives) are important foodstuffs for humans and animals.
The highly complex structure of the lignocellulosic materials, - being in fact an
interpenetrating network (IPN) system of crosslinked lignin and crosslinked cellulose, - is
very difficult to open. On one hand, that is why the paper- and cellulose industry is so
problematic from the point of view of the environment. On the other hand, this IPN structure
makes most part of the biomass inaccessible for animal and human digestion. Radiation
treatment renders the lignocellulose complex more easy to open in subsequent acid hydrolysis
to form mono and oligosaccharides (3). In such a way even sawdust and other wood waste
would be good enough for animal feed, and future prospects could be even more promising. In
a radiation procedure of similar concept, wood pulping and viscose (regenerated cellulose)
production can be intensified, with significant savings in energy and chemical pollution (5).
Radiation - initiated reactive recycling of polymers
Radiation treatment of polymers could play an important role in the recycling of
polymer wastes in case of natural and synthetic polymers as well. The non-selective energy
transfer from gamma or electron sources to polymer systems produces many kind of reactive
centers such as free radicals, oxydized and peroxydized active groups on which further
reactions may occur (6). In presence of monomer-like or oligomer-like reactive additives
graft-copolymerization may take place, compatibilizing on that way the originally
incompatible polymer components. Such a compatibilization is the key solution of recycling
commingled plastic waste.
Radiation processed common recycling of synthetic and natural waste materials may
result in reinforced composite systems as well. A new procedure has been developed to
produce wood-fiber-reinforced plastic composites from thermoplastic matrices and cellulosic
fibers in the presence of selected reactive additives, using electron-beam processing (6). Highaspect-ratio (L/D > 100) fibers were used as reinforcement for polypropylene homopolymer,
with loadings up to 40 percent. The reactive additives consist of different unsaturated
oligomers and monomers mixed with the matrix polymer and the fibers in a relatively low
concentration ( 1 - 2 %). The electron-beam-processed wood-fiber-reinforced plastic (WFRP)
composite has not only a high modulus of elasticity, but also significantly higher flexural and
tensile strength, and improved thermal tolerance over the conventional wood/polypropylene
blends. The relatively low melt viscosity of the EB-treated wood-fiber-reinforced plastic
makes it easily processed not only by extrusion but also by injection molding. (See Table 1.)
As it is seen on Table 1, by reinforcing PP with wood fiber, we obtain a strong, stiff
PP compound with increased heat-tolerance, by applying a significant amount of fibrous
natural polymer, almost an order of magnitude cheaper than PP. On the other hand we pay for
that benefit with a decrease of impact strength and with a more difficult processability,
reflected in lowered MFI, increased melt viscosity.
The benefits of the radiation processing are more pronounced if we relate the flexural
strength and thermal tolerance to the unit cost (US cents/cm ) of the material. Fig. 1 shows
those cost-related properties, mapping all the major thermoplastics types. The linear
regression line shows that there is a weak correlation between cost - normalized flexural
strength and heat-tolerance, and the WFRP-S type wood fiber reinforced PP composite has a
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TABLE 1. PROPERTIES OF WOOD-FIBER PP COMPOSITES
Name
Manufacturer

HM-PP
BASF
(D)

WF-PP

PP

WFRP-S
EB-treated

(original)

(UK)

Woodstock
GOR
(Italy, USA)

ICI

Composition
Polypropylene

(%)

60

60

60

65

100

Wood fiber

(%)

40

40

40

35

0

Reactive additive (%)

-

-

-

1,75

-

EB-dose

-

-

-

10

(kGy)

Properties
Flexural strength

(MPa)

31,3

43,5

62,5

37,8

Flexural modulus

(GPa)

2,17

2,86

3,46

1,41

Tensile strength

(MPa)

34,0

1.9,3

24,2

48,8

37,3

Tensile modulus

(GPa)

4,0

2,68

3,38

3,89

1,87

11

12

Impact strength
/Notched IZOD/ (J/m)
Heat distortion temperature
100

atl,85N/mm(°C)
at 0,45 N/mm (°C)

106

Thermal tolerance* (°C)

116
146

52

142

51

4,4

20

Melt Flow Index (g/10 min)
/at230°C,2,16kp/

0,3

1,0

* Temperature at 1 GPa flexural modulus

top position, being the cheapest solution when strong, heat-tolerant thermoplastic plates are
required (7). Similar cost normalized data are compiled on Fig. 2, comparing the flexural
modulus in function of the impact strength. Here again, we plot the cost-related features of all
the major plastics including engineering plastics as well.
Fig. 2 reflects the well-known fact that flexural modulus and impact strength - as well
as rigidity and flexibility - are inversely related to each other. WFRP-S shows a modest
impact strength, however it is on the ,,cutting edge" of that hyperbolic function. For its modest
price, WFRP-S offers the best compromise between stiffness and flexibility. The major
advantage of the wood fiber - PP composite is that it is extremely cost-effective, similary to
the most conventional thermosets (PF, MF etc.) However it belongs to the family of
thermoplastics, suitable for extrusion, thermoforming and in its most recent version it can be
injection molded as well (7).
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WFRP-S:

Wood fiber reinforced PP (S type) of AECL, Canada (See Table 1)

PMMA:

Polymethylmethacrylaie

PVC:

Polyvinyl chloride

PS:

Polystyrene

PP:

Polypropylene

UP:

Unsaturated polyesters

PA-GF:

Glass fiber (35%) reinforced polyainidc

PHR:

Phenolic resin

EP:

Epoxy resin

ABS:

Acryloniiryle/butadienc/siyrcne copolymcr

UF:

Urea/formaldehyde

LDPE:

Low-density polyethylene

PC:

Polycarbonate

POM:

Polyoxymelhylenc

CAB:

Cellulose acetate bulymtc

LCP:

Liquid crystal polymers

PEEK:

Polyelher-eihcrkcionc

PTFE:

Polytetrafliioroethylcne

Fig. 1. Cost-related* (specific) flexural strength of major thermoplastics,
vs. cost-related (specific) thermal tolerance**
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Future prospects in radiation recycling of polymers
The importance of recycling thermoplastics is growing together with the role of
polymer blends, alloys and composites. In all these multiphase structural materials, the final
practical properties depend greatly on the adhesion between the components, on the quality of
the interfacial layer. On the other hand, the compatibility of two different thermoplastics in an
alloy or in a recycled blend is determined by their thermodynamical features:
AGmix = AHmix - TASmix

0

The Gibbs function requires for compatible blends that the change of free energy in mixing
(AGmix) wich is determined by the enthalpy change (AHmix) and the entropy change (ASmix)
should be negative (1). There are further thermodinamical requirements as well, which are
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difficult to fulfill. Most of the high volume thermoplastics: PE, PS, PVC, PET are
incompatible with each other. For their compatibilization in high strength alloys or in recycled
blends radiation treatment is proposed in presence of radiation-reactive compatibilizers (2).
The radiation (pre)-treatment of the otherwise immiscible blends is followed by
conventional plastics processing steps in which reactive centers on the original chain and in
the reactive additive may form strong covalent bonds. That kind of reactive processing - such
as reactive injection molding, reactive extrusion - is of growing importance in the next years
conventional (no-radiation) plastics technologies as well.
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Abstract
For recycling of waste polymers, degradation behavior of polypropylene (PP) and
polyoxymethylene (POM) was studied by a combination of radiolysis and thermolysis methods. The
results revealed that thermal degradation temperature of PP was significantly reduced when PP was
irradiated in the presence of zeolite. Irradiation induced temperature reduction depended on zeolite
structure, composition as well as on the morphology of the mixture. In the presence of zeolite, a series
of oxidized products were formed. Initial temperature for the pyrolysis of POM was depressed by
irradiation and the irradiated POM had lower final temperature of pyrolysis in the presence of zeolite.

1 INTRODUCTION
The major problem in the pyrolysis of waste polymers for chemical recycling, is the
degradation of macromolecules occurs at quite high temperature and thus requires
considerable amount of energy. It is of practical importance to reduce the degradation
temperature and to promote the degradation efficiency. One way to achieve this purpose is to
use degradation catalyst. We have found that, for example, proper kind of zeolite is effective
to reduce the degradation temperature of PP . High energy irradiation is another way which
has a significant effect on the thermal stability of polymers p l Radiation induced chain
scission has the function to render polymers more susceptible to thermal degradation13"61,
which is expected to make contribution to the conversion of polymers to small molecules.
Furthermore, the addition of a certain kind of additive, typically a halogen-containing
compound, greatly accelerates the irradiation induced degradation " . How the presence of a
thermal degradation catalyst influences the effect of irradiation and consequently, the
behavior of thermal degradation is the topic of the present work.
2 EXPERIMENTAL
PP (P8000) and POM materials were used for pyrolysis test by irradiation. Y, L and
mordenite types zeolites were purchased from Toso Co. Ltd. The characteristics of the these
zeolites are given in Table 1. The zeolite before use were first heated at 55O°C for 4 h for
degassing. PP and zeolite were mixed either after the two components were irradiated
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Table 1 Characteristics of the zeolites used
Trade name

Structure type

Composition(wt-%)
SiO 2

Al9Oo Na 2 O

Counter-ions

SiO 2 /Al 2 O 3

BET*(m2/l)

mole ratio

K2O

320HOA

HY

73.4

22.2

4.3

-

H+

5.6

570

320NAA

NaY

67.4

20.6

12.4

-

Na +

5.6

700

500KOA

L

64.9

17.8

0.29

17.0

K + , Na +

6.2

300

620HOA

H-Mordenite

89.4

10.6

0.55

-

H+

15.2

400

640NAA

Na-Mordenite

87.5

7.7

4.9

-

Na +

19.2

360

Specific surface area

0
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-10
•O

-15

A

Irradiated PP

O

Irradiated PP + 640NAA(20%)

-20
0
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Dose(lOkGy)
FIG. I. Irradiation induced reduction of the thermal
degradation temperature of PP.
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Temperature (°C)
FIG. 2. TG and DTG curves for PP-zeolite mixture
molten blend containing 20% 640NAA, (a)without irradiation,
(b) irradiated to 60kGy and (c) irradiated to 220kGy.
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separately or before irradiation was performed. Mixtures of PP and zeolite were prepared by
the following three methods: (1) Powder mixture: zeolite powder and PP powder were mixed
by simple stirring; (2) Molten blend: zeolite was added to molten PP at 200°C and mixed by
using a Labo Plastomill (Toyoseiki Co. Ltd.); (3) Casting film : zeolite was added to a 1% PP
decahydronaphthalene solution, followed by stirring, casting and drying under vacuum at
50°C.
For pyrolysis of POM, irradiated POM was mixed with zeolite for thermal analysis,
after irradiation.
Thermogravimetric analyses were performed on a TGA-50 thermogravimetric analyzer
(Shimadzu Co. Ltd.). Flow gas (nitrogen) and heating rate used were 50 ml/min and 10°C
/min, respectively. Pyrolysis products were identified by using a pyrolyzer-GC-MS-computer
on-line instrument (Shimazu Co. Ltd.) containing a PYZ-4A pyrolyzer, 17A gas
chromatograph with a DB-1 column (diameter 0.25mm x 30m) and a QP-5000 mass
spectrometer. The temperature programme of the GC column used was as follows;
temperature constant at 40°C for the first 4 min and increased to 100°C with a heating rate of
40°C for another 4 min, then increased to 200°C using the same heating rate and kept at this
temperature until the end of the experiment.
Irradiation was carried out at room temperature in air with g -rays from a Co-60 at a
dose rate of 1 OkGy/hr.
RESULTS AND DISCUSSION
3.1 Pyrolysis of irradiated PP in the presence of zeolite
When PP is subjected to high-energy irradiation, whether crosslinking or degradation
occurs depends on the radiation conditions. Oxidative degradation occurs predominantly if
PP is irradiated in air, and accordingly its thermal stability is reduced.4"9 In Figure 1,
irradiated PP was mixed with zeolite (640NAA) for thermogravimetric measurements. The
irradiation induced reduction of degradation temperature (AT 10% =(T10%)irradiated PP (T10%)unirradiated PP, T10%, is the temperature at which weight loss of PP achieved 10%
during heating). According to Figure 1, the temperature decrease in the presence of zeolite is
about 2.5 times greater when compared with that in the absence of zeolite. It was confirmed
that zeolite is effective for degradation temperature reduction of irradiated PP in pyrolysis.
3.2 Degradation of irradiated PP-zeolite mixture
The experiment in which PP and zeolite were first mixed and then irradiated was termed
in situ irradiation. Typical TG curves of the in-situ irradiated samples can be seen in Figure 2.
In this case, significant temperature reduction, with a maximum of about 60°C, was observed.
3.3 Effect of various zeolites on pyrolysis of irradiated PP-zeolite
PP-zeolite blends with various kinds of zeolites were irradiated by y -rays and then
subjected to pyrolysis thereafter. Figure 3 shows the variation of T10% against dose. The
results revealed that different zeolites resulted in different effects. In systems containing
320NAA and 640NAA, both possessing Na+ cation, irradiation could reduce the degradation
temperature; while in systems related to 500K.OA and 720KOA, both containing K+ cation,
degradation temperature kept almost constant before and after irradiation. For 320HOA,
which was proved to be the most effective catalyst before irradiation[l], showed an unusual
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character that AT 10% increased with increasing dose. The reason why different zeolites
resulted in different trends in influence on the thermal degradation behavior of PP is not clear.
Nevertheless, it can be seen that counter-ion is one important factor, which might influence
the interaction between PP and zeolite during irradiation.
3.4 Effect of morphology
From the results discussed above, it could be concluded that in-situ irradiation induced
thermal degradation temperature decrease is not only contributed by the additive effects of
pre-irradiated PP and pre-irradiated zeolite. There must be other reasons, of which, one
possibility is the interaction between these two components during irradiation. In the present
experiment, irradiation was performed in the solid state and PP macromolecule could not
access the inner surface of the zeolite during irradiation. Therefore, the contact of PP with the
outer surface of zeolite, which could be characterized by morphology, is expected to play an
important role.
To elucidate the effect of morphology on pyrolysis, PP-zeolite mixtures were prepared
by three methods, e.g. powder stirring, molten blending and solution casting. Morphologies of
these three kinds of mixtures were observed by scanning electron microscope (SEM), as
shown in Figure 4. The PP powder was quite big (about lOOum in diameter) in comparing
with zeolite powder (about 1 fxm in diameter). The zeolite powders deposited on the surface of
PP powders in powder mixture (Figure 3 (a) and (d)). In contrast, zeolite could be better
dispersed in molten blending mixture (Figure 3 (b) and (e)), because the big PP powder were
destroyed under melt condition. However, zeolite powders were not separated completely
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FIG. 3. Effect of zeolites on the change of thermal degradation
temperature induced by the irradiation of PP-zeolite mixtures
(molten blends containing 20% zeolite).
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(a)

(d)

(c)

(e)
F/G. 4. SEMphotos for PP-zeolite mixtures
(a)powder mixture containing 640NAA 20%;
(b)moilen blend containing 640NAA 20%;
(c)castingjilm containing 640NAA 20%;
(d)po\vder mixture containing 320NAA 20%;
(e)molten blend containing 320NAA 20%;
(f)casting film mixtures containing 320NAA 20%.

under the blending condition and there were still some zeolite aggregates. The most
homogenous mixture was the casting film, in which, zeolite powder were dispersed very well
(Figure 3 (c) and if)). Radiation induced effect on the thermal degradation temperature of
these three kinds of mixtures are summarized in Tables 2 and 3. For powder mixture of PP640NAA, notable effect was observed only when as much as 50% zeolite was used and no
notable effect was observed when 20% zeolite was used. In solution dispersed mixture,
however, even only 5% zeolite loaded, the effect was remarkable. As seen in Table 2. casting
method was also more effective to reduce degradation temperature than molten blending in
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the case of 320NAA zeolite. It was confirmed that irradiation induced effect was closely
related to the extent of zeolite dispersion in the mixture. The more homogeneously dispersed
zeolite in the mixture will give greater temperature reduction by irradiation.
3.5 Pyrolyzed products identification
Pyrolyzed products of irradiated PP with and without zeolite were identified.
Identification was carried out by the same method as describe in the previous paper[l]. Figure
5 shows gas chromatographs of the products in the pyrolysis of unirradiated and irradiated PP.
The spectrum of irradiated sample was very similar with that of the unirradiated one. The
compounds structures determined by mass spectrometer indicated that the products of
irradiated PP were same as that of unirradiated PP and no new product was formed due to the
preceding irradiation treatment. However, a quantitative measurement showed that the relative
concentration of the hydrocarbon with a certain molecular weight was influenced by
irradiation. As a result, the products distribution was shifted to the region of lower molecular
weight products, as shown in Figure 6. Hydrocarbons less than 12 carbons slightly increased
with increasing dose while those more than 12 carbons remarkably reduced. This effect can be
attributed to the contribution of irradiation induced degradation.
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FIG. 5. Pyrolysis-gas-chromatograms for PP
(ajbefore irradiation and (b)irradiated to 220kGy.
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The foregoing discussion demonstrated that, in the presence of zeolite, irradiation
dramatically reduced the thermal degradation temperature. Consequently, the effect of
irradiation could be clarified by carrying out the pyrolysis at much lower temperature. Figure
7 is a comparison of the GC spectra obtained for the samples pyrolyzed at 350°C before and
after irradiation. No product was elucidated for the sample before irradiation because this
temperature was too low to crack down the macromolecules. In contrast, a series of chemicals
were observed for the irradiated sample. Structures of these products were identified and are
listed in Table 4. Besides hydrocarbons, oxidized products containing carbonyl and hydroxyl
groups were also identified. Oxygen containing compound was not observed in the case of
without the presence of zeolite. Oxidization occurred possibly only during the process of
irradiation but not during pyrolysis because pyrolysis was carried out by using Helium as a
carrier gas. In the irradiation of individual PP in air, oxidization unavoidably happens, as
indicated by infrared spectra[7'l4]. No formation of oxidized product in pyrolysis of irradiated
PP was probably due to that the concentration of oxidized chemicals were too small to be
identified. Formation of oxidized products for in-situ irradiated sample inferred that radiation
induced oxidization was much more pronounced because of the attendance of zeolite during
irradiation. Therefore, we may conclude that irradiation induced oxidization is accelerated by
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Table 2 The reduction of thermal degradation temperature( AT) of PP
by in-situ irradiation in the presence of 640NAA
\ N. AT powder mixture
Dose
(zeolite 50%)
(10kGy)Nv
n

powder mixture
(zeolite 20%)

molten blend
(zeolite 20%)

casting film
(zeolite 15%)

casting film
(zeolite 5%)

6

-36.1

-11.9

-12.4

-21.1

-17.3

22
34

-99.4

+6.8

-55.5

-40.0

-16.3

-

-

-

-75.6

-45.7

60

-

-

-

-141.5

-101.9

Table 3 The reduction of thermal degradation temperature( AT) of PP
by in-situ irradiation in the presence of 320NAA
\ AT

Dose(10kGyK

molten blend (320 NAA 20%) casting film (320NAA 15%)

6

-10.1

-18.9

22

-26.0

-34.0

Table 4 Products identified in pyrolysis of irradiated PP-zeolite mixture
(Film containing 5% 640NAA irradiated in air to 340kGy at a dose rate of
lOMrad/h, pyrolyzed at 350° C)
Peak
number

Retention
time(min)

ComDosf n

1.139

C 3 H 6 ,C 3 H 8

19.49

1.364

C3H6O

17.65

1.438

C3H6O

4.02

1.606

C4H6O

3.21

1.792

C2H4O2

2.164

C4H8O

2.57

3.680

C6H12

2.29

4.438

C5H8O2

8.52

4.647

C

5 H 8°2

2.40

10

5.190

C6H12O2

3 30

11

5.515

C9H18

2.90

12

5.592

CoH
9 n 20

2.21

13

8.992

c

14

11.958

C 11 22 H
H24

15

12.022

C11 22 H 2 6

16

12.580

not identified

not identified

3.29

17

16.954

C

not identified

5.19

1

8

9HigO

15 H 3O

Possible
structure

OH

(mol%)

10.85

'

not identified

6.90

2.35

the addition of zeolite. This conclusion was confirmed by the following observation.
Irradiation of the same PP-zeolite mixture under vacuum gave no notable reduction in the
thermal degradation temperature.
3.6 Pyrolysis of irradiated POM
Effect of zeolite on pyrolysis of irradiated POM is shown in Figure 8. Initial
temperature (Ti) and final temperature (Tf) of pyrolysis were estimated from TGA curves. Ti
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and Tf of unirradiated POM were 280°C and 312°C, respectively. The Ti of pyrolysis of
irradiated POM was depressed to 180°C, while Tf was rather increased. Furthermore,
addition of 320NAA or 320HOA zeolite, achieved significantly lower Tfs compared to the
case without zeolite. It means that pyrolysis of irradiated POM is accelerated by catalytic
function of zeolite. Both 320NAA and 320HOA zeolite are classified as Ytype, and the others
as different types such as L, Mordenite and so on. Thus, it is suggested that structure of
zeolite is an important factor to reduce the Tf in pyrolysis of irradiated POM.
4 CONCLUSIONS
Irradiation is able to render PP much more susceptible to thermal degradation when
irradiation was carried out in the presence of zeolite. However this effect was closely related
to the types of zeolites, mixing methods and irradiation conditions.In the pyrolysis of properly
irradiated PP-zeolite mixtures, new chemicals such as acetone, acetic acid, and etc., could
possibly be obtained in addition to the traditional hydrocarbons. Furthermore, it was
confirmed that zeolite is more effective to reduce the pyrolysis temperatute of irradiated POM.
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Abstract
The increasing population and industrialization, worldover, is placing escalating
demands for the development of newer technologies that are environment friendly and minimize
the pollution associated with the development. Radiation technology can be of benefit in
reducing the pollution levels associated with many processes. The sulphur vulcanization method
for natural rubber latex vulcanization results in the formation of considerable amounts of
nitrosoamines, both in the product as well as in the factory environment. Radiation vulcanization
of natural rubber latex has emerged as a commercially viable alternative to produce sulphur
and nitrosoamine free rubber. A Co-60
y-radiation based pilot plant has been functioning since April 1993 to produce vulcanized natural
rubber latex (RVNRJL) using acrylate monomers as sensitizer. The role of sensitizer, viz. n-butyl
acrylate in the vulcanization process has been elucidated using the pulse radiolysis technique.
Emission of toxic sulphur containing gases form an inevitable part of viscose-rayon process and
this industry is in search of ways to reduce the associated pollution levels. The irradiation of
cellulose results in cellulose activation and reduction in the degree of polymerization (DP).
These effects can reduce the solvents required to dissolve the paper pulp. There is a keen interest
in utilizing radiation technology in viscose rayon production. We have utilized the electron beam
(EB) accelerator for reducing the degree of polymerization (DP) of paper pulp. Laboratory scale
tests have been carried out to standardize the conditions for production of pulp having the
desired DP by EB irradiation. The use of irradiated paper pulp can result in ~40% reduction in
the consumption of CS2 in the process that can be beneficial in reducing the pollution associated
with the process. PTFE waste can be recycled into a low molecular weight microfine powder by
irradiation. An EB based process has been standardized to produce this powder for different
industrial applications. "Responsive polymers", are being studied as energy saving materials for
a number of novel applications. EB irradiation has been utilized to create inhomogeneous
crosslinking in polyvinyl methyl ether to produce fast response hydrogels, that exhibit different
swelling behaviour and faster response in comparison to hydrogels obtained by conventional
methods.

1. INTRODUCTION
The radiation processing technology has been commercialized for last 30 years
and has brought considerable economic benefits to a number of industries, specially the
polymer industry by providing energy efficient processes for applications such as
crosslinking, curing and degradation. In recent years, however, the focus of radiation
processing has shifted to developing such technologies, that besides being economically
beneficial, are environment friendly also. These include, flue-gas treatment, sewage sludge
treatment, waste water treatment and polymer recycling. Our currents studies have also
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been directed towards developing the radiation based processes that are currently of
relevance to Indian industries viz. radiation vulcanization of natural rubber latex, viscoserayon industry, recycling poly tetrafluoroethylene (PTFE) waste into industrially useful
product and synthesis of fast-response temperature sensitive hydrogels. The current status
of these programmes as well results of our recent studies are presented in this paper.
2. ENVIRONMENT FRIENDLY APPLICATIONS OF RADIATION
2.1 Radiation Vulcanization of Natural Rubber Latex (RVNRL)
Natural rubber latex is an important raw material for many south -east Asian
countries. India is also one of the major producers of natural rubber latex with an annual
production of over 300,000 tons. A significant part of this is used for producing dipped
goods such as rubber gloves, teats and soothers. It is now well established that the
necessity of using chemical accelerators in conventional sulphur vulcanization of natural
rubber latex results in the formation carcinogenic nitrosoamines in the environment as well
as in the final product. As the society is realizing the harmful effects of formation and
presence of such toxic chemicals, severe limits are being put on the concentration of
nitrosoamines produced. The joint efforts put in by the RCA member countries during last
10 years have culminated in the development of a promising new technology- Radiation
vulcanization of natural rubber latex (RVNRL) using nBA as sensitizer. This technology
has now emerged as a commercially viable alternative to the conventionally sulphur
vulcanized latex [1]. The radiation dose required for vulcanization has been brought down
from the level of 200 kGy to about 15 kGy [2]. The product formed, besides having all the
characteristics of conventionally crosslinked rubber, offers additional advantages such as
absence of nitrosamines, low cytotoxicity and better transparency [3]. Realizing the
benefits this technology can offer to the Indian rubber industry, a pilot scale rubber latex
irradiator was commissioned at Kottayam, Kerala in April 1993. The plant has been
designed to irradiate 1000 t of latex per year. In the initial stages, the plant was operated
to produce 50 t/y of irradiated latex but after the successfully demonstrating advantages
of this technology to Indian rubber industries, it is being scaled up to process 300 t of
latex per year. The process of radiation vulcanization does not lead to formation of any
nitosoamines during the process as well as in the product. Since, the process also does not
require any sulpur and ZnO, the final product on incineration does not release any SO2
and leaves much lesser ash content as compared to a conventionally vulcanized product.
Thus, both the radiation vulcanization process as well as the product are environment
friendly.
Latex being a natural product, the physico-mechanical properties of the radiation
vulcanized products are dependent on the origin as well as micro nutrients present in the
rubber. Presently, details regarding the understanding of the radiation chemistry of the
natural rubber latex (NRL), crosslinking mechanism and the factors affecting it are not
available in the literature because of the extremely complex nature of the rubber latex. It
has been reported that about 50% of the sensitizer nBA added remains unutilized in the
vulcanization process and has to be removed. Therefore, there is still a need for better
understanding of the role of nBA in the vulcanization process. Our recent studies have
been directed towards this objective. Monofunctional and polyfunctional acrylates are also
widely used in radiation processing industry and their polymerization kinetics have been
recently studied employing the pulse radio lysis technique [4-6]. We have also undertaken a
study with the following two objectives in mind (i) to utilize the pulse radiolysis technique
to study separately the reactions of RVNRL sensitizer n-butylacrylate (nBA) with the
primary (and some selected secondary) radicals produced in the radiolysis of water
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viz.-OH, H-, e'aq. (and C\2'~ in presence of dissolved Cl~ etc.) and subsequently study the
decay behaviour of the transient radicals formed in these reactions in order to establish the
primary mode of polymerization reaction and (ii) to apply the results obtained by pulse
radiolysis studies to understand the vulcanization mechanism by studying the effect of
specific radical and electron scavengers, having preferential solubility either in serum phase
or in rubber phase, on the radiation crosslinking behaviour of natural rubber latex in
presence of nBA The time resolved pulse radiolysis results have shown that the transients
produced by the reaction of nBA with both the primary radicals i.e. -OH/H- approach the
diffusion controlled limit with their respective bimolecular rate constant, k values being
5x1 O^ and 2x10^ dm

mof

s" . These transients subsequently tend to undergo
o
dimerization reaction with their second-order decay rate parameters (2k) being 1x10
3
-1 -1
dm mol s . This clearly suggests that these transients preferentially undergoes a
radical-radical recombination reaction (as in equation 1 and 2) and does not propagate the
polymerization process.
nBA + -OH
> nBA- (or nBAOH-) + H2O
(1)
2 nBA- (or nBAOH-)
> permanent product
(2)
In the presence of secondary oxidizing radicals, the formation of the radical cation
transient (nBA+) is resisted and has been observed only in the presence of a strongly
oxidizing secondary radical Cl2'~, the bimolecular formation rate constant being 2.4x10^
dm3 mol-1 s -1 at pH 2, which shows that the cationic polymerization is also not a
favorable route for nBA polymerization. On the other hand, the radical anion transient,
nBA" produced in the reaction of nBA with e'aq (formation rate constant value being
9
3
-1-1
6.5x10 dm mol s ) decays following first-order kinetics in presence of excess nBA in
the solution. The high bimolecular rate constant k = 1.4x10^ dm mof s" , for the
reaction indicates that the anion alone is capable of propagating the polymerization
reaction and can enhance the vulcanization process .
nBA +e"aq -> nBA'
(3)
nBA" + nBA-^ (nBA)2'
(4)
These results have been further confirmed from the effect of electron scavengers on the
radiation vulcanization behavior of natural rubber latex in presence of nBA as sensitizer,
wherein the electron scavengers having preferential solubility in the rubber phase exhibited
a pronounced decrease in crosslinking [7].
2.2 Viscose-Rayon Process
The growth of petrochemical industry, energy and environmental problems have
dealt a disastrous blow to the man made fiber industry. Of the two industrial processes
used for regenerating cellulose in the fiber from pulp, the "cuprammonium" process has
already become obsolete and the "viscose-rayon" process also is facing stiff regulations
from environmental control agencies because of the emission of sulphur containing gases,
such as H2S, to the atmosphere. Therefore, suitable modifications in the process, that can
result in lowering the associated pollution levels, are being sought. The effect of ionizing
radiation on cellulose has been extensively studied during last 40 years. These studies have
shown that irradiation of cellulose with high energy radiation results in two major effects
viz. (i) it reduces the degree of polymerization (DP) and (ii) it results in the activation of
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cellulose by altering its crystallites thereby increasing its sensitivity to process such as
enzyme hydrolysis and solvation characteristics. Both these effects can be immensely
beneficial to the viscose-rayon industry as reducing the DP by irradiation can eliminate the
"aging" process necessary in the conventional technology, and enhancement of solvating
characteristics of irradiated pulp can considerably reduce the requirement of CS2 in the
process. The viscose-rayon industry, worldover, has shown keen interest in adapting EB
based technology in the manufacturing process. We have studied in collaboration with
Indian industries, the effect of irradiation on the chemical-properties of the paper pulp.
The results of these studies, shown in Table I, indicate that a dose of 5-10 kGy is sufficient
to reduce the DP of paper pulp from 650-800 to about 400-450 that is generally achieved
by the conventional aging process. The concentration of CS2 required to dissolve the
irradiated paper pulp was 18% as compared to the 34% for the conventional process. This
can substantially reduce the consumption of CS2 and hence reduce pollution levels
associated with the process.
2.3 Recycling of Waste Poly tetrafluoroethylene (PTFE)
The high temperature stability coupled with chemical inertness and low coefficient
of friction has made PTFE an industrially important polymer. However, its these very
characteristics are also responsible for generation of PTFE waste during its processing,
that is difficult to recycle. It is well known that PTFE on exposure to high energy radiation
predominantly undergoes chain-scission and becomes very brittle and can be easily
powdered. The low molecular weight PTFE has been found useful for many industrial
applications such as dry lubricant, additive to paints for coating electric appliances and
kitchenware. We have studied the effect of irradiating PTFE waste, with and without
containing fillers, with the 2-MeV electron beam accelerator to various radiation doses.
The PTFE after irradiation is milled and the micro-fine powder so produced is analyzed
for its molecular weight and particle size distribution. From the Differential Scanning
Calorimetry results, the molecular weight of the irradiated PTFE powder was determined
to be 5xlO4. Figure 1 and 2 show the particle size distribution of unfilled and 30% carbon
filled PTFE powder respectively, produced upon exposure to lMGy of EB radiation.
These results indicate that the carbon-filled PTFE scrap results in a smaller size
distribution as compared to unfilled PTFE scrap. Both these products have found useful
for industrial applications.
2.4 Development of EB irradiated fast response hydrogels
A variety of crosslinked polymer gels display phase transitions resulting in an
abrupt change in their swollen volume in response to specific environmental stimuli viz.
temperature, pH, electric field, solvent composition, light intensity and specific chemical
triggers like glucose. In recent years, interest in such gels, also termed as responsive gels,
has increased as these gels are fast emerging as energy saving materials for many
applications such as recyclable absorbents for concentrating solutions near room
temperature. Gels which undergo volume transition due to change in temperature of
environment are termed 'thermo responsive" gels. These type of gels shrink abruptly with
an increase in temperature above a critical temperature which is near the lower critical
solution temperature (LCST) of the linear polymer. Temperature sensitive gels are
generally prepared by crosslinking polymers that display LCST, such as poly(Nisopropylacrylamide)(PNIPAAm), poly( vinyl acetate-co-vinyl alcohol) and poly( vinyl
methyl ether) (PVME). The conventional techniques-chemical/physical crosslinking of
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TABLE I : EFFECT OF EB IRRADIATION ON VARIOUS PROPERTIES OF PAPER PULP
Sr. No.

Particulars

Control

Set1

Set 2

Set 3

Set 4

Electron

———.

0.5

1.0

1.5

2.0

Dose ( Mrad)
1

Viscosity cp

10.84

7.26

6.30

5.13

4.33

2

Cellulose DP

635

461

399

310

236

3

Alpha

95.13

94.18

92.69

91.63

87.61

3.61

4.44

5.70

6,67

10.63

1.26

1.38

1.60

1.70

1.76

Cellulose %
Beta

4

Cellulose %
Gamma

5

Cellulose %
6

S10

%

5.80

7.26

8.58

10.67

14.43

7

S

%

2.92

3,44

3,58

4.12

4.93

8

S 10 - S is /O

3.88

4,82

5.00

6.55

9.50

2.48

2.93

2.94

3.21

3.98

97.52

97.07

97.06

96.79

96.02

9.31

12.94

16.14

21.05

24.15

0.60

0.83

1.21

1.77

1.95

3.04

2.88

2.85

3.09

3.20

0.50

0.48

0.47

0.48

g
10

S

18

2i5

%

Rayon Yield%

11

S 7,4

12

Copper No.

%

13
Pentosans %
14

Resin

%

under
test

'

linear polymers or by chemical conversion of one gel type into another, result in the
formation of gels that are homogeneous to atleast a submicron level. Since the volume
kinetics change of gel is controlled by the mutual diffusion of the polymer chains and the
solvent, the rate of volume transition of these gels is very slow, typical diffusion
coefficients being 0.8 - 8xl0"7 cm2 s"1 . For example, a 1 mm gel slab having a diffusion
coefficient of 10'7 cm2s"1 will need about an hour to reach equilibrium and over 6 hours to
reach 90% of equilibrium in response to an external stimuli. These systems are therefore
far too slow for many practical applications such as mechano-chemical actuators or
switches. Our recent pulse radiolysis results have shown that by irradiating the linear
polymer at extremely high dose rates as available from high energy EB machines,
inhomogeneous crosslinking can be induced as the number of radicals per polymer chain
increases instantaneously [8]. Under high dose rate conditions, the large number of
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FIG. 1. Particle size distribution of unfilled PTFE scrap irradiated to 1 MGy.
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FIG. 2. Particle size distribution of 30% carbon filled PTFE irradiated to 1 MGy.

radicals produce tend predominantly undergo intramolecular crosslinking instead of
intermolecular crosslinks and this results in the formation of fast-response hydrogels. We
have irradiated 30 wt% aqueous solution of poly (vinyl methyl ether) (PVME) to 300 kGy
of EB radiation to produce fast-response hydrogels that swell/shrink about 100 times
faster than the conventionally crosslinked hydrogels. These hydrogels are being studied to
concentrate biological slurries such as sewage-sludge which are otherwise difficult to
concentrate. Our preliminary results have shown that such systems can be very effectively
used to concentrate such solutions near room temperature thereby offering substantial
energy savings.
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Abstract
This paper first reviews the history of irradiation treatment of sewage sludge in the
world. First sludge irradiation plant was built in Geiselbullach, West Germany in
1973 which used "Co as irradiation source. Since then, many sludge irradiators were
constructed in U.S A., India, Japan, Canada, Poland and So on which used "Co, 137Cs
or electron beam as irradiation sources. Then the paper describes some basic research
on irradiation treatment of sewage sludge including optimization of irradiation
parameters, synergistic effect of radiation with heat, oxygenation, irradiationcomposting and potential applications of treated sludge. Some proposals have been
suggested for further development of mis technology in the future.
Key Words: Sewage sludge, irradiation, y-ray. electron beam.

1. Introductuon
Sewage sludges are mainly from ground surface of city river and biochemical
sediment after biochemical treatment of a variety of effluents, especially from puvalty
farms. It represents a renewable resource of great economic significance. It has a high
concentration of nitrogen and phosphorus and a wide spectrum of trace elements for
efficient growth and yield of crops in agricultural practice. In addition, the high
content of organic matter(15%) in sludge make it valuable in agronomic applications.
Typical analysis of organic and trace element contents of sludge by Indian Scientists
is shown in Table 1.
However, untreated sludge is a potential hazard to human health and environment as it
contains a high concentration of pathogenic agents that include parasites, bacteria and
viruses. Release of sewage sludge without disinfection into the environment have
been shown to be responsible for the contamination of soil, food supplies and usable
water resources. Conventional sludge processing techniques such as liming, aerobic
and anaerobic treatment, composting, digestion etc do not provide adequate reduction
in pathogens and particularly not effective in destroying the eggs of parasites. For
instance, in the process of composting, bacterial oxidation results in elevated
temperatures and this brings about a certain reduction in the pathogen content. The
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Table 1. Typical Compositions of Liquid Digested Sludge
Dry matter content (DM.)
Organic Substance (% of D.M.)
Inorganic Substance (% of D.M.)
Nutrients

Total-N(%ofD.M.)
NH/-N
P
\c
~*
Ca
Mg
Trace elements
Na(ppm)
Mn Cu Zn Total organic carbon(% of D.M.)

4.30%
50.00
50.00
5.30
2.50
3.20
0.4
8.00
1.00
2000
200
370
300
15.2

resulting compost, however, has limited agriculture application. Thermal disinfection
is an energy intensive process and is generally considered expensive. Treating sludge
by irradiation promises a safe, efficient and controllable reduction in pathogen levels
to give a sludge products that is highly useful in agriculture.

2. Summary on sewage sludge irradiation plants in the world:
The first sewage sludge irradiation plant in a technical scale was constructed in 1973
at Gesiselbullach, West Germany, where "Co was used as the source material (Fig.l).
The plant was designed with a fully automatic operation during 24hrs and a high
availability. In 1984, 137Cs was added to the facility to supplement the existing "Co
sources.
In the united states, a 7,250 kg/day (8 ton/day) irradiator was constructed in 1978
by Sandia National Laboratories in Albuqnerque, New Mexico. At this facility, 137Cs
was used as the source material.(see Fig.2). In 1976, an electron beam irradiation
system was put on-line at Boston's Metropolitan District Commission Wastewater
Treatment plant at Dear Island. The facility handled up to 15.8m3/hr of liquid sludge,
delivered a dose of 4 kGy and was primarily used for research purposes. Electrons
were generated by a 750kV, 50kW commercial election accelerator. A 2mm thick
sheet of sludge was irradiated as it passed over the top of a rotating stainless drum as
shown in Fig.3. Unlike the y irradiation in West Germany and New Mexico, a thin
layer of sludge must be produced due to limited penetration capability of the electron
beam. However, electron beam is much more efficient in power compared to y-ray,
because it has high ionization density and high treatment capacity.
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FIG. I. Schematic of sludge irradiation plant in Geiselbullach, West Germany.

HMT

SHttUMNO

FIG. 2. Sandia Irradiation for Dried Sewage Solids (SIDSS), Albuquerque, New Mexico.

FIG. 3. Sludge irradiation process used at
Dear Island Wastewater Treatment Plant near Boston, Massachusetts.
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Based Deer Island's experience, the Miami-Dade water and Sewer Authority in
Florida decided to locate a sludge irradiator using accelerated election at its Virginia
Key Wastewater Treatment plant. This irradiator officially began operation in
Sept. 1984. The electrons are accelerated to an energy of 1.5MeV and directed to a
maximum beam width of 1.2m. The dose is 3.5 - 4kGy. A thin layer is obtained by
cascading the sludge over a weir-type arrangement, thus forming a curtain of sludge
approximately 4mm thick (Fig.4). This sludge handling system has a flow of 27m/hr
and the sludge contains 2% dried solids. The installation at Virginia Key can treat
20 - 25% of the total sewage sludge produced at the plant. Space is provided to allow
the setup of three more accelerator for expansion to the total sludge production.
Irradiated sludge is conditioned with polymer and dewatered in centrifuges. The
sludge is stored for several months to dry up. Ultimately, the sludge is screened and
distributed for agricultural use.
In Japan, irradiation treatment of sewage sludge has mainly been carried out by
Takassaki Radiation Chemistry Research Establishment, Japan Atomic Energy
Research institute. Fig.5 shows an apparatus for electron beam irradiation. Sludge
cake (water content 80%) is spreaded on a stainless steel conveyer through a flat
nozzle and disinfected by electron beam which come from upside of the apparatus.
The width of the nozzle is 20cm and sludge thickness is variable from 1 - 10mm. The
maximum feed rate is 300kg/hr. The electron accelerator used for irradiation is of
Cockcroft-walton type. Its maximum beam energy and current are 2MeV and 30mA
respectively.
The research on irradiation treatment of sewage sludge in India was mainly done
by Bhabha Atomic Research Center (BARC) in Bombay. The pilot scale project was
taken up by BARE in collaboration with local agents for setting up a irradiation
treatment plant to be located at Baroda. a city in Western India. The features of
irradiation treatment plant is shown in Table 2.

Table 2. Features of irradiation treatment plant proposed at Baroda. India
sludge processing rate (max.)

-

treatment dose
~
pathogen reduction
bacteria
~
viruses
~
installed activity (max.)
~
sources utilization period
~
shield design capacity
~
external radiation level
~
provision to store and transfer source to a safe location.

llOnrVday
(4-6% solid)
3~3.5kGy
6~7 log units
1 log units
500 kCi
20 years
1 Mci
0.1 mr/h

In Poland, electron beam irradiation of sewage sludge has been developed in
recent years. In Otwork, a irradiation facility for accelerator irradiation of municipal
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FIG. 4. Sludge irradiation process used at
Virginia Key Wastewater Treatment Plant, Miami, Florida.

Scon horn
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Rot nozzle

Feed pump
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Grinder
Reservoir for Irradiated sludge

FIG. 5. Apparatus for electron beam irradiation of sludge.
sewage and sludge was built up with a dose of 5 kGy. Total investment is 4 million
U.S. dollar. Daily treatment capacity is 48,000 m3 (30% solid content).
Irradiation treatment plants of sewage sludge have also been built up in some
other countries in the world, for instance, Canada and so on.

3. Some basic research on irradiation treatment of sewage sludge
3.1. Optimization of parameters for radiation hygienisation.
Scott and Ahlstron from New Mexico, U.S.A. measured D-values (the absorbed dose
of radiation required to reduce a population one order of magniture) of selected
sludge-borne pathogens. (Table 3)
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Table 3. D-value of selected sludge-borne pathogens
Organism
Bacterium
E.coli
Micrococcus sp.
Enterobacter sp.
Salmonalla typhimurium
Proteus mirabilis
Streptococcus faecalis
Viruses
Poliovimus
Coxsackievirus
Echovirus
Reovirus
Adeno virus
Parasites
Ascaris sp.
Fungi
Aspergillus fumigatis

D-value (kGy)
<0.22~0.36
1.4
0.36-0.92
0.34-0.47
<0.50~l .40
<0.22~0.5
1.10-2.50
1.5-5.0
3.5
2.0
1.7
1.65
1.50
<0.66
0.5—0.6

In china, research was done on irradiation treatment of hospital sewage sludge.
Beijing Institute of Environment Protection together with Beijing Tuberculosis
Hospital had investigated the radiation sterilization of the sewage and sludge from
Beijing Tuberculosis Hospital during 1978-1980. Table 4 shows the experimental
results for minimum radiation lethal dose of various bacteria. The irradiation system
for irradiation sterilizing hospital sewage and sludge on the basis of experimental date
had been designed by Beijing Institute of Nuclear Engineering.

Table 4. Minimum radiation lethal dose of various bacteria in sewage and sludge
from tuberculosis hospital (kGy)
physiological saline
Bacteria
0.8
ascaris eggs
0.5
E.coil
1.0
typhoid bacillus
0.5
dysentery bacillus
0.5
enterobacter aerogenes
0.4
bovine tuberculosis
attennualed tuberculosis human
1.0
1.0
tuberculosis enriched human
1.63
M.phlei
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sewage
0.8
1.28
—
—
—
1.0
2.0
—
2.13

sludge
1.2
1.7
1.5
1.5
1.0
2.0
2.0
3.0
4.0

3.2. Synergistic effect of irradiation with other methods.
Lessel from Germany investigated the synergistic effect of heat, oxygen, air with
irradiation. The most important finding are summarized here.
1) Combination treatment of heat/irradiation: When ora from the parasite Ascaris
lnbricoides were placed in 47°C deionized water for 2 hrs, they remained stable. With
ionizing irradiation, a D-Value of about 0.2 kGy was seen. Combining 47°C heat and
radiation yields a D-value of about 0.1 kGy.
2) Combination treatment of oxygenation/irradiarJon: At a dose of 1 kGy, it was
found that the inactivarion rate was 15 to 38 times higher at an oxygenation
concentration of 5mg/l compared with irradiation without oxygenation. Higher
concentration of oxygen in the sludge (15 to 25mg/l) did not increase the level of
disinfection. An oxygenation treatment with a dose of 0.15-0.2 kGy has at least the
same effect as 0.3 kGy of irradiation without oxygenation. It is 2 or 3 times more
efficient to maintain the O2 concentration in the sludge by continuous injection of
oxygen at a low flow rate than intermittent injection at a higher flow rate.
3) The comparison between y-ray and electron beam irradiation: The effect of yray and electron beam irradiation are similar. However, electron beam has the
advantage of high ionization density, high dose rate, high treatment capacity and high
safety. So electron beam might be better choice for sludge irradiation compared with
y-ray. Japanese scientists investigated the effect of beam energy and sludge thickness
on surviving fraction of total bacteria and conforms (fig. 6)- It shows that, to kill
bacteria effectively, sludge thickness must be less than 6 mm for beam energy of 2
MeV and 3mm for IMeV.
4) Irradiation-composting: Japanese scientists from Takasaki Radiation
Chemistry Research Establishment. JNERI evaluated the economic feasibility of
irradiation-composting plant of sewage sludge. Design and cost analysis were made
for a sewage sludge treatment plant (capacity of 25-200 ton sludge/day) with an
electron accelerator. The flowsheet and bild's views of the plant is shown in Fig.7.

Surface dose: 10 kGy
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FIG. 6. Surviving fraction vs. sludge thickness.
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FIG. 7. Flow sheet and bird's view of the plant.

Dewatered sludge is spread on a rolling drum through a flat nozzle and disinfected by
electron irradiation with a dose of 5kGy. The accelerating voltage of electron and
capacity of the accelerator arc 1.5MeV and 15kW respectively. Composting of the
irradiated sludge is also made at the optimum temperature (about 50°C) for 3 days
(conventional composting needs 10-12 days). Total volume of the fermentor is about
1/3 of that of conventional composting process because the irradiation makes the time
of composting shorter. From the cost analysis, it shows that the capital cost of
irradiation-composting plant is slightly less than conventional composting plant when
the treatment capacitor is larger than 50 ton/day. Total capacity cost of irradiationcomposting plant is lower especially for large treatment plant because the seale of
fermentor is 3 or 4 times smaller. So further research and development would be
conducted in Japan using scale pilot plant of 200-300 ton/day capacity.

4. Potential applications of irradiated sludge
Untreated, irradiated and pasteurized sludge were used in agricultural pot and field
experiments by German scientists. However, no statistical significant differences were
observed in yield, while coin, spring wheat and spring burley were used. In India,
properly treated sludge has vast potential applications, especially in agriculture as a
complementary product — as a soil conditioner, for augmenting the efficiency of
utilization of chemical fertilizers and in animal husbandry as supplementary animal
feed, because the Indian economy is still largely based on agriculture and animal
husbandry.
A. Soil conditioner: The soils get depleted of organic matter through a variety of
natural processes, especially in tropical area like India. The high temperature and
humidity is suited for the accelerated growth of bacterial population in soil. These
bacterial derive energy for their growth from organic matter in soil thus degrading the
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soil the year round. Frequent and regular addition of organic matter to the soil is
therefore very important to maintain and upgrade the soil fertility and crop production.
Sludge forms a natural soil conditioner of excellent qualities.
B. Fertilizer complement: Chemical fertilizers when combined with sludge will
serve as an optimum product for agricultural application. The cultivation of high
yielding crops to improve productivity has intensified the application of chemical
fertilizers on a large scale. These, however, quickly deplete the soil of organic and
micronutrients. Further the uptake of nutrients such as nitrogen, phosphorus etc. from
the fertilizer has also been found dependent on various factors, including the carbon
balance or organic content soil. Extensive studies (Dhua, 1979; Sekar, 1981) have
shown that uptake is generally between 30-50% even when the best management
practices are employed. One way to reduce this waste is to employ an organic-mineral
mixture of sludge and chemical fertilizer in a suitable ratio which retains advantages
of both and saves on the cost of a part of the chemical fertilizer. This is of
considerable economic value to developing countries where fertilizers are often
imported. Further with the escalating fertilizer costs, the need for a composite product
- organic manure with mineral fertilizers has become imperative. Another advantage
is the reduction in pollution to the groundwater, as often the unutilised fertilizer
nitrates are leached into water by infiltration and surface run-off.
C. Animal feed: The use of sludge as animal feed has a great potential, the waste
from any town could meet part of its ruminant feed requirements from sewage sludge
suitably disinfected.

5. Some proposal for irradiation treatment of sludge in Shanghai
Shanghai is a big city in China. Suzhou river is a main river across the city. However,
serious contamination by industrial and municipal wastes makes the river dark and
very bad smell. The sludges from Suzhou river and biochemical sludge from waste
water treatment plant present a big problem in treatment. We suggest a proposal for
irradiation treatment of sewage sludge mainly from Suzhou river. The outline of the
proposal is as follows:
1. Basic research on irradiation of sewage sludge from Suzhou river including
component analysis (organic substances, nutrients, trace elements, variety of bacteria),
optimization of parameters for irradiation hygienbization (the comparison between yray and electron beam, synergistic effect of irradiation and other methods) and
comprehensive treatment (irradiation + composting, irradiation + sediment, et al)
2. Technological research including flowsheet design and accelerator manufacture.
We proposed that a accelerator with electron of 1.5MeV, 30mA should be
manufactured. If the water content of the sludge is 50% and the dose is 3~5kGy, the
capacity could be 50-100 ton/day.
3. The application of irradiated sludge: As mentioned above, it could mainly be used
as composite fertilizer, soil conditioner and animal feed. We prefer its application in
agriculture.
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6. Summary
1. Sewage sludge represents a renewable resource of great economic significance.
However, untreated sludge is a potential hazard to human health and environment as it
contains a variety of pathogenic agents.
2. Research over past thirty years has demonstrated that irradiation (y-ray and electron
beam) is an effective means for inactivating pathogens in sewage sludge. Further
research and development will be focused on development of appropriate technologies
for irradiation plants and estimation of capital cost and treatment cost more precisely.
3. The synergistic effect of irradiation with other methods (heat, oxygen, et al) has
been found. It could enhance the treatment efficiency and reduce the treatment cost.
4. Research has demonstrated a vast potential applications of treated sludge,
particularly in agriculture as soil conditioner and fertilizer complement and in animal
husbandry as supplementary animal feed.
5. A proposal is put forward for irradiation treatment of sludge from Suzhou river of
Shanghai.
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Abstract
A new pilot/demonstrative semi-mobile irradiation plant, named TRIRIS (TRIsaia-RIfiuti-Sterilizzazione, namely
"Trisaia Res. Center - Wastes -Sterilization"), has been designed and erected in order to propose and explore new
technological opportunities, based on an "in-situ" effective cleaning process. The main general goal is to face
increased problems and concerns related to the treatment/disposal of different solid-liquid wastes, particularly with
reference to emergency situation (e.g. need of a quick environment restoring operation following an accident with
groundwater pollution).
The project, which was jointly carried out by ENEA and Hitesys Co., an Italian electrons accelerators
manufacturer, foresees a LINAC type EB-machine (s band) having 4-6 MeV and till 1000 W as beam features. A
highly flexible automatic system allows materials (solid or liquid wastes) transporting and handling, being
equipped a belt conveyor and a piping net.
Scattered radiation shielding is performed by a water pool surrounding the EB-machine head, filled up before
operations. Auxiliary systems, control console and analytical chemical laboratories are hosted in suitable
containers near the plant and easily transportable.
The whole plant and annexed systems disassembling and reassembling in a new site can be easily carried in a
short time (few days).
The plant, that is located by ENEA-Trisaia Res. Center (Basilicata, southern of Italy), allows a large operative
flexibility: groundwater and wastewater decontamination (1800 to 70 kg/h in the 1 to 25 kGy dose range), organic
and chlorinated waste streams (25 kg/h at 75 kGy), solid hospital wastes (50 kg/h at 35 kGy) or hazardous wastes
like polyciclic aromatic compounds (180 to 35 kg/h in the 10 to 50 kGy dose range).
The paper describes and illustrates the plant in details and presents first available operating results so far
performed by the installed plant.

1. INTRODUCTION
TRIRIS is a transportable plant that performs accelerated electrons beam irradiation in order to allow a wide range
of treatments, like to contaminated solid and/or liquid substances, including hospital, industrial and
toxic/hazardous wastes sterilizing or treatment.
The plant is based on an electron accelerator set up inside a semi-fixed shielding structure.
ENEA, the Italian National Agency for New Technology, Energy and the Environment, commissioned Hitesys to
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design and build the facility for use at its Trisaia Research Center, in southern Italy. Work began at the beginning
of 1996 and was completed in April 1997.
At present TRIRIS is being tested at the Hitesys workshop in Aprilia, and the company expects to transfer it to
Trisaia before the end of the year.
The plant is defined as transportable because the parts are preassembled at the factory and final assembly is
accomplished on site.
The entire plant can be packed in two containers, for easy transport by road, rail or sea.
TRIRIS can also be moved from site to site for short-term operations, for instance to demonstrate the technological
capabilities of electron beam irradiation in sterilizing/treating contaminated liquid and solid wastes, or if
necessary to meet specific local needs.
The main features of the plant are:
• easy to transport to the operating site by truck railway car;
• treatment capability of hospital, industrial and toxic liquid or solid waste at speeds ranging from 20 to 1800
kg/hour (depending on the type of waste and the radiation dose applied);
• flexible operating process (sterilization/treatment), enabling easy and fast switching from one type of waste to
another.
• compliance with applicable radiological and conventional safety regulations for the protection of personnel and
population health.
• autonomous capacity to verify and analyze the characteristics of waste before and after treatment.
• technology and processes developed to:
- sterilize infected liquid and/or solid waste, in particular solid hospital waste (SHW), thereby allowing the
destruction or reproduction inhibition of the microbial charge present down to a residual concentration of
10-6 CFU (Colony Forming Units) per gram;
- treat industrial and/or agriculture originating wastewater (containing, e.g., pesticides, herbicides,
fungicides, hydrocarbons, surfactants, PCBs, PCTs or polychlorophenol), transforming it into a flowrate
legally dischargeable into surface or coastal waters;
- sanitize water for human use within the limits established by law.
2.
PLANT DESCRIPTION
With reference to the block diagram, shown in Fig. 1 and the vertical section shown in Fig. 2, the plant main
components are:
1. accelerator
2. modulator
3. control cabinet/console
4. mobile pre/post irradiation control laboratory
5. waste conveyor system
6. semi-fixed shielding structure.
The plant is designed to be easily transported to and assembled at user sites. The site requires minimum
preparation; all that is needed is an appropriately outfitted platform, power supply and industrial water
availability. The system is divided into three parts: the radiating head, which contains the accelerator; the radio-
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TABLE I. PROCESSING CAPACITY
Type of treatment

Water sanitization

Water sterilization
Solid Hospital Wastes
Organochlorines

Dose
kGy

TPC
kg/hr

SPC
kg/hr

LPC
kg/hr

1
5
10
25
35
75

3600
720
360
140
100
50

1800
360
180
70
50
25

1500
300
150
60
40
20

frequency generator, including magnetron, RF circuitry and pulse generator; and the cabinet, containing further
power supplies and the control system.
The plant complete can be transported by a small truck or other mobile unit having maximum transportable load
of 3.5 tons.
The maximum operating distance between the accelerator and the power supply located in the mobile unit is 50
meters. The system has an independent power generating circuit that enables input to the vacuum pumps
connected to the accelerator during down time.
The accelerator control system performs the following functions:
measurement and programming of emitted radiation
measurement and programming of absorbed dose rate
measurement and programming of functioning time
counting and programming of number of emitted pulses.
The command console is located in the mobile unit and the control system displays all analogical and digital data
related to accelerator operations.
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3.
COMPONENTS
A general description of the main components of the TRIRIS plant follows.
3.1
Accelerator
The selected EB-machine (see Fig. 3) is an s-band stationary-wave electron accelerator coupled on its axis with a
cathode and having a titanium window.
Beam Energy
4 to 6 MeV
Beam Power
600 to 1000 W
Frequency
3000 MHz
Pulse repetition
frequency max. 300 Hz
Peak RF power
2.6 MW
Average RF power
3 kW
Pulse duration
4 us
Flow deflection
by electromagnet
Deflection frequency
adjustable and synchronized with pulse emission
Window cooling
forced air
Head maximum dimensions 70x23x27 cm
Head maximum weight
50 kg.
3.2
Modulator
RF generator
Insulation
Pulse generation
Pulse transformation
Resonance frequ. control
Weight

EEV Magnetron, model m 5193
circular 4-gates ferrite insulator
by forming line and thyratron
47 KV
automatic, by dedicated circuit
less than 130 kg.

3.3
Control cabinet/console
The console includes:
- cooling system
- low and high voltage power supplies
- measurement interfaces
- process computer
- super VGA display
- PC keyboard and separate beam ON/OFF switch.
3.4
3.4.1

3.4.2

3.4.3
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Pre/post irradiation control laboratory
Dosimetric laboratory
The laboratory performs all dosimetric control functions with computer-controlled apparatuses:
Measurement range
2 to 100 kGy
Readout by optical transmission.
Chemical/physical characterization laboratory
The laboratory performs certain relevant tests, to be completed later in a specialized laboratory. By way
of example, this lab determines:
- BOD5
- COD
- NO2
- NO3
- colour
- turbidity.
The main laboratory instruments are:
- pH, mV and temperature measuring instrument
- photometer and/or spectrophotometer
- thermostatic refrigerator
- lab heater
Biological/bacteriological characterization laboratory
This lab too performs the most important relevant biological tests, to be completed later in a specialized
laboratory.

In particular, this lab tests contaminated wastewater for:
- fecal coliforms
- total coliforms
- fecai streptococci.
The laboratory is equipped with portable apparatuses for microbiological analysis of aqueous fluids.
3.5
Waste conveyor systems
Liquids to be treated enter the shielding structure through a <Z> 25 mm stainless-steel pipe.
Solids (packed in standard SHW boxes) are conveyed into the chamber by a driven belt complete with down/up
carriers and handling systems (see Fig. 4). The operating structure is surrounded by a safety area (radius 10
meters) accessible only to authorized personnel
3.6
Shielding structure
As mentioned above, the TRIRIS plant is based on an electron accelerator set up inside a semi-fixed shielding
structure. This structure is easy to assemble, dismantle and transport.
To limit costs and make the TRIRIS plant easy to transport, the shielding structure, which includes the irradiation
chamber and the waste conveyor systems, is designed to be assembled at the operating site.
The irradiation chamber, with the radiating head and the conveyor systems, is placed inside a semi-fixed bunker.
Pursuant to the criteria and calculations described in Appendix 1, the shielding medium used is industrial water.
The shielding structure meets all the requirements specified in the applicable IAEA, ICRP and Italian Standard
Regulations for the protection of personnel and the general population against radiation hazards.

isj.3 - Eli-machine Top Area
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Fig.4 - Solid Material Convevor SvsU

4.
WASTE PROCESSING CAPACITY
Processing capacity can be calculated in different ways, depending on the actual operating situation,
(a) Theoretical processing capacity (TPC): this factor is based on the assumption that the whole energy associated
with the beam is absorbed by the irradiated substance, with no loss or secondary emissions. It describes the
accelerating machine, regardless of the configuration in which the machine is actually used.
(b) Short-term processing capacity (SPC): This factor takes into account the efficiency of the irradiation process,
which ranges from 0.4 to 0.7, depending on the process parameters (irradiation on one or two sides, size and
density of the target material); it neglects machine down time, so it allows future assessments of experimental
or pilot operations, process characterization, or small production runs.
(c) Long-term processing capacity (LPC): this factor is lower than the short-term one, because it takes into account
the machine down time (for instance, to perform maintenance operations). It applies to large runs that require
the plant to operate for longer than a few days.
Tab.! summarizes above referred parameters, calculating throughput capacity assuming a total irradiation
efficiency factor of 0.5.

REFERENCE.,
[1]
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Appendix 1
DESIGN CRITERIA FOR SHIELDING STRUCTURE GEOMETRY AND MATERIALS
The type and characteristics of the shielding structure were chosen in light of the need to make the plant safe, easy
to transport and assemble, and to keep down construction costs.
As a reasonable starting point, it was assumed that the accelerator would consist of the accelerating structure
alone, without the surrounding electronics. This would avoid the risk of failures due to:
(a) high irradiation rate of components (some accelerators are known to have failed after only 50 hours, as against
the 20,000 hours warranted by the manufacturer);
(b) chemical oxidation by large quantities of ozone released by ionization of the air between the electron source
and the target.
It was also decided to keep beam energy below 6 MeV; this would limit braking ("bremsstrahlung")X-ray effects
while assuring good penetration into the target materials.
In calculating the necessary shielding, the accelerator was reduced to a simple radiating geometric structure
simulated by a prism having a 30-cm square base and a scanning cone diagonal to the base.
It was further assumed that the electron beam action would occur as close as possible to ground level. The size of
the transportable components could be considerably reduced if the shielding structure were installed partly
underground, but this assumption was prudently not taken into account in the calculations.
The basic assumptions regarding the electron beam were:
(a) The electron beam is emitted in the downward direction.
(b) The point where the braking X-ray beam is generated (by interaction between the electron beam and the target
material) is located at ground level.
Based on these assumptions, it was reasonable to think that the shielding structure would have to lower the lateral
component to 90 degrees. This translates into a damping factor of 1/1,000,000; i.e., the radiation emitted at
ground level must be one millionth of the amount flowing parallel to the ground around the irradiation chamber.
At this point, three alternative shielding solutions were considered.
Solution 1: LEAD
In the case of using lead (nominal density of 11.3 g/cm3) the structure would have the smallest possible volume. At
the assumed energies, a 30 cm layer could allow a 10* beam attenuation.
Assuming that the accelerating structure is surrounded by lead and the irradiation chamber is very small (e.g., if it
is used only to treat liquids conveyed under the beam through a simple pipe whose section diameter, given the
power of the accelerator, would be no larger than one inch), the theoretical prism would be clad with 30 cm along
one height of 80 cm. In this case, the shielding structure, though assembled with relatively lightweight parts,
would weight around 6500 or 7000 kilograms.
However, this solution would greatly penalize the plant's flexibility being the plant suitable only for liquids
treatment.
If the lead-cladding solution were applied to a chamber large enough to contain the solid waste conveyor system,
the amount of lead needed would put the TRIRIS plant out of the range of "normal transportability"
Accordingly, the shielding material should be something that can be easily sourced at the operating site and easily
shaped to shield the X photons.
Solution 2: SAND
To provide the same radiation absorption capacity, a layer of the type of sand commonly used in the construction
industry would have to be 150-200 cm thick.
In this case, the shielding structure is pictured as a prism with a 4-meter square base and 2 meters in height.
The irradiation chamber can be much larger than in the case of lead shielding. If the base is increased from 30 to
100 cm square, the effect of 2 meters of shielding on the total volume, though not negligible, will certainly be
secondary.
In order to use sand as shielding material, would make necessary to build forms like the ones used to pour
concrete. The outer form is simpler to make because it has no function other than to contain the sand (leaving
space for a stairway leading to the accelerator pit and openings for the conveyor system). The inner form is
obviously more complicated because it must accommodate not only the accelerator but also the conveyor system,
the ventilation system and the chamber monitoring system.
The assembly of this type of shielding system is more complicated than in the case of lead cladding, where the
operators, using a small truck-mounted crane, simply assemble the various components of the shielding structure
In the case of sand, the operators put the forms in place with the crane, then unload the sand brought in by truck
and fill up the forms.
To dismantle the plant, the same operations have to be done in reverse.
In short, using sand as the shielding material makes it possible to provide a transportable structure that can be set
up on site in about two days by a team made up of machine technicians and local labour.
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The installation requires one or two truckloads of sand. As this is fairly large quantity, plants for its eventual reuse
or disposal should be made beforehand.. The characteristics of the material are every simple and it lends itself to
use over long periods of time as well as it is not damaged by exposure to radiation.

Solution 3: WATER
Because of the low density of water, a shield made of this substance must be very thick in order to damp the Xrays generated by the machine by the considered factor of 1/1,000,000. The effect achieved with 30 cm of lead
requires 3.5 to 4 m of water.
Accordingly to the defined irradiation geometry, the dimensions of a possible water shield would be 8x8 m by 2 m
in height.
In this case too, the transportable structure consists of an inner and an outer containment system. To limit stress,
the outer system can be circular. As in the previous case, the inner structure contains the accelerator, the conveyor
system, the ventilation system and the chamber monitoring system. To better exploit the mechanical features of the
containment materials, the inner structure too may be circular.
The system used to contain the water is similar to the one commonly used in building above-ground swimming
pools (which are often as large as the structure described here): a seamless polyethylene sheet supported by a metal
or Fiberglas framework that prevents the cylindrical shape of the tank from being deformed by the pressure of the
water it contains. The circular shape of the structure allows it to operate by traction only, fully exploiting the
properties of the material.
The drawback of this solution is that it exposes a radiation-sensitive material (as thermoplastics generally are) to
large amounts of radiation. Moreover, the exposure occurs in the presence of water, which facilitates oxidation
reactions caused by the generation of free radicals. Since the inner side of the pool sheet receives the highest dose
rate, its service life will be shorter, though it cannot be quantified objectively at this time.
An alternative would be to use a number of collapsible PCV or neoprene tanks and fill them up one by one.
Either way, this solution has the advantage of very easy installation.
Based on the above considerations, the final choice of shielding material was Solution 3, i.e. the use of industrial
water filling a suitable pool surrounding the irradiation chamber.
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Abstract
A prototype high repetition pulsed accelerator is presented. The accelerator produces an
electron beam with the energy up to 200 keV, peak current up to 1 A, pulse duration about lO^is and
repetition rate 18 kHz. The electron pulses are produced by a cold pyrolitic carbon mosaic cathode
having a threshold volt-ampere characteristic.

Electron beam (EB) technology was applied for removal of SO2 and NOx from
combustion gases in thermal power plants, to clean exhaust gases from NOx and other toxic
components in automobile tunnels as well as for purification of the outgoing combustion
gases from incinerators [1].
The most substantial and in the same time, most expensive element in the EBtechnology is the electron accelerator. The fast promotion of this technology of industrial
scale will depend strongly on the possibility to create an effective and comparatively cheap
electron accelerator. Such accelerator has to fulfil the following requirements:
• high reliability for long time operation
• high efficiency with respect to electrical energy conversion
from a.c. power line to the electron beam
• minimum energy losses in extraction window system
• possibility to reach high beam current
• low cost
At present there exist over one thousand of different electron accelerators which are
used for practical applications [2]. The most popular design is that of transformer type when a
high voltage transformer with a rectifier circuit is used as a high voltage power supply. A high
voltage cable connects accelerating tube with the power supply. Oil or gas is used as electrical
isolation in the power supply and in the accelerator tube.
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In this report we describe a novel design of an accelerator of transformer type and
present experimental results obtained with 200 keV prototype model.
The proposed accelerator has appearance of vacuum diode with a special cathode under
sinusoidal high frequency potential. The high frequency electronic inverter (30 kW,
15-25 kHz, "ELSIEL"- Sofia) is used as a power source. The voltage from the inverter is
applied to a high voltage transformer located inside the accelerator (see Fig.l). The inverter is
tuned to work at the resonance frequency of the transformer, which in this case is about 18
kHz.

Vacuum
2 10

6

Torr

High voltage
transformer
0.8 m
Ferrite

0.5 m

Oil

Cathodes

FIG. 1. Scheme of 200keVelectron multi-beam accelerator.
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The capacity of the cathode-anode system corresponds to minimum losses of the high
frequency energy. The conversion efficiency of the electrical energy from the inverter to the
electron beam is equal to 95%.
The cathode is constructed as a mosaic of cold pyrolitic carbon cathodes with a
threshold of the volt-ampere characteristic (see Fig.2). It is seen from this figure that the
electron emission starts at a very high voltage threshold close to the maximum voltage of
200 keV. As a result, the dispersion of the electron energy is less than 15% which is tolerable
for such applications as cleaning of exhaust gases.
The accelerated electrons pass through many titanium foil windows. The cathodes are
located in such a way that the emitted electrons from a given cathode go to the corresponding
t->p s t o p p e d
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FIG. 2. Oscillograms of accelerating voltage (a) and electron beam current (b).
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window (see Fig.3). The diameter of each window is equal to 40 mm which allows to use
titanium foil of 10 urn thickness and to reduce significantly energy losses in it.
It is important to notice that such a design allows one to increase the number of
windows in a simple way. Choosing suitable form and area of the cathode and anode one can
provide very high total electron beam current.
Another advantage of the proposed design consists in replacement of a defective
window instead of replacing a large titanium foil as it is the case in standard design.
The described prototype is a scaled model of a 700 keV high repetition pulsed and high
power accelerator for radiation technologies which is under construction (see Fig.4).
The conducted experiments on the 200 keV prototype shwoed that the proposed
construction satisfies the above mentioned requirements. In addition more compact size of the
accelerator, allows more compact protection shielding. Preliminary cost evaluation shows
1 $/W or less, for the 700 keV accelerator which is significantly lower than current standards.

FIG. 3. Structural view of 200 keV cathode-anode system.

FIG. 4. Structural view of 700 ke V accelerator.
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Abstract
Radiation sterilization has been introduced in Poland in early seventies. Since
then continuos progress is observed in quantity of sterilized products.
The commercial irradiation facility was build in 1993 to fulfill growing demands for
radiation service. The real costs of running this plant were shown. The share of the cost
of investment and the cost of maintenance and spare parts in accelerator exploitation, as
well as the cost of one hour accelerator exploitation against time of one year accelerator
exploitation were taken into account.

1. INTRODUCTION
Radiation sterilization process performed by electron beam application becomes one of
the continuously growing branches of radiation processing. The first time EB sterilization
commercial facility was build by Ethicon, Inc., in 1956 to sterilize absorbable sutures [1].
Approximately 160 radiation sterilization facilities were installed in over 40 countries since
then. Gamma irradiation facilities predominate, however, EB sterilization techniques are
employed throughout the world by companies interested in the unique capabilities of this
form of radiation and in a new generation of industrial accelerators with suitable electron
energy and beam power. Since 1956 more than 30 electron accelerators are being applied for
commercial radiation sterilization process of medical devices. Such facilities are located not
only in most developed countries like USA, Canada, Japan and France where accelerators are
produced but also in many other countries including Poland where imported accelerators are
usually installed. Great progress in performances and reliability of electron accelerators has
been observed recently what stimulates the growing interest to EB radiation sterilization
method. Many accelerators manufacturers are competing in this particular field what leads to
reduction the unit price of electron beam power.
The advantages of electron beam application in comparison to gamma sources in
sterilization process are as follows: high intensity sources of radiation (high throughput)
switching off capabilities (safety, loading characteristics), short time of the exposure, fully
controlled process, high beam power utilization, small treatment zones, simple conveyor
system, small unit cost of operation, better public acceptance. On the other hand the
disadvantages of EB treatment should be taken into account before the process application.
The careful dose mapping should be performed because of limited electron penetration.
Higher investment cost and more complex exploitation of the facility are also specific feature
of EB facility.
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The electron beams are used within the energy range of 0,3 - 12 MeV. The formal
requirements associated with the construction, validation and use of accelerator-based facility
in medical devices sterilization are similar to the regulation and procedures developed for the
gamma sterilization industry and follow guidelines, practices and methods developed by
standard organizations. EB facility is recognized as a part of the total device manufacturing
process where should be applied:
a) GMP (good manufacturing practices),
b) GIP (good irradiation practices),
c) total quality management system.
On and off line systems used in radiation sterilization facilities depend on facility
locations. On line system is often used when sterilization process is integrated directly into
production line. More common off line service is very characteristic for contract irradiation
when sterilized product are finally packed and transported to sterilization facility. 10 MeV is
the most common electron energy in radiation sterilization process. Lower energy up to
3 MeV is sometimes used, mostly in on line installations. The average beam power can vary
in the range of 3 - 200 kW, depends on accelerator type. The typical contract irradiation
facility is usually equipped with accelerator which provides electron beam with energy
10 MeV and beam power 1 0 - 5 0 kW. The low throughput is related to lower beam power
level. For higher beam power difficulties in handling sterilization process may appear at very
high rate.

2. ECONOMIC CONSIDERATIONS FOR EB RADIATION STERILIZATION FACILITY
Economic and financial evaluation should be performed to obtain information about
commercial and national economic profitability of any radiation technology project before its
final approval and implementation. The financial analysis is concerned with such issues as:
what sources of founds are available to finance the project, what expenditures are necessary,
the returns sufficient to attract capital for radiation technology project and is there a positive
cash-flow. Economic evaluation should include structure of investment and operating cost of
radiation facility. The economical effects of radiation sterilization installation may be
influenced by many factors. The most important are the following:
a) investment cost (accelerator, auxiliary equipment which depends on the accelerator type,
monitoring and process control systems, material handling system, building including
radiation shielding, project preparation, engineering,
b) operating cost ( financial cost - debt service, maintenance and spare parts, personnel labor cost, utilities - electricity, water, air, etc.),
c) utilization of electron beam and dose setting.
The period of time in which radiation processing is interrupted due to changes in handling
system may sometimes decrease the efficiency of electron beam facility. In other words the
volume of irradiated product with certain process requirements may be important in total
efficiency calculation.
The investment costs are always high for any electron beam facilities. Mainly because
of the accelerator's price and costs concerning building with special biological shielding.
There is also auxiliary equipment needed like conveyer, cooling and ventilation systems,
control and monitoring system. Low energy accelerators may offer the lowest capital cost
(cost of accelerator, shielding) but with low penetration level what causes loss of flexibility.
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In very high simplification it can be assumed that the cost of accelerator can be determined by
the following formula [2]:
Ka=bx(l±d)xEx^

Eq. (1)

where
b - coefficient related with the type of accelerator
d - manufacturer prime cost's coefficient
E - electron energy [MeV]
P - mean beam power [kW].
For linear accelerator of high frequency in the range of energy between 3 and 10 MeV, "b"
coefficient equals 22, and the accelerator cost will be given in thousand dollars. The result
obtained in accordance with above given formula is in good agreement with the costs of the
accelerator Elektronika, installed at Radiation Sterilization Plant of Medical Devices in the
Institute of Nuclear Chemistry and Technology, (INCT), in 1993. For accelerator LAE 13/9
installed in 1971 the value of [b x ( 1 ± d )] was 25.
The capital expenditures cost is directly related to accelerator cost according to
formula:
K~axKa

Eq.(2)

where:
K, - capital expenditure cost
Ka - accelerator cost
a - coefficient 2,4 ± 0,3
The capital expenditure cost calculated according to above formula takes into account
also designing and building costs as well as the auxiliary equipment needed like conveyer,
cooling and control systems. Installation costs are not sometimes included within the contract
and have to be covered separately. In the case of accelerators installed in INCT, the coefficient
"a" has the following values:
a) for accelerator LAE 13/9 (1971)
- 2,4
b) for accelerator ILU 6 (1988)
- 2,3
c) for accelerator Elektronika (1993) -3,2.
The similar coefficient related to facility Titan, installed recently in San Diego, USA, was
found 3,2 [3].
The exploitation costs can be divided into two parts - the first part is fixed and does
not depend on the production scale (amortization, credit repayment, etc.), the second part is
increasing proportionally with the standard and scale of service and it has to be taken into
account the costs concerning accelerator's maintenance, calibration and validation.
The throughput of radiation facility can be calculated according with the general formula:
Re- 3600xFpeXP
Eq. (3)
where
Re - throughput of radiation facility
Fpe - fraction of beam power absorbed by the irradiated material (0,3 -0,6 for radiation
sterilization)
P - mean beam power [kW].
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When the utilization of electron beam is concerned the following factors are to be
taken into account: dose distribution (as a function of energy and beam current), type of
irradiated items (complex product geometry, material interfaces and nearby surfaces),
uniformity of conveyer speed, and the design of the carrier system. The dose distribution in
irradiated product with electron beam has nonlinear characteristics [4]. To keep the agreed
level of heterogeneity in irradiated object, a part of electron beam energy is not used, which
can be a little bit improved by two-sided irradiation ( up to 20% ). In agreed manner of
irradiation electron energy 10 MeV, the density area should not exceed 2,5 g/cm2 of the final
packaging. For the minimization of the losses it is assumed the mutual fit of the packaging
dimensions, the conveyer width and the width of electron beam trace. For calculation it was
assumed the value of 60% for beam power utilization. In reality this value is significantly
lower, especially for the products with the different density packed together and also in the
case of not well-fitting of final packaging to dimensions of the conveyer.
Regarding the dose setting the bioburden and type of sterilize devices have to be
considered. Dose setting is of great importance for the quality assurance level of radiation
sterilization process and also influence on economical factor. A dose of 25 kGy was
established during validation studies as the minimum dose required to sterilize medical
devices. However, some countries (Scandinavian countries) have decided to use higher
sterilization doses based on evidence of higher radiation resistance in some environmental
isolates. On contrary, in the USA, Food and Drug Administration has allowed to use lower
sterilization doses based on product specific dose setting studies and the need to irradiate
some health care products at lower doses. According to standard EN 552 the manufacturer
must substantiate the effectiveness of 25 kGy as an irradiation dose. The costs of verifying 25
kGy as a sterilization dose might be quite high because it requires the use of large numbers of
items in the initial study to establish the verification dose [5].
3. CONTRACT STERILIZATION FACILITY LOCATED AT INCT
Radiation sterilization has been introduced in Poland in early seventies since
installation of the linear electron accelerator in 1971. The detailed research program where
performed in 1973 - 1977 period to developed methods and procedures and evaluate suitable
materials for industrial application of the process. The commercial irradiation was started in
1974. Since then continuos progress is observed in quantity of sterilized products. The
commercial irradiation facility was build and started in 1993 to fulfill growing demands for
irradiation service [6]. The main parameters of the facility are given bellow:
ACCELERATOR

Elektronika 10/10 (Made in Russia)

electron energy
beam power
scan width

10 MeV
10 kW
65 cm

AC power consumption 120 kVA
BUILDING
total surface
total capacity
storage surface
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1814m2
9230 m3
2 x 288 m

PROCESS PARAMETERS
conveyor speed
unit size
productivity

0,3 - 7 m/min
56 x 45 x (10-20) cm, 0,05 m3
lOOOOkgkGy/h

A radiation sterilization plant equipped with electron accelerator Elektronika 10
MeV/10 kW was put into operation at INCT in 1993. So there is now reasonable time to
summarize the real costs of running this plant. The costs of this investment were covered by
the government money but also some funds were provided by INCT.
The economic parameters INCT facility for radiation sterilization are presented in
Table I. The debt service is based on paying off a loan due to investment cost in 15 years at
8% interests often used for such calculation [7]. The administration cost covers management,

Table I. Economic parameters related to INCT radiation sterilization facility
Investment cost (in k$)
Accelerator

700

Conveyor

100

Building

1400

Installation

50
2250

Total
Exploitation cost

1000 h

2000 h

180

180

Administration

60

60

Labor

60

120

Maintenance and spare parts

25

50

5

10

330

420

Processing rates and costs

1000

2000

Throughput (volume)

4800 m3

9600 m3

Debt service

Electrical energy
Total

Throughput (units 1 0,05 m3)
One EB hour cost
Unit cost
1

96 unit/h
330 $
3,44 $

96 unit/h
210 $
2,19 $

size of the product box (cm): 50 x 60 x 17
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administration and quality service (dosimetry). Labor cost is related to operator, maintenance
and conveyor service personnel. The electric power cost is based on 120 kW electrical energy
consumption at 5 cents/kWh. 60% electron beam utilization has been applied for product
with density 0,15 g/cm3. The unified size of the product box with volume 0,05 cm3 was
accepted in unit operation process.
The elements of one EB hour cost are given in Table II. The operating costs are
significantly influenced by the initial capital costs (building, accelerator, conveyor). Radiation
sterilization carried out with electron beam requires quite high capital expenditure. The only
way to lower the irradiation costs of single unit is to obtained the intensive plant-utilization
times. When the plant is carried out with the high throughput the radiation sterilization is
competitive with another sterilization techniques. That can be illustrated by Fig. 1 where share
of investment cost versus time of accelerator exploitation is displayed.
Accelerator efficiency is one of many factors which can have influenced facility
efficiency because of the cost of electric power. It is more important for high electron beam
power accelerators with relatively low investment cost. High electron energy accelerators with
low electrical efficiency (10%) are commonly used for radiation sterilization. The cost of
electrical energy is only small parts of exploitation cost (1,5% for 1000 h one year accelerator
exploitation - Table II) because high investment cost and low total electrical energy
consumption. The cost of electrical energy is higher for more intense accelerator exploitation
(2,4% - 2000 h). For accelerators used in flue gas treatment radiation installation, the
electrical efficiency is about 80% but in this case the share of electricity in exploitation costs
is about 16%, what is shown in Table III.

Table II. The elements of one EB hour cost
1000 h

2000 h

Building

34,0

26,6

Labor

18,2

28,6

Administration

18,2

14,3

Accelerator

16,9

13,2

Maintenance

7,6

11,9

Conveyor

2,4

2,0

Electrical energy

1,5

2,4

Installation

1,2

1,0

One EB hour cost elements [%]
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Table III. Economical data of radiation sterilization facility
(10 MeV/20 kW) and flue gas treatment radiation installation
(!MeV/l,2MW)
Type of costs
[k$]

Investment
cost

Exploitation
cost

Facility
parameters:
electron energy lOMeV
beam power
20 kW
Accelerator
3000
Building,
4500
aux. equipment
Bank credit
860
Administration
Service
personnel
Spare parts and
service
Electrical
energy
consumption

Total
Electrical
energy share

1 MeV
1,2 MW
3500
14500
2060

300
200

200

150

100

40

480

1550
2,6%

2940
16,3%

100

Higher accelerator reliability is especially important for intense accelerator
exploitation when share of maintenance and spare parts cost in exploitation cost grows
significantly (Fig. 1).
4. CONCLUSIONS
The efficiency that can be achieved during sterilization of a specific product depends
on the suitability of a facility for that kind of product (suitable electron energy and penetration
range) and on the homogeneity of its mass distribution in the primary beam direction. Also the
period of time in which radiation processing is interrupted due to changes in handling system
may sometimes decrease efficiency of electron beam facility. In other words the volume of
irradiated product with certain process requirements may be important in total efficiency
calculation.
The total investment required for radiation facility depends on installed capacity. The
debt service related to investment cost is a high part of the exploitation cost (over 50%)
especially for low level activity of the sterilization service. Labor and maintenance become
the dominant part of exploitation cost when three shifts operation of the facility is applied.
Product calculations have shown that electron beam facility which is not in operation
for at least 2000 h per year can not become profitable for most applications including
radiation sterilization. Multi-functional use of accelerator facility may create possibility to
increase volume irradiated products and improve economical factors.
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Cost of one hour accelerator exploitation
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FIG. 1. Share of different factors versus time of accelerator exploitation.
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Abstract

Electron Beam processing is widely used in a variety of fields. Examples
are: crosslinking of plastics and rubber materials, curing of coatings, and so on.
Nissin-High Voltage (NHV) has been supplying many types of EB accelerators for
many years a variety of applications.
Recently the demand to use Electron Beam Technology for environmental
applications

has been increasing.

DeSO

and deNO

treatment

plus

decontamination of water by Electron Beam appear to be the most promising.
Over the past several years, NHV has installed several EB units for deS0o and
deNOz applications. Currently NHV will be supplying two 800KV - 300W x 2 heads
units to IAEA. This system will be installed in Poland and has been designated
"Demo Plant for deSO2 and deN(K "
This paper will describe the requirements for this EB System and also
discuss the unique design parameters of the system.

1.

INTRODUCTION
Electron beam (EB) processing technology has several unique advantages in

removing S02 and NO^ from the flue gas. These are the simultaneous removal of
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SO. and NO in a dry process and the flexibility to change operational conditions
easily.
The process produces by-products which can be used as agricultural
fertilizers.
The EB processing of flue gas has become popular throughout the world
because of this unique environmental application.
NISSDST-HIGH VOLTAGE (NHV) has been supplying Electron Processing
Systems (EPS) for the flue gas application since the 1970's.
At present, NHV is manufacturing and testing two 800KV EPS for the
IAEA demo plant in Poland.
There were many discussions to determine the rating of the system.
The requirements for the design of this system are discussed below.

2.

EPS DESIGN REQUIREMENTS
EPS consists of several major components.

In general, the main

components of the system are as follows:
(a)

D.C. Power Supply.

(b)

The Electron Accelerator with Electron Gun (Filament).

(c)

The Scanning Chamber with Vacuum Pump.

(d)

The Control System and auxiliary equipment.
There are some particular requirements for the design of an EPS for

environmental applications.

The following are examples for flue gas

applications:
2.1

Higi Power Conversion Energy
Since Electrical Power Generation Stations are the primary users of this

EPS application, it is necessary to minimize the energy consumption of the EPS.
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Most of the energy consumed by the EPS must be used to generate and
accelerate the electrons. Therefore, power conversion efficiency of the D.C. Power
Supply becomes very important to design a high efficiency D.C. Power Supply.
22

High Power Output
To process large volumes of flue gases typical at Power Generation Stations,

large quantities of high energy electrons are required.
The system output is determined by the required dose to process the gas.
There have been many studies to try and reduce the dose in the past several years.
These studies have been important in helping to realize that electron beam
processing is a competitive technology when compared with other conventional
methods. Reducing the numbers of the systems used to process large amounts of
flue gases is a significant factor in the overall total cost. This must be considered
as very important for the commercialization of this technology.
In order to accomplish the reduction in the number of systems, we have to
increase the beam output power at each accelerator head.
23

Multi-head Systems Arrangements
Though high power EPS is required, the beam current from each

accelerator is still the limiting factor.
NHV proposed the idea of multi-accelerator heads connected to a single
D.C. Power Supply to minimize the total cost. This idea is already in use in other
EB applications. The use of HV cable connections between the D.C. Power Supply
and multi-head accelerators provides the flexibility needed for the system layout.

3.

FEATURES OF THE DESIGN

3.1

D.C. Power Supply
Since high-power conversion efficiency is required, NHV has decided to

employ a transformer type D.C. Power Supply for the IAEA demo plant project.
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This is expected to provide the best efficiency. The Power Supply is operated at
commercial frequency (AC 50/60Hz) providing less energy loss and better
efficiency.

Total energy conversion efficiency at 600KW (300KW/head x 2) is

expected to be higher than 90%.
3.2

The Filament and Window Design
The filament produces the electron beam and the window allows the

electrons to emerge from the vacuum region into the gas/air. Those are very
important parts of the EPS.
Several types of Filaments and Window System designs have been developed
at NHV since the 1970's when EPS was becoming popular as an industrial tool.
The filament design, electron emissions and beam optics in the
Acceleration Tube have been carefully studied and tested for a long time. Finally
a 500mA beam current system was tested.
The window system and the cooling method was a big issue needed to
determine the best design. Compressed air is used to cool the window foil.
The advantage of this method is that there is no obstruction in the beam
zone after passing through window foil.

This will provide the best beam

utilization efficiency.
3.3

Self-shielded Accelerator Tank
Since the system generates bremsstrahlung, or X-rays, shielding the

facility is always required for these installations. Concrete is a common material
used for shielding. NHV proposed the IAEA employ a self-shielded design facility
which allows the customer to eliminate the second floor concrete shielding and
provides easy installation at less cost for the shielding.
3.4

Easy Operation
The Control System for this unit consists of an "exclusive NHV control

unit" and Programmable Logic Controller (PLC). The multiple beam heads can
be controlled independently which is part of the control program and a customers
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option . Beam current is measured at high voltage potential, and the signal is
sent via a special ground link to the control as part of the feedback signal.
This measuring system provides a very precise beam current value.
The system is also equipped with an automatic conditioning mode which is
very useful after window foil replacement.
4.

Conclusion
The system has been successfully tested at the NHV factory and the

shipment is scheduled for late summer 1997.
Some of the performance test results will be available and reported at the
conference in Zakopane, Poland.
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Abstract
A dosimetry method based on the measurement of fluorescent light, originating from organic
or inorganic samples exposed previously to ionizing radiation, is applicable in radiation processing,
radiation therapy and radiation protection. Fluorimetry is often used to measure low concentrations of
fluorimetric compounds produced upon irradiation. These products then yield optically stimulated
luminescence (OSL) by excitation with UV or visible light, and this emission of the absorbed energy
takes place very quickly in the form of visible light, i.e. 10~9 - 10"6 sec, after excitation. The resulting
fluorescent light intensity is related to the concentration of the fluorescent compound and thus can be
related to the dose absorbed in the system. The advantage of this method is its applicability in a wide
dose and dose rate range with great sensitivity.
In our investigations we have studied the fluorescence intensity of different type organic
compounds in solid and liquid phase before and after irradiation. The absorption and emission spectra
were analyzed by spectrofluorimetry. Increasing fluorescence light intensity was observed in the 1 100 kGy dose range studying aqueous solutions of naphthalene -1 -, and naphthalene - 2 - carboxylic
acids as well as that of 3 - (4 - hydroxyphenyl) - propionic acid. Detailed investigations have been
carried out studying the effects of solute concentration, presence of additives, and dose and dose rate
range in the case of the naphthalene - 2 - carboxylic acid.
Another way of application of the method is the use of originally fluorescent compounds
when the radiation damage caused by ionizing radiation to this compound results in the decrease of
fluorescent light intensity with increasing dose. Systems such as fluorescein-containing compounds
(e.g. dibromine-fluorescein) are applicable in the lower dose range, i.e. 0.01 - 1 kGy. The pyrazoline
and flavone containing compounds on the other hand, can be applied in the 1-100 kGy dose range
according to our present investigations.
Upon irradiation of alkali haiide crystals various types of absorption bands as damage centres
appear with increasing dose. By photoexcitation of some of these centres increasing luminescence is
produced with increasing radiation dose. A new potential dosimeter system containing a
microcrystalline dispersion of an optically stimulated fluor in a plastic matrix has been recently
developed and studied. According to the present investigations the useful dose range of the system is
1 - 1 0 0 kGy with an approximately linear relationship between fluorescent light emission and
absorbed dose.
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1. INTRODUCTION
Fluorimetry is based on the measurement of the intensity and/or spectrum of
fluorescent light, when e.g. an optically excited molecule emits part of its excitation energy in
the form of light. Fluorescence is a special type of luminescence characterized such that the
absorbed energy is emitted micro- or nanoseconds after excitation in the form of visible light.
A versatile method of dosimetry that is promising for broad radiation spectra, radiation
types, dose ranges and dose rates is based on photo-stimulated luminescence of certain
organic and inorganic molecules. Such types of organic molecules are e.g. bridged polyphenyl
dyes, terphenyls, oligophenylenes, bipyridyls, which can be excited into triplet states and free
radicals by ionizing radiation [1, 2]. Some of these compounds undergo efficient proton
transfer reactions in phototautomeric triplet states when held in suitable liquid and polymeric
solvents, resulting in relatively broad wavelength separation of fluorescence absorption and
emission bands, which is a basic requirement for dosimetry applications.
he application of fluorimetry for dosimetry purposes is based on the significant
sensitivity of the method compared e.g. to spectrophotometry. Other practical consequences
for dosimetry with broad applications at both low and high dose rates are:
(a) wide dynamic range;
(b) both passive and real-time dosimetry;
(c) radiation-resistant formulations for repetitive use up to very high doses;
(d) variable geometries (e.g. pellets, films, optical fibres, etc.) and possibilities for
measurements in closed cuvettes or ampoules;
(e) inexpensive multi-use radiation detector possibilities for many purposes (e.g.
medical diagnostic and clinical in-vivo measurements, radiation protection, industrial
processing, environmental and space studies);
(f) readout signal that is not affected by the optical stimulation.
There are different possibilities concerning the application of fluorimetry for
dosimetry purposes. In one case the fluorescent light intensity of originally fluorescent
compounds decreases due to the damage and the consequent decreasing concentration of the
compound caused by ionizing radiation. In the other case radiolysis products formed upon
irradiation yield optically stimulated luminescence (OSL) with potential use for radiation
dosimetry. In both cases a suitably pronounced and reproducible relationship must be found
between the change of fluorescent light intensity and absorbed dose.
2. EXPERIMENTAL
2.1. Chemicals and dosimeters
The basic (pH ~ 11.0) aqueous solutions of naphthalene-1-carboxylie acid,
naphthalene-2-carboxylic acid, and 3-(4-hydroxiphenyl)-propionic acid were prepared with
doubly distilled water using chemicals from Fluka of reagent grade without further
purification. The fluorescein containing compounds (dichloro-triazinil-aminofluorescein and
dibromo-fiuorescein) were prepared at the Institute of Isotopes.
The plastic solid state scintillators (l-phenil-3-mesityl-2-pyrazoline; 3-hydroxyflavone; 2-2-hydroxyphenyl-benzathiazole) were prepared by Bicron (Newbury, Ohio, USA).
The SUNNA
dosimeter films were prepared using the same propietary
photofluorescent microcrystalline sensor in two different polymers with different thicknesses
and with no other additives or coatings. The unirradiated films are colorless and translucent,
but not transparent [3].
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During the irradiations the absorbed dose was measured by calibration with the
ethanol-monochlorobenzene (ECB) dosimeter solution used as described elsewhere [4].
2.2. Irradiation facilities
The liquid and solid samples studied were irradiated with the SLL-01 type Co60
gamma radiation facility (3 PBq) of the Institute of Isotopes Co. Ltd. and with the
Gammacell-220 type Co6 irradiation facility (0.7 PBq) of the National Institute of Standards
and Technology.
Electron irradiations were carried out using the LPR-4 (Tesla Vuvet, Praha, Czeh
Republic) linear accelerator of the Institute of Isotopes, applying a train of 2.6 us electron
pulses.
2.3. Instrumentation
The irradiated ECB reference dosimeters were evaluated for absorbed dose
determination with the OK-302/2 type oscillotitrator of Radelkis (Budapest, Hungary) and
with the oscillometric reader of Sensolab Ltd. (God, Hungary).
The fluorimetric investigations were performed partly with a LS-5 Luminescence
Spectrometer from Perkin-Elmer and with the Clinifluor 88 PT routine fluorimeter (Institute
of Isotopes Co. Ltd., Budapest, Hungary) modified for our purposes.
3. RESULTS AND DISCUSSION
3.1. Application of fluorescent compounds
Originally fluorescent compounds like fluorescein containing samples are potential
systems for absorbed dose measurements, since ionizing radiation causes damage to the parent
molecule decreasing its concentration. Consequently the fluorescent light intensity of the
compound decreases with increasing dose. In this case, the phenomena can be useful for
dosimetry purposes if a reproducible relationship can be established between increasing dose
and decreasing fluorescent light intensity. Such phenomena were utilized when applying
anthracene in pressed powder form or in gelatin due to its radiation-induced degradation
leading to the loss of original anthracene fluorescence at 440 nm [5].
The applicability of some fluorescein derivative systems, like the aqueous solution of
dichloro-triazinil-aminofluorescein was studied with respect to its potential application for
absorbed dose measurements in the low dose range (0.01 - 1.0 kGy). The intensity of the
fluorescent light of the unirradiated and irradiated samples was measured in the visible
spectrum, and decreasing light intensity was observed with increasing dose in the dose range
of 0.01 - 2.0 kGy. The dose range, however, can be changed by applying different
concentrations of the compounds, thus detailed investigations are needed to determine the
application conditions for such systems.
Three different fluor samples as dopants in a polymer matrix, i.e. l-phenyl-3-mesityl2-pyrazoline (PMP) [6], 3-hydroxy-flavone (3-HF) and 2-(2-hydroxyphenyl)-benzothiazole
(HBT), produced by Bicron, have also been studied after irradiation in the 0.1 - 100 kGy dose
range. The absorption and emission spectra of the unirradiated and irradiated samples were
recorded and decreasing fluorescent light intensity was measured at the maximum emission
wavelength with increasing dose in the case of PMP (425 nm)(Fig. 1.) and 3-HF (530 nm),
while in the case of HBT (517 nm) no significant change was observed.
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FIG. 1. Dose dependence of the fluorescent light intensity (425 mm) originating from gamma
irradiated PMP-containing samples.

3.2. Application of optically stimulated fluorescent radiolysis products
Another possibility of using fluorimetry for dosimetry purposes is the irradiation of
certain molecules from which upon irradiation certain radiolysis products are formed which
can yield fluorescent light by optical stimulation any time after irradiation.
Collins et al. [7] published their results about the usefulness of the aqueous coumarin3-carboxylic acid solution for dosimetry purposes in the therapy range. In this solution 7hydroxy-coumarin-3-carboxylic acid is formed by oxidation and this compound gives
fluorescence at 450 nm due to photoexcitation at 388 nm. Similar observations were found by
irradiating the aqueous calcium benzoate solution when salicylic acid forms upon irradiation
and this hydroxylated product yields also fluorescence applicable for dosimetry purposes.
In our investigations we have studied aqueous solutions of naphthalene-1- and
naphthalene-2-carboxylic acid as well as the 3,(4-hydroxyphenyl)-propionic acid. In all three
cases such radiolysis products form during gamma and /or electron irradiation which give
OSL in the visible range (Fig. 2). In the first two cases the emission maximum appears at 420
nm after excitation at 360 nm, while in the third case the emission maximum was observed at
405 nm by excitation at 316 nm.
We have studied the radiolysis and the OSL characteristics of the naphthalene-2carboxylic acid with respect to its dosimetry application in detail. Pulse radiolysis
experiments proved, that due to oxidative processes hydroxylated products (OH-adducts) form
upon irradiation, which are known as OSL agents. This was also proved by using N2O
saturated solutions when higher fluorescent light yield was observed than in the case of airsaturated solutions. With respect to dosimetry applications it was found that absorbed doses
can be measured from 0.1 kGy, but the concentration of the solute must be kept at a minimum
of 0.01 M in order to measure doses as high as 100 kGy (Fig. 3).
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FIG. 2. Emission spectra of the unirradiated (—) and irradiated aqueous naphthalene-2carboxylic acid solution.
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Naphthalene-2-carboxylic acid/NaOH

o
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Dose, kGy
FIG. 3. Dose dependence of the 10'* and 10~* M aqueous naphthalene-2-carboxylic-acid
solutions, with fluorescent emission measured at 420 nm, with stimulation at 360 nm.
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Besides oxidative processes and other ionizing radiation-initiated reactions such as
proton transfer, appearance of new absorption bands in the crystal lattice of e.g. alkali halide
molecules, etc. can also lead to the formation of OSL active materials. A new polymeric thin
wafer, containing a microcrystalline dispersion of a propietary optically stimulated fluor in a
plastic matrix has recently been developed to measure absorbed dose over a wide dose range
using a routine table-top fluorimeter. The irradiated samples (thickness: 0.5 or 0.08 mm) are
excited at 450 run, while the emitted light is measured at 650 run or at 700 nm. The response
of the optically stimulated luminescent light originating from the gamma-ray irradiated 0.5
mm samples in the 1 - 30 kGy dose range is shown in Fig. 4. The uncertainty of the readings
at one standard deviation is + 3 % (type A uncertainty). At higher doses the response as
18OOO

0

5

10

15

20

25

30

35

Dose in Water, kGy
FIG. 4. Photofluorescent (650 nm) gamma ray response of 0.5 mm SUNNA^^film
measured one hour after irradiation.

dosimeter

measured 1 hour after irradiation is sublinear, but becomes nearly linear when the
measurement is made 24 hours after irradiation. The investigations so far indicate that the
dosimeter system is not affected by UV light and humidity, but modest temperature
dependence and some instability within a few hours after irradiation is observed. The
advantages of the films include inexpensive routine high dose dosimetry possibilities, several
OSL readout cycles without any change in the readings (non-destructive readout), wide
dynamic response range, and dose rate independence. Present investigations for extending the
range of application further to lower doses also show promise.

4. CONCLUSIONS
Fluorimetry offers wider and wider application in radiation dosimetry due to its
significant sensitivity which facilitates the method for absorbed dose measurements in
radiation therapy, environmental protection and radiation processing.
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Originally fluorescent compounds were applied for dose determination due to their
decreasing fluorescent signal caused by the radiation damage to the compound. In many cases,
however, optically stimulated fluorescence results in the formation of radiolysis products
which by photoexcitation after irradiation emit the storedabsorbed energy in the form of e.g.
visible light. Such systems can be applied for dosimetry purposes if a reproducible
relationship can be established between the fluorescent light intensity and absorbed dose.
Both aqueous and solid phase systems have been studied and found to be useful for absorbed
dose determination in this way.
Besides dosimetry applications some of these systems can also be used for the
detection and imaging of ionizing radiation by plastic scintillators and for radioactive waste
treatment applications.
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Abstract
The proper design of the irradiation vessel of electron beam flue gases treatment
plant and resultant optimum gas flow pattern is a very important factor to a get high
removal efficiency of toxic materials from flue gases. Radioisotope tracer experiments
were conducted to study the residence time distribution of gas flow in a cylindrical
irradiation vessel. A few mCi of gaseous radioisotope tracer Ar-41 was injected to the
upstream of the vessel and the input and output response were measured with two Nal
scintillation detectors. The same experiment was conducted after the modification of the
vessel by introducing 4 baffles.
The experimental data were analyzed to calculate mean residence times and mixing
characteristics of each system using the residence time distribution (RTD) analysis
software. A method to estimate pollutant removal efficiencies of an irradiation vessel
from the residence time distributions measured by radiotracer experiments was suggested.
The analytical results were compared to evaluate the effect of the baffles on the removal
efficiency of the plant.
1. INTRODUCTION
A new technology has been developed to purify flue gases from coal burning boilers
and incinerators using electron beam accelerators [1]. The Electron Beam Process is a
dry-scrubbing process which simultaneously removes sulfur dioxide (SO2) and nitrous
oxides (NO*) from combustion flue gases. The irradiation of the flue gas produces active
radicals and atoms which react with the SO2 and NOX to form their respective acids. In
the presence of ammonia (NH3), these acids are converted to ammonium sulfate nitrate
((NH4)2SO4-2NH4NO3) which can be used as fertilizer.
Even though it has a long history of various researches and many technical
advantages to conventional processes, the industrialization of the process has not been
fast enough. The improvement of its economic competitiveness to conventional
processes with higher removal efficiency of toxic materials from flue gases will
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encourage the industrialization of the new process. The appropriate design of the
irradiation vessel is one of the most important factors to get the maximum removal
efficiency and the economic competitiveness.
All the process vessels are designed to carry out a specific function. When the
vessel fails to perform this function there may be either a design fault or a malfunction of
some sort, and residence time distribution (RTD) analysis is often used to gain an
understanding of what is happening inside the vessel.
Tracer technology is being used in many diverse scientific disciplines to help gain a
better understanding of dynamic processes. Radioactive materials are particularly
effective as tracer in process investigations of vessel systems because of the wide variety
of isotopes available, chemical and fluid compatibility, the low concentration required,
and the sharp pulse of tracer may be injected into most systems. The ability to detect the
movement of tracer from outside of vessel with on line method is another important
advantage of the radiotracer technology [2].
To gain knowledge for the design of the irradiation vessel, a series of radiotracer
experiments were conducted using Ar-41 as tracer. The experimental data were analyzed
to calculate mean residence times and mixing characteristics of the system using the
residence time distribution analysis software which was developed by Korean tracer
group. A method to estimate pollutant removal efficiencies of the irradiation vessel from
the residence time distribution measurements is suggested. The analytical results were
compared to evaluate the effect of the baffles on the removal efficiency of the plant.
2. IRRADIATION VESSEL
The irradiation vessel in which chemical reactions are initiated by high energy
electron beam is the most important part of the flue gas treatment system because the
biggest portion of electric energy is consumed in this process. The vessel of the pilot
scale electron beam flue gas treatment system is a cylindrical stainless steel vessel with
thin titanium window on the top to accept electron beam. The diameter of the vessel is
27cm and the length is 118cm and the volume of the vessel is divided to 5 sections with
4 baffles.
3. RADIOTRACER
Among gamma emitting gaseous radioisotopes, Ar-41 was employed as tracer
because the atomic weight of the isotope is most similar to those of the main components
of flue gases. It emits 1.29MeV gamma-ray and has a short half life of 110 minutes. It
was produced by the neutron irradiation of argon gas sealed in a quartz ampoule.
A radiotracer injection system was designed as shown in Fig. 1 to get sharp input
impulses and to minimize exposure of operators to the radiation. The operation
procedure is as follows;
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Vacuum Pump

Sampler

Fig. 1. Gas tracer injection system
1) Connect the ampoule containing Ar-41 to the injection system through Tygon tube.
2) Evacuate the Sampler and the line up to the Tygon tube with the vacuum pump.
3) After turn Valve 2 to charge position, break the tip of the quartz ampoule in the
Tygon tube to fill the tracer gas in the Sampler.
4) Turn Valve 1 to discharge position to inject the tracer gas to the system.
5) For the preparation of the second injection, evacuate the sampler but not the line to RI
tracer ampoule.
6) Repeat step 3), 4) and 5) for the second injection.
4. EXPERIMENT
The first experiment was conducted with the vessel without the baffles. Two Nal
scintillation detectors (2 inch in diameter and 2 inch in length) were installed on inlet and
outlet pipe of the vessel with lead collimators and were connected to the rate meters
(Eberline Model ESP-2) as shown in Fig. 2. The signal from the rate meters were
introduced to a data acquisition system to log the data simultaneously.
After turn on the rate meters and data acquisition system, a few mCi of gaseous
radioisotope tracer Ar-41 was injected to the inlet pipeline through the injection point
installed at approximately 10m upstream of the pipeline from the inlet detector. As the
diameter of the pipeline is only 1 inch, the mixing length(lOm) was far more than enough.
The counts from the two detectors were logged every 2 seconds.
The second experiment was conducted with the same operating condition after
install 4 baffles in the vessel.
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Fig. 2. Arrangement for RTD study using radioisotope as tracer
5. RESULTS AND RESIDENCE TIME ANALYSIS
The experimental data were analyzed with the RTD Analysis Program which had
been developed by KAERI tracer team. The input and output response for the two
experiment are shown in Fig. 3-a and Fig. 3-b together with simulated output
responses(dotted line) obtained by the Perfect Mixers in Series Model.
The mean residence times (MRT) of the first (without baffles) and second (with
baffles) experiment are calculated as 56.9 sec. and 63.8 sec, respectively. It is not clear
whether the difference of MRT came from the flow rate change or dead volume of first
system.
The shapes of the output peaks are clearly different to each other. The peak for the
vessel without baffles is similar to the response function of a perfect mixer, and fit with
the simulated response function with tank number 1.4. On the other hand, the peak for
the vessel with 4 baffles fit well with the simulated response function with tank number
3.9. This result means that there are quit a big portion of by-passing and back mixing of
flue gases in the first system, but these undesirable phenomena can be reduced by
installing baffles in the vessel.
6. EFFICIENCY ESTIMATION
The impulse response function of a system with MRT x and tank number N is as
follow [3];

T
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Fig. 3-a. RTD of flue gas in the cylindrical irradiation vessel with no baffle
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Fig. 3-b. RTD of flue gas in the cylindrical irradiation vessel with 4 baffles
The impulse response functions of the two systems can be obtained by substitution of the
two parameters (MRTs and tank numbers) measured by the tracer experiments (see Fig.
3-a and Fig. 3-b) to the obove equation.
Ho(t) = 6A2x\O-3tOAe-°O2A6'
(for the vessel without baffles)
0 06
Ha(t) = 3.46 x 1 0 ^ / " e" - "
(for the vessel with 4 baffles)
On the one hand NOX is decomposed by radiation, on the other hand it is produced
by the radiolysis of air. Thus, the change of NOX concentration with radiation dose(D)
can be presented as follow;
d[NOx]
dD
As k' and the concentration of air components in flue gas can be considered as constant,
the second term of the equation can be replaced with constant "a". Then,
d[NOx]

a-k[NOx]

= dD
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The solution of this differential equation and the removal efficiency E(D) are as follow;
a
[NOX] = ^ O E(D)

=

[NOx]0-[NOx]
[NOX]0

=

a
) (l-<
k[NOx]0

As a, k and [NOX ]o are constants, the first parenthesis of the equation can be substituted
with constant "C" as follow;
E(D) = C ( l - e )
The experimental NOX removal efficiency vs. radiation dose was reported as shown
in Fig. 4 [4]. The equation representing the curve is obtained by fitting method with
Sigma Plot program as follow;
E(D) = 0.77(l-e-° 2069D )
where E(D) is the NOX removal efficiency with radiation dose of D kGy. As the dose is
the product of dose rate and time (D=Dr xt), the equation can be written as follow;
E{t) =
0.77(\-e-02069Drt))
As the H(t) function is area normalized, H(t)xE(t) is the removed portion of NOX
oo

from the flue gas which remain in the vessel for time t, and \H{t)E(t)dt

is total NOX
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Fig. 4. Experimental and fitted curve of NOX removal vs. Dose
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removal efficiency of the vessel at a dose rate of Dr. The ratio of the area under
H(t)xE(t) curve in Fig. 5 to the area under H(t) curve is the removal efficiency at the
dose rate of 0.2 kGy/s and appears to be 67%.
Figure 6 shows some examples at different dose rates assuming that the gas flow
rate is fixed. It is appeared that the removal efficiencies of the vessel with baffles are
higher than those without baffles especially at low dose rate. The efficiencies of the two
systems at different dose rates are given in Fig. 7. The efficiency of the vessel with
baffles reaches 97 percent of saturated value(maximum removal efficiency, 77%) at the
dose rate of 0.4 kGy/sec, whereas 87 percent for the vessel without baffles. The figure
shows that the installation of baffles are effective in increasing removal efficiency
especially in low dose rate.
Even with the vessel without baffles the maximum removal efficiency 77% can be
reached at the dose rate higher than 5 kGy/s. In this case, however, the energy
efficiency of the system will be very low, and the process can not compete with
conventional processes. Thus, an optimum removal efficiency should be selected by
considering both economics and environment. If 67% (87 percent of the maximum
removal efficiency) is selected, the dose rate of 0.4 kGy/s should be employed with the
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Fig. 5. NOX removal efficiency at 0.2kGy/sec
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Fig. 6. NOX removal efficiency vs. dose rate
vessel without baffles, whereas only 0.2 kGy/s is enough with the vessel with baffles to
get the same removal efficiency. This means that 50% of electric energy can be saved
simply by employing 4 baffles in the irradiation vessel. As another example, dose rates of
1.5 and 0.5 kGy/s should be employed to remove 75% of NOX with the vessels without
and with baffles, respectively. It means that the same removal efficiency can be achieved
with one third of energy by employing the baffles in the vessel.
The efficiency estimation method suggested in this paper may have some errors,
because other factors, such as uneven distribution of dose rate in the vessel and lose of
electron beam by the metal baffles, are not considered. It was intended to show the way
how to use tracer techniques for the design of the vessel to get better NOX removal
efficiency.
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Abstract
One of the important factors in development of irradiation technology is the investigation of
radiation dose distribution at the front and rear surface, sometime also inside the irradiated object.
Such information is particularly important when standard electron beam with penetration length of a
few cm is used for irradiation of non-continuos objects. Use of expensive commercial dosimeter foils
to technological investigations results in high cost of development of the technology. Indication of
dose by commercially available PVC foils is time dependent. The investigations show anyhow that
after proper thermal treating such foil gives reliable information of dose distribution within many
hours after irradiation. A prototype of dose reader enabling fast read out of the dose of several PVC
foils in a short time, in a form of a long band, is presented enabling use of the cheap standard PVC
foils for measurement of dose distribution.
Read out of absorbance of dosimetric foil is accomplished by two beam spectrophotometer.
Such solution makes possible compensation of light source instabilities and ensures higher stability of
the dose reader. The error of absorbance measurement caused by the instabilities does not exceed
0.004 A. A step motor is employed in driving mechanism for the dose reader dosimetric foil. The
number of steps executed by the step motor is the measure of dosimetric foil length, that is measured
with the accuracy 0.04%. Speed of dosimetric foil movement can be selected in the range 0.6 cm/s 5 cm/s. The dose reader is equipped with two light sources: deuterium and halogen lamps covering
the light wavelengths in the range 240 nm - 700 nm. To process the signals from the
spectrophotometer and to present the measuring results a standard personal computer is employed.
The measuring results are presented in the form of a diagram at monitor screen and are stored to
computer disk.
1. INTRODUCTION
The development and research of irradiation technologies and sterilization services of
medical utensils rendered by the Institute by means of an electron beam from electron
accelerator require fast and reliable measurement of dose distribution. Such measurements are
carried out by means of a dosimetric foil in a form of a long band.
Use of expensive
commercial dosimetric foils to technological investigations results in high cost of
development of the technology and of the dose control. Indication of cheap, ordinary,
commercially available PVC foil as dosimetric foil is time dependent. Investigations carried
out [1,2] show anyhow that after proper thermal treating such foil gives reliable information
of the dose distribution within many hours after irradiation. Thus if a dose reader can ensure
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fast measurement of several dosimetric foils in short time and store the measuring results for
future reference, cheap, ordinary PVC foils can be used for measurement of dose distribution.
A prototype of computerized dose reader enabling fast read out of the dose of PVC foil in a
form of a long band and storing the results in computer disk was developed and is presented
in the paper.
2. PRINCIPLE OF OPERATION
Functional diagram of dosimetric foil dose reader illustrating its principle of operation
is shown in Fig. 1. The dose reader is composed of two beam spectrophotometer employing
two light sources enabling measurements of the dose in UV and VIS region of the light
wavelength. Selection of light wavelength range is done switching on deuterium lamp for UV
range or halogen lamp for VIS range. Requested wavelength is selected by varying position
(angle) of monochromator in respect to incident light beam by means of a micrometer screw.
Light beam from halogen or deuterium lamp is chopped 100 times a second, which facilitates
amplification of measuring head signals. Monochromatic light beam is split into two beams,
one is directed to measuring channel the other to reference channel. Often only one light beam
is employed in this type of gauges [3], but two beam solution enables compensation of
instabilities of the gauge, especially the instabilities of light sources. The light beam in the
measuring channel after collimation passes through a diaphragm with aperture 5 x 1 mm and
through investigated dosimetric foil. Attenuation (absorbance) of light beam by the foil is the
measure of radiation dose accumulated by the foil. After passing the foil, intensity of light is
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Fig. 1. Functional diagram of computer controlled dose reader.
HL - halogen lamp, DL - deuterium lamp, MS - mirror light switch, CH - light chopper, M monochromator, MR - mirror reflector, LS - light splitter, L1,L2 - focusing lenses, DF measuring diaphragm, D1.D2 - photodiode, A1,A2 - pulse amplifier, GC1, GC2 - gain control
circuit, A/Cl, A/C2 - analog to digit converter, MP - microprocessor system, RS - serial port,
PC - personal computer, IF - computer interface, F - dosimetric foil, FD - foil drive.
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detected by a photodiode, amplified and converted into digital signal that is primarily
processed by microprocessor system. Measurement of dark current signals of photodiode
detectors and signals from measuring and reference channels are also carried out 100 times a
second. Final processing and display of measuring results is performed by the personal
computer. The personal computer controls also measuring cycles, and switches on/off foil
movement (drive).
Light intensity reaching light detector is given by the relation:
J = JO e" kd
(1)
J o - light intensity without dosimetric foil,
k - attenuation coefficient,
d - optical density.
Absorbance of the foil is defined as:
Ax . - l o g - — - = - l o g - i Jo —Jd

(2)

b0

I x - light intensity intensity (signal) from measured foil,
Id - dark current signal when light beam is shut out,
S x = J x - J(j; - measuring signal
S o = J O - J d -maximum amplitude of measuring signal.
The ratio of maximum amplitude of measuring signal S o to maximum amplitude of reference
signal S r is k r = S o /S r , thus S o = k r S r Introducing this new value for S o to equ. (2) one gets:
^_
(3)
k
Processing signals according to equ. (3) allows for compensation of variation of light source
instability. It requires only that during setting zero procedure value of k r coefficient is
measured and kept in memory. The relation between absorbance of dosimetric foil and
radiation dose absorbed is described by the relation:
Dx=kd(Ax-AJ
D x - absorbed radiation dose,
k(j - proportionality coefficient,
A x - absorbance of irradiated foil,
A o - absorbance of non irradiated foil.

(4)

3. PERFORMANCE
Mechanically the dose reader consists of two separate main blocks: measuring head
employing two light beam spectrophotometer equipped with foil drive and processing and
control unit that employs standard PC equipped with an interface and computer program,
connected together with cables.
Measuring results, 1000 measuring points of the foil, including description of the foil
(average, maximum, minimum dose, type and number of foil, date, client name), are stored in
computer disk, and are presented in the form of diagram on computer monitor. The indicated
(and stored) value of one measuring point is the average value of dose corresponding to 0.1%
of the length of foil ( lmm for 1 m long foil and 5 mm for 5 m foil). At constant rate of
reading out the foil that is 100 times a second, at lower speed of the foil movement the
average value is computed from more readings. An Illustration of the diagram of dose
distribution against the length of the foil is shown in Fig. 2. The diagram is constructed while
the foil is being measured. The measuring cycle can be interrupted any moment by the user if
he wishes so. Only accepted measuring data by the user are stored to computer disk. Hardcopy
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Fig. 2. Illustration of measuring results of dosimetric foil approximately 75 cm long. The dose
at the diagram was computed according to the relation (4): D x = ^ ( A X - A Q ) where kd=100,
Ao=0. The kGy (dose) scale shows thus the total absorbance of the foil that is multiplied by
100. The measurement of an experimental foil was made at foil speed 5 cm/sec, light
wavelength X = 400 nm, halogen lamp switched on. Maximum dose 72.7 kGy at 335 mm
corresponds to one point of the diagram between the points LI and L2 of the foil length. The
values of LI and L2 are set by the user. The dose at L2 = 95 cm equal to -0.2 kGy indicates
on instability error equal to 0.002 A (absorbance). To compensate this error a zero setting
function should be called. The average dose 33.8 kGy is computed for the foil range between
LI and L2 (during the real measurements the L2 level should be set < 75 cm).
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of measuring results can be made if needed. Measuring data of up to 300 dosimetric foils are
stored in 6 data files. Standard length foil up to 100 cm or up to 500 cm, 7 mm wide can be
measured. Step motor driven foil ensures good indication of foil length. Approximately 2500
steps of step motor are executed to move the dosimetric foil by 1000 mm Thus the length of
the foil is measured with an accuracy 0.04% as the number of steps of step motor can be
adjusted by one step. It means that 1 m long foil is measured with an error 0.4 mm and 5 m
long foil with 2 mm error. Variable foil drive speed ensures selection of speed from 0 6 cm/s
up to 5 cm/s.
To facilitate maintenance of the dose reader, apart from calibration and measuring
procedures, several control procedures are foreseen to check if the reader operates properly
Among them there is a procedure allowing to check if the number of motor step should not be
modified because of wear the rollers of the foil driving mechanism, and to set new number if
needed. The range of absorbance measurement is up to 2 A (absorbance). Investigations
showed that the instability of absorbance measurement < 0.004 A/hr. To keep the instability
error at low level during many hours of operation a zero set procedure lasting 5 sec is
available for the user. The procedure is called by pressing one key of the keyboard
Oscillations of the absorbance curve due to noise and vibration of the foil, when moving
across the light beam, in the worst case are not higher than 0.017 A peak-to-peak which is
approximately 3.4% peak-to-peak in respect to the absorbance of irradiated foil (0 5A)
The dose reader was developed in the frame of contract No. 1280/C T10-8/95 between
the Institute of Nuclear Chemistry and Technology and the Committee of Scientific Research
ot Poland, that provided partial financial support for the project.
4. CONCLUSIONS
foil • th h f d e V d ° p e d d 0 S e r e a d e r e n s u r e s f a s t r e a d out of irradiation dose from dosimetric
foil in the form of long narrow band that can be measured with satisfactory accuracy The fact
that the measurement of dosimetric foil is done quickly and the measuring results are stored in
computer memory the dose reader is suitable for use with cheap, dosimetric foils indications
of which are dependent on time. Easy modifications of computer program allows to adapt the
dose reader to specified requirements of potential user, such as linear or non-linear calibration
curve of the dosunetric foil, measuring results in the form of absorbance or dose distribution
diagram, etc. The gauge can be used not only to measure PVC dosimetric foils but to other
foils as well, mcluding measurement of foils up to 5 m long finding application in irradiation
or flue gases in electric power stations in the process of SO 2 and NOX removal from the flue
flue gases by irradiation flue gas with an accelerator electron beam.
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Abstract
In order to measure accurately the amount of energy deposited by radiation in the absorber of
the calorimeter, it is necessary to know so called thermal defect. It is the quantity of the heat that may
have been either lost or gained as the result of radiation-chemical reactions and also as the change of
the crystal lattice energy.
In the case of domestic polystyrene we observed two different thermal effects. The first one is
connected with the radiation-induced polymerisation of relicted remnats of styrene monomers and free
radicals present in commercial polystyrenes. The value thermal defects is equal to several percent only
during the "virgin" irradiation. The second effect is related to large doses (several hundreds of kGy),
which degrade polymer and the heat defect is about 0.1%.
We have investigated the radiation behaviour of the nuclear grade graphite (used in our
calorimetry) for evaluation of the thermal defect mechanism. Powdered samples of graphite blocks
were irradiated in air using 10 MeV linac EB. After doses greater then 80-100 kGy there is observable
radiation-induced wettability with water, and as results graphite powder sinks in water in contrary to
unirradiated samples which permanently float. On the other hand irradiated graphite powder is sensitive
to an oxidation in air with mellitic acid as product.
Moreover, 10 MeV electrons - besides ionisation of graphite as main effect also generate
vacancies and interstitial carbon atoms. The overall thermal defect in graphite of nuclear purity can be
estimated as about 0.1%. This result lies between extremal literature data, i.e. 0 and 2%.

INTRODUCTION
In terms of physical chemistry, the energy of ionising radiation deposited in the
irradiated object appears as energy of thermal movements of the constituents of the system.
High energy intermediates on the path of degradation of energy may create new chemical
compounds in the system, thus changing its internal energy. Therefore the absorbed energy
calculated from the heat capacity of the system and the difference of temperature has to be
corrected by negative or positive change of the internal energy. This correction is usually
negligible in technological applications [Zagorski

1992], but not in calorimetric dosimetry.

The correction in oxygen-free Fricke dosimeter is + 4.3% and in oxygenated - 14.7%, what
means that the measured heat is in the first case lower and in another higher, than it should be
without change of internal energy of the system.
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Media for dosimetric calorimetery are chosen so as to cause a minimum value of
corrections needed. The effect is called in dosimetry the heat defect or thermal defect. It need
not to be taken into account only in the case of metals, y or electron beam irradiated, where
inelastic collisions of quanta and/or high energy particles do not play important role.
Calorimeters are considered to be primary dosimeters, because it is not usually
necessary to calibrate them with another radiation measuring instrument. Therefore,
calorimeters can be used over a broad range of energies, absorbed dose rates, and large values
of total absorbed dose . The general principle of operation of the calorimeter is simple.
According to the Second Law of Thermodynamics any form of energy, among other an
ionizing radiation, is finally degraded to heat. However, the absorption of radiation in certain
materials can involves some radiochemical reactions or displacement of atoms in crystal lattice,
i.e. so called thermal defect or heat defect. Contemporary calorimeters, designed for radiation
processing with electron beams (EB) at 5-10 MeV should have the precision (uncertainty of
readout at 2 s.d.) within about 3-5%.
For this purpose all side effects such as heat defect should be practically less than about
1%. Heat defect is rather not expected to occur in metals or in pure elements, however, it is
most pronounced in plastics, Fleming, Glass, 1969, where it might amount to a 5-10% effect.
TABLE 1. THE REVIEW OF THERMAL DEFECT OF WATER, GRAPHITE AND
POLYSTYRENE
MATERIAL

Thermal Defect, %

REFERENCE

REMARKS

1-5
1-5
up to 10

S.R. Domen, 1980
S.R. Domen, 1982
J. Fletcher, 1982
C.Ross et al., 1982
R.Schultzetal., 1987
H. Selbach et al., 1992
M.Rosetal., 1992
N.Klassen et al., 1991
S.Domen, 1994
D.Bewley and B.Page, 1972

once distilled H2O in contact
with plastic

H20
close to zero

zero
2±2

C

0.38 ±0.61

radiochemical reactions with
oxygen
carbon, vacuum

M.Sabeletal., 1973
0.05 ±0.59
0.434 ±0.340

0.10
0.67 ±0.94
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high purity water saturated
with gases (purified, O2, H2,
Ar)

R. Schultzetal, 1990

D.Fleming, W.Glass., 1969
M.Sabeletal, 1973

carbon, air
referenced to Al, (for Al is
assumed no heat defect)
radiation induced
degradation, cross-linking,
formation of double bonds
trapping of long living free
radicals, and emission of H2)

HEAT DEFECT OF WATER
Water has absorption and scattering properties similar to soft biological tissue, and for this
reason there is an interest in developing an accurate absorbed dose calorimeter using it. In order to
relate the radiation-induced temperature rise to the absorbed dose, the energy balance of the overall
chemistry of the system must be known, (J.W.Fletcher: 1982: A.W.Boyd et al, 1980 and N.Klassen,
1991, see Table 2.

TABLE 2. YIELD STOICHIOMETRIES OF IRRADIATED WATER,
ACCORDING FLETCHER 1982
% Endothermicity

Additive
Pure

2.48 H2O -> 1.24 H2 + 1.24 H2O

4.87

H2

1.4H 2 O-»0.7H 2 + 0.7H2O2

2.75

2.4 H2O + 0.75 O2 -+ 0.45 H2 + 1.95 H2O2

3.37

O2 high dose

1.4 H2O + 0.25 O2 - • 0.45 H2 + 0.95 H2O2

2.30

H2 and O2

1.4 H2O + 3 O2 + 2.3 H2 -> 3.7 H2O2

-2.62

non-chain

5.55 H2O2 -> 0.45 H2 + 3O2 + 5.1 H2O

-4.65

H2O2
chain

2H2O2->> O2 + 2H 2 O

-2.14xG(cham +
post effect)
2.30

non-chain
H2O2 and O2

1.4 H2O + 0.25 O2 -> 0.45 H2 + 0.95 H2O2

chain as above
non-chain

-2.4 x G (chain)
2 H2O2 + 2 H2 ->4H 2 O

-3.93x2

H2O2 and O2
chain

H 2 O 2 + H2 ->2H 2 O

-3.93xG(chain)
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Water calorimeters consisted of once - distilled water, open to air and in contact with the
plastic materials show significant exothermic results reported by several authors ranged from 1 to 5
and even 10%, S.Domenl980, 1982, and 1994 and J.Fletcher 1982.
If water is to be contained in clean glass containers and sealed from the atmosphere the heat
defect can be substantially reduced, C. Ross 1982, R.Schultz 1987, H.Selbach 1992) and N.Klassen
1991. Water calorimeters in glass containers are convenient for Co-60 dosimetry. In the case of EB
wall glass containers absorb fast electrons and measurements need a correction.

MEASUREMENT PROCEDURE
Simple quasi-adiabatic water calorimeters are used at INCT for 10-13 MeV electron beam
dosimetry in the range of 5-50 kGy, Fig. 1, [Panta and Bulhak, 1985]. The three important elements
of calorimeter are: the absorber (or in other words calorimetric body), the temperature sensor, and
the thermal insulation. The absorber consist of the thin-walled rectangular polystyrene container (10
x 7.5 x 2 cm) filled with an average of 120 ml water distilled from alkaline KMnCV). The
temperature sensor is the small glass encapsulated bead NTC thermistor. Thermistors are carefully
chosen, taking into account a higher radiation resistance up to 4000 kGy. For providing good
thermal insulation a styrofoam enclosure is employed with thickness of 5 cm.
The precision of water calorimeter is relatively good, about 2-5%, but there exists some
observable discrepancy between the response of the water calorimeter and the Fricke dosimeter. This
difference is convenient for direct evaluation of water thermal defect.
For this purpose sets of 10 water calorimeters and the same of polystyrene containers (as
calorimetric) - Fig. 1.: filled instead water with the normal Fricke solution, containing NaCl, for
neutralization of organic impurities. Empty polystyrene containers were preirradiated of dose 30 kGy
for removing remnants of organic impurities. Next water calorimeters and calorimetric containers
filled with Fricke solutions were irradiated suitable doses at the same electron energy of 10 MeV, and
EB power, but conveyor velocities were fitted to linearity of dosimetric responses of calorimeter and
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water
rectangular polystyrene
container \

/ termistor electrical
leads

21

136

expanded polystyrene

Fricke's solution..
rectangular polystyrene
container

—
21

136
stopper

expanded polystyrene

Rys.l .Cross-section of the quasi-adiabatic water calorimeter for electron beam
dosimetry and Fricke^s dosimeter
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Fricke system. Corrected results of calorimetric measurements are higher in comparison to Frickes
and average thermal defect of 6-8% lies between of Domen 1980, 1982 and 1994 and Fletcher 1982
results.

HEAT DEFECT OF GRAPHITE
Graphite and water have been the two most frequently used materials as radiation absorbing
materials in calorimeters. On the other hand synthetic, very pure graphites are widely used as
moderator materials in nuclear reactors (so called nuclear, or reactors grade graphites). Heavily
irradiated nuclear graphites were tested in research and energetic reactors as early as in Manhattan
Project. Such graphite parameters as stored energy content, effects on specific heat, atomic
displacements and so on were investigated from basic and technological points of view.
In this work nuclear grade graphite was chosen for estimation of heat defect. In opinion of
some authors: C.Ross 1982, R.Schultz 1987, H.Selbach 1992, M.Ross 1992, N.Klassen 1991
graphite has not shown measurable amount of heat defect. Others for example D.Bewly and B.Page
1972 determined it within 2 ± 2%. There are two forms of possible radiation induced heat defect in
the very pure graphite: atoms displacements and radiochemical reactions with oxygen (or ozone).
Electron irradiation of graphite and other materials are convenient for the determination of the
threshold energy for atomic displacements. A threshold energy Eo imparted to an carbon atom (in
collision process) by fast electron is equal to 24.7 ± 0.9 eV, [H.Etherington, 1958]. Single or primary
atom displacements occur if the energy given to the primary knock-on is between Ed and 3 Ed
Multiple (secondary) atom displacements take place if energy imparted to a primary knock-on atom
exceeds three time the threshold energy. Maximum energy imparted to atomic nucleus by fast
electron with kinetic energy of E e and rest mass m0 is

Me

E.

where M mass of target atom, c velocity of light (in vacuum).
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The cross-section 8d for on atomic displacement is according to Vavilov 1963 as follows

he

1371 * V£_

c f

(£.+/"£')'

For 10 MeV electrons and carbon atoms a , = 47.25 barn. This results is in sufficient agreement with
Oens 1973 data.
Finally the fraction of the absorbed 10 MeV electrons energy in the form of carbon atom
displacement is less or equal <0.2%.
On the other hand graphites are considered to be relatively low reactive form of carbon.
Without irradiation kinetics of an oxidation of graphite by atmospheric oxygen is very slowly. An
oxidation of graphite is complex process and usually takes place formation of graphite oxide.
Oxidation beyond the stage of graphite oxide involves break down to mellitic acid, [Ubbelohde and
Lewis, I960]. We have investigated the radiation effects on the nuclear grade graphite (used in our
calorimeters Russian manufactured material) for evaluation of the overall thermal defect mechanism.
Powdered samples of graphite block were irradiated in contact with air, using electrn from 10 MeV
linac EB. After doses greater than 800-1000 kGy there are observable radiation-induced wettability
with water and as results graphite powder sinks in water - in contrary to unirradiated samples which
permanently float. On the other hand irradiated graphite powder is sensitive to an oxidation in air to
the mellitc acid as final product via graphite oxide. The water extract of the irradiated graphite had
characteristic yellowish colour and pH of 4-5. The overall thermal defect in graphite of nuclear
grade (carbon atom displacements and oxidation) can be estimated as about of 0.1- 0.2%. This result
lies between extremal literature data listed in Table 1.
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THERMAL DEFECT OF POLYSTYRENE
Polystyrene was used very early as container material for water calorimeters, usually
in the form of sealed Petri dishes. In the eighties Domen 1987

prepared water/polystyrene

calorimeters. Next in early nineties A. Miller 1994 elaborated polystyrene calorimeter for dose
measurements and calibration of industrial electron accelerators. A. Miller 1994 designed polystyrene
calorimeters in the same geometry as used for our graphite calorimeters, see Fig 2, in order to make
intercomparison measurements easier. The radiation absorbing polystyrene disk is made of high
impact strength grade polystyrene of density of 1.05 g/cm3.
Polystyrene has large radiation resistance due to the presence of benzene rings, (up to about
4000 kGy). After high dose irradiations polystyrene emits gaseous hydrogen (G= 0.023) - Van de
Voorde 1970 and Dubrovskij, 1973.
Commercially available polystyrenes contain some additives (plasticizers, remnants of
polymerisation catalyst and so on), and sometimes small amounts of styrene, Odian 1973. According
to Odian heat of styrene polymerysation is equal to 16.7 kcal per mole.

thermistor

50

I
graphite

thermal insulation

Fig. 2. Cross-section of the graphite calorimeter for electron beam dosimetry
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We prepared serie of different, commercial samples of polystyrene in the form of disk (8 or
10 cm of dia) with thermistors and Styrofoam enclosure as in graphite calorimeters, Fig 2. Such
prepared sample were irradiated with 10 MeV linac electrons, at doses of 10-50 kGy. We observed
some thermal defect of 2-4% only during the "virgin" irradiation. It can be interpreted as exothermic
compression of 7t-bonds in remnants of styrene molecules into <7-bonds in the polystyrene.
After higher doses (above several thousands of kGy) polystyrene is gradually degraded.
On the other hand also take place EB induced carbon and hydrogen atom displacements in
polystyrene which is very close to displacements in graphite. An overall heat defect (excluding
polymensation of styrene impurities) is about of 0.1 to 0.2 %. It is worth to point out that the thermal
defect of polystyrenes depends strongly on properties of particularly batch of the commercial
polymer.

DISCUSSION OF RESULTS
It is worth to point out popular underestimations of role of EB radiation-induced atomic
displacement vs. pure ionizing radiation effects. There are many examples of radiation-induced
primary and secondary defects in semiconductors, ceramics, metals and alloys. Radiation
displacement effects in silicon are responsible for formation of recombination centers, which can
improve dynamic parameters of thyristors and diodes, [Panta, 1987].
Electron beam irradiation involves also hardening of ceramics, metals and alloys. The
electron dose of 400 kGy causes rising of mechanical strength of ceramic capacitor insulators from
starting value of 114 MPa to 476 and even 544 MPa / i.e. over four times/, L.Drabik et al, 1985.
Higher dose of 800 kGy involves also rising of value of dielectric constant after irradiation of
capacitor ceramics of about 15%. Metals and alloys such as carbon steels and widia cutting tools
become harder after doses within 360 to 1000 kGy. Radiation-induced hardness causes longer life of
cutters and drills up to 3 times higher, [J.Szyjko and P.P.Panta, 1986].
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As it is known, the traditional hardening of cutting tools needs such treatment as the diffusion
of carbon, nitrogen or cyanogen into metal, structure (carbonization, cyaniding or nitrardind) - at
concentrations of diffusing components roughly of per mille level. Practically, it is the similar scale as
the case of radiation-induced displacement damage of graphite.
Recently, the intercomarison of radiation - induced displacement damage vs. pure ionizing
radiation effects will be published as separate paper in Radiation Measurements as it was signalized
by Xapson et al., 1954.

CONCLUSIONS
• Thermal defects of three important materials, used in radiation calorimetry, i.e water, high purity
graphite and commercial polystyrene have been evaluated.
• Experimentally evaluated heat defect of once destilled water in contact with air and polystyrene
containers is of 6-8%.
• Small heat defect of graphite and polystyrene are within experimental error and are estimated by
calculation of energy and concentration of atomic displacements.
• Obtained results lies within extremal results of available literature data.
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Abstract

Environmental pollution in developing countries such as Ghana transcend many fields of
human activity. Rivers that serve urban communities as sources of potable water encounter challenges
of pollution as a result of agricultural, industrial and domestic activity.
The wood processing industry leaves in its trail huge amounts of sawdust. Urban sewage also
creates environmental problems if not managed adequately. Contaminated imported foods become
sources for the introduction of new microflora into developing countries. Such new microflora can
result in health problem in such societies.
This paper discusses the enormity of these problems in Ghana with a proposal for minimising
them by the application of radiation processing technology.
1. INTRODUCTION
Environmental pollution has in the past been associated with industrialised countries
where technologies have been developed to combat the problem. However, in recent years
developing countries such as Ghana are beginning to come to grip with pollution problems.
Rivers that serve as sources of potable water face huge challenges in terms of pollution as
they journey through economically active zones [1].
Ghana has a very thriving wood industry. A by- product of the wood products is a
tremendous amount of sawdust from the sawmills. Presently, sawdust in Ghana has reached
harzadous levels. A negligible amount is however used as substrate in the mushroom industry.
Daily influent of raw sewage in the large cities is another source of pollution due to
the increased migration to urban areas. In Ghana, cities such as the capital, Accra is now faced
with the problem of these microbiologically harzardous sewage products.
Conventional methods are limited in scope in satisfactorily solving these problems.
Ghana has an emerging free market which imports food in large volumes and from variety of
countries. These foods sometimes arrive contaminated and unwholesome.
These unwholesome foods can serve as sources of new microflora into the natural chain.
These may have detrimental health consequences to the society at large.
In this paper, the enormity of the above problems is discussed with a proposal for
minimising them by applying radiation processing technology.

2.

WATER POLLUTION IN AND AROUND ACCRA

The population of Accra, the capital of Ghana, is estimated at 3.5 million [5] and is
served with two major sources of drinking water, the Densu river to the west and the Volta
river source to the east.
513

2.1

The Densu Reservoir

The Densu river, a typical rain forest zone river, flows for 116 kilometers into the
Atlantic ocean and drains a total area of 2,564 square kilometers. It journeys through tropical
humid forest inhabited by small farming communities whose activities appear to have little
impact on the river. However, the rest of its journey through coastal savannahs faces huge
challenges in terms of pollution.
In those coastal savannah areas, it has been recently found that the influence of over
fertilization of the soil with chemicals has a direct impact on the nitrogen loads of the waters.
Pineapple farming, which is the main activity of this area, contribute about 90% of the total
nitrogen loads [6]. Biological oxygen demand loads of two sites along the river were found
very high as shown in Table 1. These were as a result of inputs from sewage as well as the
agricultural and other domestic waste. Bacteriologically, in that study, none of the two sites
qualified as suitable direct source of drinking water or as points of primary contact such as
swimming.
The Densu river is dammed at Weija to create the Densu reservoir with a total surface
area of 8,300 acres and a maximum water depth of 16 m (Figure 1). At present the capacity of
the water works is 91 million litres per day.
2.2

The Kpong Reservoir

The eastern part of Accra is served by drinking water from the Kpong reservoir. The Kpong
reservoir was developed in 1982 from the Volta River primarily for irrigation and for the

FIG. 1. The Weija lake and project area.
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production of hydroelectric power. It is 25 km downstream of the existing Akosombo dam
(Figure 2).
The Kpong dam which was closed in 1981 caused the flooding of about 2685 hectares
of land. The reservoir has a total surface of 37.4 km 2 and a maximum water depth of 15 m
with a mean depth of 5 m. The mean annual flow of water through the reservoir is 1183
m3sec"1 and the water retention time is 5 days. [7]
A comparison of the waters at Weija and those of Kpong shows that the former is of a
lower quality. [1]. The lower transparency and high conductivity at Weija indicate higher
concentrations of suspended and dissolved materials - both organic and inorganic. The end
result is poorer quality of treated water from Weija Table 2.
Water quality in and around Accra has deteriorated in recent years mainly due to human
activity. The influx of nutrients has rendered the water sources highly eutrophic particularly
the Weija reservoir, which has develop algae blooms in the open water resulting in algogenic
tastes and odour. These water quality problems need to be addressed using modern
techniques.

3

SAWDUST PRODUCTION

The timber resources of Ghana are contained in an area of 1.2 million hectares,
producing approximately 1.3 million cubic metres of logs, Table 3. During logging, the

FIG. 2. The Krong dam and the reservoir area showing the sampling sites I and II.
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crowns and butts of the timber trees making up 50%-of the total volume, are usually left to rot
after felling. The three year average logging waste volume (1990 - 1992) is estimated at
1,279,000 m3 or 836,466 tonnes [8]. The processing of the logs in over 100 sawmills, 9
plymills, 15 veneer mills and over 250 furniture firms all over the country generates a
considerable amount of residue in the form of sawdust, edging, slabs and veneer waste and
core rejects. Only about 45% of the volume of logs brought to the sawmill emerges on the
average, as sawn timber. In general, about 20% to 25% of the true volume of logs sawn
comes out as sawdust whiles other residues constitute 25% to 35% [8].
Sawdust production has in recent years attained levels that have resulted in heaps of
sawdust at all wood processing industries.
A negligible quantity of offcuts and sawdust is used as boiler fuel. A few of the mills
have recently acquired moulding machinery for processing some of the residue into sticks,
slips and narrows for export [9]. A negligible quantity also serves as direct substrates for the
TABLE 1. PHYSICAL, CHEMICAL AND BIOLOGICAL PARAMETERS AT TWO
SITES ON DENSU RIVER
Location-

TURB

pH

CN

As

(FTU)

River

DEPTH

COLIFORM

TOTAL

/m

/100 ml

FAECAL

Pokuase

6.9

23.0

<0.05

<0.05

1.0

60,200

36,800

Nsawam- Bridge

7.0

62

<0.05

<0.05

10.0

28,200

3,440

6.5 -8.5

5

0.1

0.05

10.0

0

Primary Contact

1000

200

Secondary

10000

5000

WHO LIMITS
Drinking Water

Contact
Source: Ref. 6.

TABLE 2 . WATER QUALITY - WEIJA VS. KPONG, AUGUST, 1990
Location

pH

TRAN

US/cm

en

290

INTAKE - Weija

7.9

Kpong

6.7

74

TREATED - Weija

7.1

360

Kpong

7.1

90

Source: Ref. 1.
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j

COND

Cl

BOD

Ca

ALK

NH3-N

NO3-N

53

35

8.6

15

102

0.18

0.56

200

9

4.0

6

40

0.003

0.16

10

0.8

20

82

0.003

0.30

4

0.8

7

46

0.003

0.12

-

growth of Pleurotus and Auricularia mushrooms. The major part of the heaps of sawdust that
are piled up at the sawmills in Ghana are normally set on fire, thus polluting the atmosphere.
There is therefore the need to look for other beneficial uses of sawdust in Ghana. It is
envisaged that irradiated monomers will serve as binders of the sawdust into composite
boards.
4.

SEWAGE PRODUCTION IN ACCRA

Daily liquid waste collection in Accra over a six-year period, 1991-1996 averages
92,623 m per year, Table 4 . The solid concentration is estimated at about 10-12%. Currently,
the waste is treated conventionally and either pumped into the ocean or a negligible amount
used as fertilizers.

TABLE 3. ESTIMATED VOLUME OF LOGGING WASTE, SAWDUST AND OTHER
WOOD RESIDUES GENERATED BY THE TIMBER INDUSTRY (1990 - 1992)
1990

1991

1992

Average

1290

1229

1318

1279

Mill Production* (x 1000 m")

550

578

600

576

Sawdust (x 1000 m')

244

257

267

256

Other Residue (x 1000 mJ)

428

450

467

448

Log Production* (x 1000 mJ)
OR Logging Waste

Source: Timber Marketing Board Ref. 8.

TABLE 4. TOTAL LIQUID WASTE COLLECTION
1991

84,987

1992

104,909

1993

98,236

1994

83,443

1995

93,649

1996

90,630

Total

555,854

Source: Accra Metropolitan Authority
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5.

CONTAMINATED IMPORTED FOODS

-

Imported foods (eg. Meat, fish, vegetables etc. ) sometimes arrive contaminated and
unwholesome. Such foods are normally burnt and buried to prevent the flow of new
microflora in the country.
6.

POTENTIAL FOR RADIATION PROCESSING

6.1

Water Pollution Treatment in Accra

The existence of water pollution around Accra demands that an alternative technology
such as radiation processing be adopted. Radiation processing can be used to decontaminate
our main sources of potable water thereby improving the microbiological quality and degrade
halomethanes, halothanes and halogenated aromatic compounds. This process can also
improve the water odour and taste as well as reducing the chemical oxygen demand [2] inter
alia.
6.1.1 Disinfection of bacteria pollution: Radiation processing has been shown to reduce
total coliform, faecal coliform and faecal streptococci levels in tap water by several orders of
magnitude. In the envisaged drinking water processing by radiation, cost will have to be
thoroughly evaluated depending on the throughput and the dose applicable.
6.1.2
Removal of toxic organic chemicals: Even though no scientific evidence exists on
toxic organic chemicals from the two reservoirs for the Accra water supply system, the
activities resulting in their pollution have probably caused organic chemical pollution which
can be a successful target for radiation processing.
6.1.3 Degradation of disinfection by-product precursor compounds: Chlorine which is the
main water disinfecting chemical used in the Accra water supply system is known to form
trihalomethanes. The removal of these by-product precursor compounds will also be an
advantage in the radiation processing of water from the two reservoirs.
6.1.4 Taste and odour improvement: The pollution of the Accra water supply system has its
related taste and odour problems. Pollution is normally manifested to the consumer through
taste and odour thus these parameters are a major concern to water treatment authorities.
These are also parameters that radiation processing can improve for both the benefit of the
consumer and the water treatment authority.
6.2

Radiation Processed Composite Boards from Sawdust

It is proposed that radiation processed monomers are used as binders for sawdust in
the production of composite boards [3]. Investigations are in progress to use radiation
processing to also decontaminate sawdust thus making it more accessible to mushroom
producing fungi in the mushroom industry [4].
6.2.1 The use of sawdust in the manufacture of composite boards is under study as a joint
project between Ghana and South Africa under the Africa Regional Co-orporative
Agreement (AFRA) of the International Atomic Energy Agency. Use is being made of the
radiation polymerization of multifunctional unsaturated monomers to bind sawdust into
composite boards, [3]. The binder employed is a customised and modified thermoplastic resin
which is added at about 6 to 10% on mass basis. As the resin contents affects the water
repelling properties of the board, a more water resistant board is obtained at higher resin
contents. Additional chemical modifiers are also added depending on the particular
application and fibre used. In addition, certain waxes may be added in certain specific
applications.
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Some of the advantages of the process have been enumerated [3] as:
6.2.1.1. The resin binders contain no formaldehyde or phenols thus making it
environmentally friendly and does not cause obnoxious fumes when burning.
6.2.1.2. Composite boards with excellent weathering properties can be produced
economically for application in economic housing.
6.2.1.3. The technology allows for the product to be moulded into the final shape with
little additional processing required and limited waste generated.
6.2.1.4. In countries with limited timber resources, most available agricultural
fibre can be beneficial to produce composite boards comparable to those made
from wood.
6.2.2 Studies have indicated in Ghana that gamma radiation can serve as a decontaminating
as well as a hydrolytic agent of sawdust for the bioconversion of four varieties of Pleurotus
spp. Preliminary results indicate that a dose of 20 kGy increase the yield of Pleurotus eous
varET-8[4].
6.3

Radiation Treatment of Sewage in Ghana

Radiation processing of sewage sludge to become a non-hazardous product can serve
as soil conditioners in agriculture [2]. Ghana, basically an agricultural country, spends
millions of dollars (US) on the importation of chemical fertilizers.
The efficacy of radiation processing in the elimination of microorganisms in
waste
water will also be of direct benefit to public health in Ghana.
6.4

Contaminated Imported Foods

An unwholesome imported food which could contaminate the environment by
introducing new microflora will also find the application of radiation processing ideal in
curtailing such an environmental polluting hazard. Radiation processing can sterilize the
unwholesome food prior to its disposal. The radiation facility can be situated at the port of
entry thus eliminating the flow of 'foreign' microflora into the country.
7.

PUBLIC AWARENESS AND LEGISLATION

There is a radiation protection law is place in Ghana which allows the importation of
radioactive sources. There is, however, a negative public perception with regards to nuclear
energy and its potential benefits to society. The Ghana Atomic Energy Commission has
recently embarked on a programme to create public awareness to an appreciable level by the
year 2001.
8.

CONCLUSION

Radiation processing has a potential in Ghana for conserving the environment in the
areas of drinking water improvement, benficial use of sawdust, conversion of sewage into
fertilizers and the disposal contaminated imported foods.
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Abstract
There is little pollution consciousness in Pakistan. Rapid growth in population and unplanned
disposal of untreated industrial, agricultural and domestic wastes has caused severe pollution problem
of air, soil, drinking water and coastal marine water environments. To date, no systematic approach is
being used in the domestic & industrial sectors for continuous processing and decontamination of
solid, liquid and gaseous wastes prior to disposal. The two large industrial and population centers,
namely, the cities of Karachi and Islamabad are using small scale wastewater treatment facilities
consisting of trickling filters and activated sludge process respectively. Presently, no accelerator is
being used in Pakistan for decontamination of hospital, industrial or domestic wastes. However, the
prospects of Radiation Technology for waste treatment are well realized and a 250 keV ion
accelerator has been developed at the Pakistan Institute of Nuclear Science & Technology
(PINSTECH) for research, development and training purposes. The main emphasis is now to locally
design and fabricate user dedicated electron beam machines for radiation curing and decontamination
of domestic, industrial and hospital wastes.

1.

INTRODUCTION

Pakistan is a country of more than 124 million people and occupies 88.2 million hectares
of land within its borders. The rapid growth in industry, population and urbanization have
caused a significant ill effect on quality of environment in Pakistan. Air & water pollution is by
far the most important environmental issue. Industrial pollution problems are localized
particularly due to cluster of industries and lack of proper discharge practices. The most
polluting industries include: chemical, pesticide, textile, pharmaceutical, cement, electrical,
electronic equipment, glass, ceramic, pulp & paper board, and leather tanning etc. The
objectives of this paper are to: (i) present an overview of current status of environmental
pollution in Pakistan with special reference to domestic & industrial effluent characteristics, (ii)
enlist conventional (non-nuclear) waste treatment methods used in Pakistan, and (iii) highlight
of development of a 250 keV ion accelerator facility by the Charge Particle Accelerator
Laboratory (CPA-Lab.) at the Pakistan Institute of Nuclear Science & Technology
(PINSTECH).
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2.

OVERVIEW OF POLLUTION SCENARIO -

2.1.

Domestic waste

Presently, about 12.5 million tonnes of domestic waste (excreta) per year are generated
in Pakistan. The breakdown by sources is 26,370 tonnes excreta per day from rural areas and
8,000 tonnes excreta per day from urban areas. An estimated 21,096 tonnes from rural areas
(80%) is deposited in fields and 4,160 tonnes of the urban excreta (52%) is disposed of into
sewers, with the remainder being deposited along roadside, into water-ways, or incorporated
into solid waste [1]. In the capital of Sind Province namely: the coastal city of Karachi, it is
estimated that plastic including PVC, polyethylene etc. is generated at the rate of 250-318
tonnes/day; paper and card board 230-300 tonnes/day; glass 26-34 tonnes/day; bones, 43-56
tonnes/day, metals and tins, 13-17 tonnes/day; rubber, leather etc., 5-6 tonnes/day; and organic
vegetable matter, 1100-1400 tonnes/day [2].
2.2.

Industrial waste

Untreated disposal of industrial wastes continues to be a common practice for a number
of industries in Pakistan. Solid industrial wastes are mostly discharged into open dumps or land
fills. Industrial effluents are normally discharged into nearby ponds, low lying areas, municipal
waste drains, major drainage courses such as streams, rivers, and ultimately to the Karachi sea.
There are several cases of untreated disposal of toxic industrial wastes onto land and into the
aquatic systems, and some of these are known at national and international level due to the
severity of the hazards caused to the environment particularly, the surface and shallow
groundwater environments. The first example is that of untreated waste water disposal by two
major industrial establishments LITE (Landhi Industrial Trading Estate) & SITE (Sind
Industrial Trading Estate) in the coastal city of Karachi. Both SITE and LITE discharge
respectively 615 and 550 tonnes Biological Oxygen Demand (BOD) per day of pollutants into
Malir and Lyari Rivers. In Korangi, Karachi, where LITE is located, 35 tonnes of suspended
solids, 376 tonnes of dissolved solids, 2 tonnes of ammonia and 1.4 tonnes of arsenic oxide
among other chemicals are discharged into the city, is already polluting the Karachi Harbour
each day The second example is that of disposal of untreated waste water onto land from
about 250 Tanneries in Kasur City near Lahore containing a host of highly toxic chemicals. The
drinking water from hand pumps is now found to be contaminated by sulfides, ammonia,
chlorides, high BOD load, and coliform bacteria. The irrigation water contains fairly high
concentrations of chromium, organic materials and solids [3].
2.3.

Hospital wastes

Hospital wastes include general wastes, pathological wastes, radioactive waste, chemical
waste, infectious waste and pharmaceutical wastes. There are 796 hospitals in the urban areas of
Pakistan. In 1993, a survey indicates that there are 153 hospitals with 12,014 beds and about
832 clinics and dispensaries with 500 beds, treated 0.6 million indoor patients and generated
total waste of about 13,140 tonnes, at the rate of 36 tonnes/day at Karachi city [4],
2.4.

Pesticide pollution

Pesticide pollution is due to poor management of huge quantities of pesticides imported
to support agricultural sector of Pakistan. There are around 1500 toxic dumps in Punjab
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province, over 200 in Sind province and about 200 are divided between Balouchistan and North
West Frontier Province. The leakage of these pesticides seeps into adjacent soils and it is
estimated that approximately 3,000 tonnes of contaminated soils need to be removed [5]
2.5.

Air pollution

2.5.1. Industrial emission
The problem of Air pollution in Pakistan is mainly due to emission of pollutants from
chemical industries, thermal power generation plants, cement plants and brick kilns in the
domestic sector. The matter of concern in Pakistani coal is that their high sulfur content (e.g.
3.3 - 6 % in Lakhra coal) is likely to pollute the atmosphere by high SOx values. Coal burning
alone contributes 60 % of SOx pollution, while sulfur based industrial processes contribute rest
40 %. Peri-urban brick making Kilns are currently the largest users of low grade Pakistani
lignitic coal and emit large quantities of ash and sulphur. Pakistan has planned to launch power
generation projects based on imported and locally available coal. The rapid increase in thermal
power generation capacity currently under way will thus result in a substantially increase
emissions of CO2, CO, CH4, SOx and NOx Table-I presents a scenario of SO2 emissions from
thermal power plants based on 1% sulphur content in coal [6].
2.5.2. Vehicle exhaust emission
Toxic vehicle exhaust emissions from old and untuned engines of motor vehicles
particularly diesel engines are also posing a serious threat to quality of urban air, specifically in
the large population and industrial centres of Pakistan. The average Pakistani vehicle emits 20
times much hydrocarbons, 25 times as much CO, and 3.6 times as much nitrous oxides in grams
per kilometers as average vehicle in United States. The combined emissions of air pollutants
from industry, power generation, transportation, domestic activities, agriculture, commercially
institutions are growing rapidly [1].

3

EXISTING WASTE TREATMENT METHODS

3.1.

Treatment of domestic sewage

With the exception of Karachi, Islamabad and Peshawar (Hayatabad), none of the major
cities of Pakistan employ any biological processes to municipal waste waters. The cities of
Karachi and Islamabad have conventional wastewater treatment facilities. These consist of
trickling filters and activated sludge process respectively. Since their commissioning, these
plants have never performed upto the desired efficiency. Even in Karachi, the installed sewage
treatment is only a fraction of the need. Less than half (40 MGD) of the total sewage is treated
in the two trickling filter plants relative to water intake (100-120 MGD) and rest is thrown into
the sea without treatment. Similarly, in Islamabad, an activated sludge plant provides treatment
to 15 MGD per day waste water before its disposal into the Nullah and small natural streams,
while in (Hayatabad) Peshawar, aerated Lagoon capable of oxidizing 1.2 MGD of sewage is at
initial stage [7],
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3.2.

Treatment of industrial wastes

3.2.1. Solid waste
The Government of Pakistan (GOP) has agreed to establish two compost plants in
Karachi that will convert garbage into organic fertilizers. One such plant is being built at SITE
and other in Korangi area. These composting plants aim at producing 24 tonnes/hour of
compost. The high organic content (60-80 %) of solid waste, and cheap land and labour are
favourable factors that suggest composting, as an appropriate technology to recycle the solid
wastes for Pakistan [8],

3.2.2. Effluents
Very few Industries in Pakistan have considered to employ some sort of waste
treatment. Some of the industries only provide primary treatment to their wastes prior to
discharge. For Karachi provision of facilities for primary treatment of tannery wastes in
Korangi has been reported. Recently some of these tannery establishment have also installed
chrome recovery units Table-II represents the existing industrial treatment facilities in Punjab
and NWFP [9].
3.2.3. Flue gases
Existing chemical industry plants in Pakistan do not use any specific procedure for
purification of exhaust emissions. The same is true for poor engine efficiency old vehicles on
road. A few thermal power stations run by WAPDA (Water and Power Development
Authority) use Flue Gas Desulfurization (FGD) Technology to purify the exhaust emissions. In
Pakistan, FluidizedBed Combustion (FBC)Technology is not in practical stage yet. The planned
thermal power plants will mostly use Fluidized Bed Combustion (FBC)Technology to purify the
exhaust emissions. Some of these are in their completion stage now.
4

DEVELOPMENT OF A 250 keV ION ACCELERATOR AT PINSTECH

Low energy electrostatic accelerators upto 200-250 keV are multi-purpose devices
developed for use in ion implantation, studies of material surfaces and for various studies of ion
induced effects in pure and applied science. In Pakistan, a concerted effort has been made
during 1987-96 to establish a charged particle accelerator (CPA) laboratory at (PINSTECH),
Islamabad [10]. To date, CPA-Laboratory has developed a 250 keV ion accelerator. The most
significant aspect of this development is the versatility and maneuverability of main accelerator,
its components and beam manipulation devices. The accelerator is now being used for ion
implantation and direct recoil studies using hydrogen to xenon gaseous ions having energies
between 50 to 250 keV. A similar electron accelerator facility is also on the design boards. It
will be a user dedicated machine for sterilization & radiation curing etc.
4.1

Schematics of ion accelerator

A schematic diagram of accelerator while used for direct recoil spectroscopy is shown in
Fig. 1 The ion source, the extraction and focusing lens and their power supplies are placed in
high voltage terminal. The heavy projectile based direct recoil experiments do not necessarily
require a mass analysed beam, since recoil spectra itself is projectile selective. An E X B filter
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FIG. 1.

A schematic diagram of PINSTECH 250 keV ion accelerator
while using direct recoil spectroscopy.
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TABLE I. AMOUNT OF SO2 EXPECTED FROM-PROPOSED THERMAL
POWER PLANTS IN KARACHI (BASED ON 1 % SULPHUR COAL)*.

Location

Power Plant

Power (MW)

Estimated
SO2
Tonnes/Day

Hub River

HUBCO

1292

480

Hub River

FEPCO

700

260

Gaddani

STAR/ABB

196

73

Hawksbay

TAPAL

177

43

Mauripur

TRISTAR

110

41

Manora Island

TRACT ABEL

463

(LPG)**

West Wharf

HYUNDAI

460

171

Gizri

HYDROC

200

74

Korangi Town

GULAHMED

125

46

Korangi Creek

AMBER

300

111

Port Qasim

WAK

800

297

Keti Bunder

GORDON WU

5280

1644

Total

3210

Annual

1171650 Metric tonnes SO2

Existing Level

82,000

Metric tonnes per annum SO2

Grand Total

~ 1.25

Million metric tonnes per annum SO2

**

Metric tonnes per day SO2

Source: Reference [6]
Liquid Petroleum Gas

has been designed that can be used at medium projectile mass. Various features of the system
are as following:
4.1.1. Ion source
Presently, a Penning type cold cathode ion source and a hollow cathode Duoplasmatron(HCD) are being used. This source can yield upto 5 mA of beam current at comparable power
input. Another significant advantage of present design is fairly iong life time i.e. more than few
hundred hours.
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TABLE II. EXISTING INDUSTRIAL TREATMENT FACILITIES IN PUNJAB
AND NORTH-WEST FRONTIER PROVINCE (PAKISTAN).*

Industrial unit in Punjab
Province
ICI Polyester, Lahore
Sheikhupura Road.
Milk, Lahore,
Sheikhupura Road.
Dawood Hercules, Lahore
Sheikhupura Road.
Flying Paper Mill, Lahore
Sheikhupura Road
P. Leiner & Sons, Lahore
Sheikhupura Road
Ittehad Chemical
Ravi Rayon, G. T. Road,
Kola Shah Kaku.
Pioneer Steel Mills, G. T.
Road, Kola Shah Kaku.
National Tanneries,
Muridke
Package Limited,
Ferozpur Road, Lahore.
Mustehkam Cement,
Texla.
Kashmir Banaspati,
Faisalabad
Bata Tanneries, Batapur,
Lahore.
Solvex Pvt Ltd, Multan.
Lever Brothers, Rahim
YarKhan.
Noon Sugar Mill,
Bhawalpur.

Purpose
Waste water
treatment
Waste water
treatment
Removal of
Chromium
Waste water
Treatment

Status of waste treatment
Process
Remarks
Biological Tricking
Filter
Oxidation Ditch
Electrolytic Cell
Spray Filter

Satisfactory
Operation
unsatisfactory
Satisfactory

-do-

Settling

Treatment satisfactory
but disposal
unsatisfactory
Unsatisfactory

Neutralization of
surplus HC1 with
lime stone
Waste water
treatment
-do-

Reaction Ditch

Unsatisfactory

Sophisticated Plant

Plant abandoned

Neutralization

Satisfactory

-do-

Settling

Unsatisfactory

-do-

Settling & Mechanical
Rotatary Screen
Electrostatic
Preciprtator for one
Kiln
Fat Traps

Unsatisfactory

-do-do-

Fat Traps
-dc-

Other two kiln are
emitting 40 tonnes per
day of particulates
Operation not
satisfactory
Operation not
satisfactory
-do-do-

Waste water
treatment

Settling

-do-

Waste Water
Treatment
-do-

Neutralization
withHCl
Sedimentation

Unsatisfactory
-dc-

-do-

Neutralization

-do-

Particulates
removal from flue
gases
Fat removal from
waste water
Fat removal

Septic Tank

Industrial Unit in NWFP
Colony Sarhad Textile
Mill, Naushera.
M.A. Leather Industries
Ltd, Jahangira.
Pak China Urea, Haripur.
* Source: Reference [8]
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4.1.2. Extraction and focusing lens
The extraction and focusing lens structure is such that a suitable beam is extracted and
finally accelerated with desired optical properties to be focused on the target. The focusing lens
is generally used in the Einzel lens mode. The salient features are: (a) maximum possible
extraction voltage be applied to ensure high initial beam current (b) ability to choose the
desired extraction to focusing voltage ratio to establish appropriate beam entrance conditions
for accelerator tube.
4.1.3. High voltage terminal
The High Voltage Terminal (HVT) is a 80 x 90 x 200 cm metal box supported on
insulated legs. The total insulation from ground is at least 440 kV It houses power supplies for
ion source and extraction & focusing lenses. It also contains regulated gas supply to the source.
4.1.4. The gas manifold
The gas manifold is designed with all metal seals and easily interchangeable research gas
cylinders. The gas manifold may be manipulated by one of the two techniques: (a) manifold -inHVT, (b) manifold-outside-HVT where the manifold is conventionally situated at ground
potential. The latter arrangement enables easy pumping and gas handling/changes. The gas is
provided through an insulating PTFE tube to the ion source.
4.1.5. The accelerator tube
The charged particles of the beam are accelerated by a constant gradient DC. field in
accelerator tube. Two distinct types of accelerator tubes have been designed and tested. The 20
element 200 kV tube consists of 20 stainless steel electrodes (dimensions: 300 mm OD and
100 mm ID each) bonded with large rubber gaskets and high voltage porcelain rings. The whole
assembly is held together with polypropylene rods. This arrangement is used to avoid the
requirement of corona rings. The designed electrodes also act as self protective high voltage
capacitors of 45 ± 2 pico F inter-electrode capacitance. The 26 element 250 kV tube is
composed of 26 stainless steel electrodes and 25 porcelain insulators. These are bonded in
groups of five tube sections each consisting of 5 elements and 5 insulators rings. The whole tube
is bonded with Torrseal and metal loaded epoxy. The tube is coupled with vacuum system and
lenses etc. using end flanges having 100 ISO K couplings.
4.1.6. The beam line
The main beam line rests on a support trolley to keep charged particle beam at a height
of 1500 mm from ground. Four and six way chambers may be used with the beam line as
connections for diffusion pump, inlet ports of ion beam, outlet for the beam after being
monitored and finally as target chambers. The beam line may be expanded to include more
components and devices.
4.1.7. Beam diagnostics
Normally, the beam measurements are done with a multi-port Faraday cage. These
devices are mounted at different chambers. A vibrating vane probe beam can also be installed at
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any convenient location to check on the beam center, its current profile and shape. Additional
beam manipulating devices include xy-steerer, electrostatic analyzer and solenoids which can
effectively change the beam shape and other relevant characteristics. A single aperture
extraction lens extracts and forms the beam for Accelerator Tube's main lens.
4.2.

Accelerator uses & applications

The 250 keV ion accelerator is currently used for production of ion beams of different
gases and of varying intensities for Ion Scattering & Direct Recoil Spectroscopy (DRS)
experiments. A series of ion back scattering experiments have been conducted with Ar" beams
in the energy range 20-200 keV incident on gold single crystals. Similarly, recent measurements
of the energy of recoiling carbon ions under heavy ionic bombardment reveal direct recoil
peaks Ar", Kr+, and Xe+ beams with energies 50, 70 & 100 keV were selected for producing
DR spectra at recoil angle of 79.5°. The spectra are measured with an indigenous designed
Electrostatic Energy Analyser (EEA) while particle detection was done with Channel Electron
Multipliers (CEMs) [11],
5

CONCLUDING REMARKS
1. There is an urgent need of pollution awareness & use of appropriate waste
treatment technologies in Pakistan for environmental conservation.
2

In addition to existing conventional waste treatment technologies being used in
Pakistan, EB - Technology can open wide possibilities of cleaning flue gases
(SOX & NOX) mainly at thermal power plants as well as volatile organic
compounds, dioxine, poly aromatic hydrocarbon (PAH) etc. in toxic emissions
of industrial chemical plants.

3. The successful development of 250 keV ion accelerator at PINSTECH has
paved the way for development of electron beam machine at PINSTECH. The
charged particle accelerator laboratory at PINSTECH is now emphasizing at
local design and fabrication of user dedicated electron beam machines and
related devices which include sources, lenses, beam separation, diagnostic of
vacuum systems for radiation curing and decontamination of domestic,
industrial and hospital wastes.
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Abstract
A multipurpose irradiation facility is in construction at IPNE, Bucharest, under the IAEA
T.C. Project: ROM/8/011. It will be the first industrial facility in Romania.This paper presents the
philosophy standing behind the design, the short and long term managing plans. Some dose
calculations are added in the view of use the empty spaces in the irradiation room for cultural heritage
conservation. An economic study is presented aiming to provide basic estimations for further
management strategy. At the start the facility will be a state enterprise. The implications, advantages
and disadvantages of this situation are discussed.

1.

INTRODUCTION

Irradiation can solve a lot of health and food problems. It is spread over the world,
generating low costs, safe and perfectly controllable technologies. Over 40 years of research
activities made the irradiation a high tech and an indisputable procedure.
In spite of the favourable perspectives, irradiation technologies penetrate the market
very slowly in countries with low or medium economical level. This state of the art is time
and money consuming. It is also a vicious circle hard to brake. Both objective and subjective
reasons are responsible for that: among the users, practical knowledge on irradiation is
confuse, the lack of legislation, the lack of pre/post irradiation control methods, the ignorance
and fear of any nuclear equipment or treatment. As a consequence, in promoting irradiation
technology, there is no determined pressure from the users and the routine prevails.
A number of small irradiation facilities functioning in Romania permitted a research
activity covering almost all important directions validated by international practice in
irradiation processing. Started thirty years ago, relevant studies accumulated sufficient
experience to allow the construction of an industrial facility. Consequently, a demonstration
Multipurpose Irradiation Facility is now in construction at the Institute of Physics and Nuclear
Engineering-Bucharest under IAEA TC Project ROM/8/011 [1] started in 1993. It was
initiated by four major institutes: Institute for Physics and Nuclear Engineering - Bucharest
Magurele (IPNE), Research Institute of Chemistry and Pharmacy - Bucharest, Institute of
Nuclear Research - Pitesti and Research Institute on Cereals and Technical Crops - Fundulea.
Because of its experience [3] in operation of large nuclear facilities and radiation
processing2, IPNE has been chosen to set the facility at Magurele (10 km SW of Bucharest).
The irradiator will be named IRASM.
IAEA supports the project by financing the main equipment, a 100 kCi Co-60 source,
the operators' training and the cost of the experts' services.

3.5 MW Reactor, Isotope Separation Plant, Cyclotron and Tandem Accelerator.
Pilot Plant for Polyacrilamide Production (100 t/year throughput).
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The main governmental inputs are: design- and construction of the building and
infrastructure, a part of needed equipment and an R&D program. In 1994, IAEA chose
Institute of Isotopes - Budapest, as supplier of irradiation equipment and Co 60 sources. In
1995, the internal financial support turned up, by a Decision of Romanian Government, in
needed funds for design and construction. The construction started in October 1996. The
commissioning of IRASM is estimated for the first part of 1998.

2.

SPECIFICATIONS OF IRASM

The main characteristics of the facility are [2]:
* tote-box type irradiator (overlapping product); pneumatic action; batch or continuous
irradiation
* overdose ratio: < 30% for package density = 0.2 t/cu.m.
* efficiency: > 28% for package density = 0.2 t/cu.m.
* radiation source: Co-60, C-188 type; max. load: 2 MCi; start load: 0.1 MCi
* 2000 cu.m./year at 25 kGy and package density 0.2 t/cu.m.
* storage area/volume: 500 sq.m. / 3000 cu.m.
The attribute "multipurpose" is supported by the following:
- minimum dose is 0.5 kGy; it is suitable for food treatments and permitted by a split source
rack design (Fig. 1).
- complete service for users, including pre/post microbiological, chemical and physical
analyses
- a room for public acceptance is previewed
- a special room is dedicated to conservation of cultural heritage
The facility layout is shown in Fig. 2.

3.

DEVELOPING STEPS

On short and medium terms, the facility has a definite aim: promotion of radiation
processing in the Romanian economy.
On long term, a political decision closely linked by an economically one is necessary.
There is an option to take whether the facility will evolve to a Contract Irradiator or it will be
the core of a National Center of excellence.
From technical point of view, IRASM is prepared for both these options.
If the first option will be chosen, the facility will have to face the economical
challenge. For this reason, it has the possibility to upgrade the radiation source till 2MCi and
to install a water cooling system. There is also the possibility to enlarge the store area and to
add refrigerators.
The facility will have three key-moments in its life. During the intervals, its aims and
resources, also its operating parameters and economical status, derive from the source load.
1. The moment of the start: A = 0.1 MCi

-

Promotion stage

Aims: licensing of some technologies; public acceptance campaign; basic research and
development, associated with optimising the use of the facility and operating procedures.
Status and resources: R&D state enterprise belonging to IPNE; most necessary funds will be
budgetary.
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FIG. 1. IRASM tote-box irradiator. The source is splited in three identical racks.
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FIG. 2. IRASM facility layout.
1. Products entrance;
2. Products exit;
3. Personnel entrance;
4. Container entrance;
5. Emergency exit;
6. Goods maze;
7. Personnel maze.

Operating parameters: batch mode operation (predominantly); no cooling system; small
refrigerators
2. The moment of economic independence: A = 0.3 Mci
Aims: economic + R&D activities.
Status and resources: commercial state enterprise belonging to IPNE; economical selfsufficiency; R&D activities supported by the users.
Operating parameters: continuos mode of operation (predominantly); cooling system in
place; store arrangement appropriate with the technologies proved to be viable.
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3. The moment of administrative independence: A = 0.5 Mci
Aims: economic activities only; the most profitable technologies will be used.
Status and resources: independent commercial enterprise separated from IPNE similar to
Canadian AECL - Nordion case.
Operating parameters: not important changing.
Necessary time for these steps is hard to be predicted, the economical context playing
a very important role. Probably the 2n moment will be reached in 3-4 years.
If the decision of setting a National Irradiation Center will be taken, IRASM could be
its central piece. IRASM is previewed with laboratories for diagnosis and pre/post irradiation
control (chemical, physical, mechanical, microbiological, dosimetrical). A space for public
acceptance is in the same time exhibition, conference and training room. A functional model
of the facility will be placed here. A special room is dedicated to cultural heritage
preservation.
Other parts of the presumed National Center are two small irradiators (lOkCi and
20kCi, respectively) and an electron accelerator (7 MeV). These facilities already exists.
4.

COST/BENEFIT ANALYSIS

There is a known algorithm for a cost/benefit analysis of industrial irradiators [4-6]. It
takes into account, as a premise, a definite throughput, in other words steadies working
conditions. The per unit processing cost (C) is linear dependent of capital costs (CC),
operating costs (OC), time for initial investment recovery (Y), percentage of investment to be
recovered (P) and annual throughput (T):
C = ((CC*P)/Y+OC)/T

(US$/cu.m)

Annual throughput (T) is given [4] as a relation between:
T = S*R*N/d/l 8.744/D

(cu.m/y)

Where
S = source activity (kCi)
R = ratio of absorbed to emitted energy (%)
N = annual operating hours (h/y)
d = density (kg/cu.m)
D = irradiation dose (kGy)
For main predictable applications is possible to perform a cost simulation at different
installed activities (Fig. 3).
It is obviously that processing cost per unit is higher for products requiring higher
irradiation doses (low throughput). A minimum activity of 300 kCi is required for an
economical operational base.
This is not the case in a promotion period. It is the reason why is very difficult to
calculate the costs of the promotion stage. The promotion efficiency depends on involved
money, market reaction, level of specific industry maturity (GMP), bureaucracy reactivity,
legislation, the ability of public acceptance campaign, etc. Trying to estimate the promotion
costs, some simplifications and some hypothesis have been adopted:
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FIG. 3. Per unit processing costs simulation for IRASM.
a) The State, as owner and project initiator, will agree to postpone the influence of the capital
investments onto the production costs, till the end of the promotion stage.
b) The production costs are based only on personnel costs, utilities, maintenance, operational
supplies and facility insurance.
c) The promotion itself means: technological validation, licensing, legal workframe
preparation and actions for public acceptance: booklets, workshops, demonstrations; all these
will be supported by an R&D Project, and will not affect the processing costs.
d) Sterilisation of medical supplies is the only irradiation process took into account (packaged
density: 0.2t/cu.m; absorbed dose: 25kGy +30%).
4.1.

First scenario

Basic hypothesis:
• The promotion is directed to a large spectrum of endusers.
• The radiation source will not be replenished. The facility will use the initial sources
• The promotion stage will last 3 years.
In this hypothesis the promotion costs are estimated in Table I, where:
I

= income, calculated at a medium market price for medical supply sterilisation of
50US$/cu.m
P
= operational cost, constituted (US$/year) from:
•
personnel
(1 shift: 8,000; 2 shifts: 11,500; 4 shifts: 18,500)
•
maintenance
: 7,000
•
utilities and communications : 7,000
•
operational supplies
: 7,000
•
insurance
: 17,000
R&D = R&D cost, estimated on the basis of a detailed project (its presentation as a
function of operation costs illustrates a management decision).
Total cost = P + R&D -1.
535

PROMOTION STAGE COSTS (1 s t SCENARIO)

TABLE L

Promotion period

1st year

2nd year

3 rd year

Installed source activity (kCi)

100

87.5

76.5

Potential throughput (cu.m/year)a)

2000

1,750

1,530

Estimated throughput

500b)

875C)

153Od)

I (US$/year)

25,000

43,750

76,500

P (US$/year)

46,000

49,500

56,500

R&D promotion cost

230,000

148,500

56,500

(US$/year)

(5xP)

(3xP)

(lxP)

Total cost

251,000

154,500

36,500

a)

For 6000 operating hours/year.
O n e shift/day.
c)
T w o shifts/day.
d)
Four shifts/day.
b)

That means for the promotion period of 3 years a total cost of 441,750 US$.
To work on economical basis, the facility must be upgraded till 300kCi, as could be
seen from Fig. 3. At the end of promotion period, the cost for this operation will be
(estimated): 223,500Ci x 1.85$/Ci = 413,475 US$

4.2.

Second scenario
Basic hypothesis:

•
•
•

Promotion activity is concentrated to a few major endusers (it started before the
commissioning; the legislation is in an advanced stage of preparation).
The potential throughput of the facility will be fully covered in the second year of the
promotion stage.
The income will be spent for source upgrade. Source activity will be increased in between
the promotion stage.

In this hypothesis the promotion cost is estimated in Table II (same notations as in Table I). In
this case the operational cost (P), is constituted (US$/year) from:
personnel (4 shifts)
maintenance
utilities and communications
operational supplies
insurance
source replenishment
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18,500
7,000
7,000
7,000
17,000
15,000

TABLE H.

PROMOTION STAGE COSTS. (2Ba SCENARIO)

Promotion period

1st year 2nd year 3* year 4th year

Installed source activity (kCi)

100

87.5

200

300

Potential throughput (cu.m/year)a)

2000

1,750

4000

6000

Estimated throughput

1600b)

1700b) 3600b)

5600b)

I (US$/year)

80,000 85,000 180,000 280,000

P (US$/year)

71,500 71,500 86,500 101,500

R&D promotion cost

214,500 143,500

0

0

(US$/year)

(3xP) (2xP) (OxP)

Total costc)

286,000 214,500 -86,500 -178,500

(OxP)

a)

For 6000 operating hours/year.
Four shifts/day.
c)
In the 3 rd and 4th years: I >P.
b)

That means for a promotional period of 4 years a total cost of 408,500 US$.
Source replenishment will be done in two moments: a) at the beginning of the 3 rd year
and b) at the beginning of the 4 n year, when cumulated income will be sufficient.
In this scenario, at the end of the 4 years' promotion period the facility will reach the
installed activity of 300kCi, in other words it could function on economical basis.
4.3.

Comments of the two scenarios

These scenarios try to estimate the costs for the promotion period. It is considered
finished when the facility attends an economic independence, having: installed source of
300KCi, market and a permissive legislation.Being cheaper, the second scenario is
recommended, than the first one.
The first scenario could be followed in the case of developing a National Irradiation
Center, where various technologies can be studied or licensed and a legal workframe is
established. Second scenario must be considered when an economical initiative is desired.
5. DOSE MAPPING FOR STATIC IRRADIATION
During the promotional stage, most probably IRASM will not work at full capacity.
In this case there are important periods of time when the source activity decays useless.
On the other hand, one of the "multipurpose" conceptual targets is the irradiation for
cultural heritage preservation. Unfortunately not all artefacts to be treated could be packed in
an appropriate shape for a tote-box processing (wood artefacts or books, for example).
It remains only the possibility to set a static irradiation, when the respective items are
stacked in a free area near the walls, parallel with the source. The source is raised without
starting the conveyor. Even the use of these "dead times" of tote-box processing does not
bring an important income (taking into account that the museums do not have important funds
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for preservation treatments, in spite of its necessity), we will take this as a very good
advertising.
With the observation that about 80% of the irradiation room volume are free, we try to
identify some suitable areas, free of interference with any moving parts of the irradiator.
One important area was identified near the wall parallel with the source, between the
personnel and the product entrance (hatched area in Fig. 4). In this area was considered a
parallelipipedal volume (target) with 240 cm length (on Y axis), 260 cm height (on Z axis)
and 50 cm depth (on X axis). The parallelepiped is parallel and centred with the plane source.
Taking the source center as the origin of the reference system, the center of the target is at
295 cm on the X axis.
In this volume, a rapid method for absorbed dose estimation is to assume that the plane
source is made by a large number (100) of ideal line sources and to calculate the absorbed
dose in air. The line sources are disposed vertically, uniformly distributed on the plane source
frame (290 cm x 100 cm). The backscattered radiation and the self absorption are neglected.
The activity is uniformly distributed on a line source.
The absorbed dose rate was computed by summing the individual contribution of each
line source. For one line source, the problem is analytically solved. (r Co . 60 = 0.0856
fGy m2/(s Bq), air kerma rate constant)
The air absorbed dose-rate (normalised at the maximum value) are shown in Fig. 5 as
dose rate maps for the Z = 0 cm and Y = 0 cm plane, respectively. The overdose ratio for not
very large objects placed in this area could be easy estimated from such maps.
If the target volume is fully filled (many small objects or only a large object) this
estimation could not be used. The attenuation in the material, the radiation build-up and even
the backscattered radiation from the irradiation room walls must be considered. A MonteCarlo simulation would be more suitable in this case. Such calculation will be added in the
preparation of this static irradiation case.

Goods
maze
YA

SOURCE

- -->
X

POOL

i

TARGET

Personnel
maze

FIG. 4. Static irradiation geometry. Z axis perpendicularly on the drawing plan.
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FIG. 5. Air absorbed dose rate maps for static irradiation.

6. CONCLUSIONS
This paper presents the philosophy standing behind the design, the short and long term
managing plans for the Multipurpose Irradiation Facility IRASM.
The facility is designed for optionally batch or continuous mode of operation. The
initial source of 100 kCi could be upgraded till 2 MCi - Co 60. The facility includes a number
of laboratories for microbiology, dosimetry and chemical, physical-mechanical analyses. A
public acceptance room is also previewed. Another room is dedicated to conservation of
cultural heritage. By a split source rack design, the minimum dose is lowered in food
irradiation range.
Some dose calculations are added in the view of use the empty spaces in the irradiation
room for cultural heritage conservation. It was identified a useful space of ~ 3 cu.m. where the
overdose ratio probably will not exceed 10, in 0.5 m depth, for items of 0.5 t/cu.m. density. In
wood disinsectization, 500 Gy is commonly taken as useful dose for eradication. The wood
structure is not affected by ten times more dose.
An economical study is presented aiming to provide basic estimations for further
management strategy. It was considered the promotion stage (the most unpredictable), having
in mind two possible ways of evolution of the facility. If it will remain a demonstration
facility, first proposed scenario could be followed. The second scenario, being cheaper, is
more proper in case the facility will have the status of a contract irradiator.
The design philosophy and management plans have both very important roles in a
strategy aimed to minimize the promotion costs.
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Abstract
A gamma radiation facility was built in Damascus-SYRIA .The plant(ROBO)is a Co-60 wet
storage, batch/continuous facility with nominal capacity of 1.85xl0^Bq. The initial activity is
3.7x1 O^Bq. The ratio of maximum absorbed dose to the minimum one within an irradiated materials
is round 1.3+/- 0.03.The irradiator consists of two sections to select required sources for irradiation.
Two pools were constructed. The main pool to serve as biological shield for the main sources frame.
The second pool host a fixed circular frame to be used as calibration source or to irradiate small
samples to low doses. The conveyor consists of chain facility move along trucks. A repair section is
provided on the conveyor route in the load -unload area for carrying out inspection, repair, etc. The
trucks are holed with a rectangular frames. Loading, unloading and rearrangement of the products is
carried out automatically. This mechanism is carried out by seven pneumatic cylinders, lifting devices
and roller conveyors. Many safety futures were included, push-back platform, followed by pit used as
a physical barriers. Interlocks are connected to the platform ,pit cover and to ionization chambers.
In case of failure of power or any overriding of interlocks the irradiator come to emergency dropping.
Ventilation system, fire system, emergency power and closed water purification system are indicated
on control panel.The facility will be utilized for medical products sterilization, research and
calibration.

1.

INTRODUCTION

The need for a radiation -sterilization facility in Syria was recently recognized with
demand from growing industry of pre-sterilized, ready for use medical products. A preliminary
market survey conducted in the country, indicated that a radiation sterilization plant with an
ultimate capacity of 1500 m3/year would be required to cater the needs[l]. Following a
decision to embark on this program, an IAEA technical cooperation project was begun in
1989(SYR/7/002). The irradiation facility was supplied by Techsnapexport, Moscow .SAEC
had the responsibility for the building, design and assembly of all supporting infrastructures.
The plant is an overlapping source facility with planner wet storage irradiator and
continuos/batch mode operation. It has an initial activity of 0.37x10 Bq while its nominal
activity is 1.85x10 Bq. It is always preferred in developing countries to install a
multipurpose irradiator plant [2]t o be able to deal with medical products, food and other
relevant items. Introducing gamma irradiator with its broad scope radiation processing
technology will improve production quality allow to conduct research in this field of science.
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2.

DISCRETION OF THE FACILITY

The irradiation chamber (see Fig.l.) is (12m x 6.6m) in area and 5 m high,in the first
third of the area there is an auxiliary pool (1.5m x 1.5m x 4.8m in depth)which decided to be a
storage for research and calibration source, beside the design purpose of that pool to be a
reserve pool in case of maintenance of the main pool .The main pool is( 2m x 2.8m x 4.8m
depth )has been provided to house the radiation source frame. A concrete base of source
container with stainless-steel tubes passed through its center separates the two pools ,on that
base an easy and fast charging with Co-60 sources can be achieved(see Fig.2.). The walls and
the ceiling of the irradiation chamber is 1.7m thick of 2350 Kg/m3 density concrete designed
to provide a safe exposure of 1.85 x 1016 Bq maximum .In the ceiling of the irradiation
chamber there are three holes 0.30 m in diameter covered with lead plugs to be used in case of
emergency or to insert a T.V. camera or measuring device into the irradiation cell.
The plane irradiator of (1.0m x 1.4m)consists of 74 stainless-steel tubes (inner diameter
16 mm ) ,it has the possibility of split the middle 4 tubes to decrease the dose rate , the
Cobalt -60 sources stainless-steel double encapsulated (81mm long x 1 lmm diameter ) , are
enclosed into those tubes ,in the storage position the irradiator is into a water pool of 4.8 m
depth ,an electromechanical system raises the sources to the working position .

Fig. 1. Gantma irradiation facility in Syria(ROBO).
1. main pool(housing the main source); 2. auxiliary
pool(housing research source); 3. control room; 4.
loading-unloading station; 5. unirradited materials
storage area; 6. irradiated materials storage area; 7.
water treatment room.
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Fig. 2. Cross section in Gamma irradiation chamber
of facility(ROBO) . 1. main pool; 2. auxiliary pool; 3.
Source container position; 4. source loading tubes; 5.
concrete shield; 6. roof plugs; 7. source lifting
mechanism.
The labyrinth passage surrounding the irradiation cell is 1.7 m wide to reduce the
scattered radiation level near the labyrinth entry to an acceptable level (2.5x10"6 Sv/hr)at the
maximum activity loading.
The product is carried by 45 carriers loaded with 5 boxes of (0.4m x 0.4m x
0.5m)suspended from an overhead monorail conveyor to the irradiation chamber ,a 28 carriers
are arranged in two rows of 7 carriers each side of the source .That is make the no. of
irradiation positions in one cycle 140 and each box enters the irradiation room five times.
The facility can work on both batch/continuous modes .All loading /unloading ,and
rearranging procedures are done automatically on the loading /unloading station in front of the
control room where the operator can notice all the procedures and can avoid any problems .
The source drive system consisting of source hoist ,the driving unit on the roof and
associated electrical control is located in the control room .
The control console is connected to a personal computer to enter parameters of the
required procedure and monitors all safety and status systems of the irradiator controller and
prevent the irradiator raising up to the working position unless the ventilation and fire alarm
systems are on .
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To assure safety of the facility and normal working conditions a ventilation system
changing the air volume of the irradiation room 15 times /hr are installed ,another system for
fire alarm and distinguishing are installed ,a third system for pools water purification using
two bed ion exchanger are installed .All systems are connected to the controller to drop down
the source in emergency cases or if one of last systems is not working properly .

3.

INTERLOCK SAFETY SYSTEM

To prevent radiological accident and gurantee safe operation several interlock systems
were installed :
(a) A contact platform located at the entrance of the labyrenth dropping the irradiator into the
pool if any one stand on .
(b) A 1.5 m depth pit in the labyrenth located after the contact platform with a movable cover
connected with sources controller, the irradiator can not be raised unless the cover are opened
(c) To start the irradiation process the operator must take the key (connected to radiation
monitor ) from its position on control console to inspect the room and initiate the system
inside the irradiation chamber by actuate an electric lock, a klaxon warns the irradiation
process is about to start for one minute, in one minute the operator must lift the labyrenth,
close the pit cover in the labyrenth and standby the irradiation process by inserting the same
key in its position on the control console . If the last steps are not performed within one
minute the irradiator can not be raised and the last steps must repeated again .
(d) Four emergency electrical switches depressed by hand are situated, one at the entrance of
irradiation chamber , two in the labyrenth and the fourth at the enrance of the labyrenth, to
drop the irradiator in the pool in emergency cases .
(e) G.M. tubes are located in several positions in irradiation chamber, labyrenth, the roof of
the irradiation chamber, the entrance of the labyrenth and in control room to monitor the
radiation levels.
(f) Mechanical system consisting of a counterwight connected to the irradiator to show the
hight of the irradiator mechanically on the wall in front of the control room .

4. AUXILIARY SERVICES
It was early recognized in our T.C. project that it would be necessary to offer auxiliary
services and consultancy on microbiology, radiation effects on materials,packaging and
dosimetry to manufacturers of medical products .

4.1. Microbiology
To determine the microbial load (bioburden)on the product, setting the dose required to
sterilize that product and apply a sterility test to be in safe side ,from time to time it is
necessary to check the irradiation process using special spores .The microbiology can offer the
guidence to the good manufacturing practice for the custumers .

544

4.2. Radiation effects on materials
Radiation used for sterilization of plastic materials can change or even damage the
product the damage may be direct or indirect, for that a special laboratory are prepared to
study the effects of raadiation on the materials and to be assure that the product are
compatible for the presetted dose .

4.3.

Packaging
The packaging materials can be plastic foils, paper ,etc, that materials can also be
damaged by radiation for that the plant offer the guidence about the packaging materials for
the custumers .
4.4.

Dosimetry
Since the whole process are controlled through the measurement of dose a well prepared
laboratory are used to prepare refference and routine dosimetrs, calibrate that dosimeters and
used it, the fricke are used as a refference dosimeter, the red pyrespex and the alchohc
monochlorobenzen are used as a routine dosimeter.
5.

CONCLUSIONS
The plant (ROBO) with its wet storage and split source can be considered as a
multipurpose plant with wide range of doses and could be a real sucsess start to transfer a
new technology to the country.
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Abstract
The Institute for Energetic and Nuclear Research, working on environmental applications has
an extensive research program using high energy electron beam in treating industrial wastewater and
sludge. The experiments are being conducted in a pilot plant using an industrial electron beam
1.5MeV, 25mA, where the streams are presented to the scanned electron beam in counter flow. This
pilot plant that as designed to process approximately 3.0m3/h with an average dose 5kGy and the
absorbed dose measurement is performed continuously by calorimetric system in real time. Combined
biological and radiation treatment of domestic sewage and sludge were carried out to investigate
disinfection and removal of organic matter. The experiments showed that total and fecal coliforms
were decreased about 5 logs cycles with a 3.0kGy radiation dose in raw sewage and biological
effluents respectively.
Concerning the industrial wastewater in the first stage of the program, the irradiation were
conducted using batch system with samples originated from a Governmental Wastewater Treatment
Plant. The data showed a significative color reduction effect when the delivered dose was increased,
and the opposite was noted for turbidity and total suspended solids. Others experiments were focused
to process real industrial effluents from one of the most important chemical and pharmaceutical
industries in Brazil. A special transport truck was used to transfer the liquid waste from the Industry
to the Electron Beam Pilot Plant. Large quantities of liquid waste was irradiated with and without air
addition with the doses from 2kGy to 20kGy. Such experiences performed in association with the
Industry, demonstrated that this technology has a great potential to be transferred and to contribute
with a permanent cleanup alternative for hazardous wastes.

1. INTRODUCTION
The main industrial activities of Brazil are concentrated in Sao Paulo State. A recent
survey of pollutants in superficial acquifers of this regions revealed that industrial effluent is the
largest contribution to environmental contamination. Since conventional and available
technologies to treat such waste are costly and have low efficiencies, the local government,
through the Sao Paulo Sanitation Company (SABESP), is searching for alternative
technologies for wastes be minimized, specially to the management of the water and thereby
improving public health.
Taking these factors into consideration, the Institute for Energetic and Nuclear
Research (IPEN) started the development of an alternative innovative technology for the
treatment of industrial effluent, sewage and sludge. This technology degrades the pollutants by
subjecting the compounds to a high energy electron beam, in order to reduce the impact to the
environment [1].
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The immediate objective on using a wastewater treatment pilot plant that is set up in
IPEN electron beam facility, are: 1) study the efficiency of removal and degradation of toxic
and refractory pollutants from mostly industrial origins (e.g. organochloride compounds); 2)
destroy pathogenic microorganisms in wastewater and sludge and 3) be used as a scale-up
model for the design of commercial plants.

2. DEVELOPED ACTIVITIES

2.1. Pilot Plant:
In order to apply nuclear technology for disinfection and degradation of environmental
pollutants, IPEN, in 1993, designed and built a pilot plant showed in Fig. 1 to treat wastewater
and industrial effluents. The Electron Beam facility consists of a 1.5MeV electron beam, with
beam currents in the range from 1mA to 25mA. The electron beam scans an area of 60cm
length and 4cm width, and the scanning frequency is lOOHz.
The pilot plant is available to process from 0.5m3/h to 3.0m7h with an average dose
rate of 5kGy. Its constructions was very simple and low cost. Now this plant is being up
graded to 20m3/h and with a special chamber close circuit to irradiate hazardous recalcitrant
compounds. The reasons for this modification are:
• to continue the study of irradiation device efficiency on delivering the electron to the stream
to be treated. With the actual device, the efficiency reach the value of 70% and maximum value
was performed for the up limit of the flow.

PILOT PLANT -

SCHEMATIC DIAGRAM

1. STORAGE
"TANK
2. COLLETING
TANK
3. HOMOGENEIZATION PUMP
4 . FEED PUMP
5. IRRADIATION BOX
6. ELECTRON BEAM ACCELERATOR

IN

IRRADIATION BOX
7.

ELECTRON

8.

MATERIAL TO 8E

FIG. 1. Pilot Plant - IPEN - Sao Paulo.
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BEAM
IRRADIATE:

• to study in continuous stream the enhancement of biodegradability of hazardous recalcitrant
organic compounds.

2.2. Dosimetric Systems:
To continuously determine the dose delivered to the water in the pilot plant an on-line
calorimetric system was developed.
The absorbed dose is measured by calorimetric system using a temperature transducer
type, Wire Current Output Temperature Transducer, WCOTT, Intersil, GE-AD590J, that
allows to obtain in real time the average absorbed doses. Two WCOTT are used, one in the
influent and the other in the effluent tubes, close 35cm before and after the irradiation chamber.
The WCOTT's are connected via an interface to a computer, which continuously reads and
records temperatures, the absorbed dose is calculated by the conversion of the temperature
difference to the equivalent energy transferred to the stream.

2.3. Efficiency Determination of Pilot Plant
The main goal of this project is to optimize the irradiation system to get a high
efficiency with low electron beam energy the reason to reduce the costs of the machine
(Investments costs). A lot of tests and modifications as the geometry of the irradiation systems
was done to increase the transference efficiency of the electron beam energy to the water
stream, and now after optimization of the irradiation device is close to 70%. Table I and Fig.2
show the present performance.

2.4. Implementation of Laboratories Analyses:
IPEN implemented a laboratories to analyze microbiological and physical-chemical
parameters in industrial effluents, sewage and sludge before and after electron beam
irradiation.
The following parameters were developed and implemented according to Standard
Methods for the Examination of Water and Wastewater, 1985: Chemical Oxygen Demand
(COD), Biochemical Oxygen Demand (BOD), Dissolved Oxygen (DO)-Azide Modification,
Total Solids Dried at 103°C-105°C, Fixed and Volatile Solids Ignited at 550°C, Settleable
Solids, Total Suspended Solids Dried at 103°C-105°C and Fixed and Volatile Solids Ignited at
550°C and Residual Chloride in Water. The Microbiological studies are carried out by two
methodologies, the "Most Probable Number Technique" and the "Total Bacteria Count".
With the support received from International Atomic Energy Agency-IAEA, were
installed at the IPEN the Laboratory for Analyses and Characterization of Organic
Compounds, LACCO, with the following equipment that are being used for analyses and
characterization of organic compounds (pollutants) and by-products of irradiated and non
irradiated samples:
• Gas Chromatograph-Mass Spectrometer Shimadzu-GCMS-QP 5000,
• Gas Chromatograph, GC-17A, Shimadzu, Hydrogen Flame Ionization Detector (FID),
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•
•
•
•

Infrared Spectrometer, Shimadzu, FTIR- 8001 Spectrophotometer UV-VIS, Shimadzu,
Total Organic Analyzer, Shimadzu, Model TOC 5000A,
Solid Sample Module, Shimadzu, SSM-5000A, for Total Organic Carbon Analyzer;
High-Performance Liquid Chromatograph - HPLC-Shimadzu,

TABLE I. EFFICIENCY DETERMINATION OF IPEN'S PILOT PLANT

550

Energy

Current

Flow

(MeV)

("A)

(L/min)

0,5
0,7
0,9
1,1
1,3
1,4
1,5
0,5
0,7
0,9
1,1
1,3
1,4
1,5
0,55
0,7
0,9
1,1
1,3
1,4
1,5
0,55
0,7
0,9
1,1
1,3
1,4
1,5
0,5
0,7
0,9
1,1
1,3
1,4
1,5

3,3
2,4
1,9
1,5
1,3

20
20
20
20
20
20
20
25
25
25
25
25
25
25
35
35
35
35
35
35
35
40
40
40
40
40
40
40
45
45
45
45
45
45
45

U
1,1
4,1
2,97
2,31
1,89
1,6
1,5
1,4
5,3
4,1
3,2
2,6
2,2
2,1

2
6,1
4,8
3,7
3
2,6
2,4
2,2
7,5
5,3
4,1
3,4
2,8
2,7
2,5

Teorical
dose
kGy

Mesured
dose
kGy

Eficiency

5,0
5,0
5,1
5,0
5,1
5,0
5,0
4,9
5,0
5,0
5,0
5,0
5,0
5,0
5,0
4,9
4,9
4,9
4,9
5,0
5,1
5,0

1,6
2,2
2,6

32,32
43,65
50,68
56,57
61,14
63,49
62,63
32,52
46,10
54,11
58,12
62,10
65,48
65,48
38,02
46,75
56,71
63,23
67,31
67,46
68,06
37,75
47,62
58,06
64,65
69,03
71,43
70,71
46,00
50,54
60,98
68,18
70,05
71,43
72,00

5,0
5,0
5.0
5,1
5,0
5,0
5,0
4,9
4,9
5,0
4,9
5,0
5.0

2,8
3,1
3,2
3,1
1,6
2,3
2,7
2,9
3,1
3,3
3,3
1,9
2,3
2,8
3,1
3,3
3,4
3,5
1,9
2,4
2,9
3,2
3,5
3,6
3,5
2,3
2,5
3
3,4
3,4
3,6
3,6

%

0,8

0,7 -

0,6

Io —
? 0,5 e
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FIG. 2. Efficiency ofIPEN's Pilot Plant related to electron beam energy
and flow stream for 5kGy dose.

2.5. Sewage and Sludge Disinfection by Radiation at IPEN:
Combining biological and radiation treatment of domestic sewage and sludge collected
at the different wastewater treatment plants, a lot of tests were carried out to investigate
disinfection and removal of organic matter [2].
The electron beam radiation technology was applied to raw sewage, secondary
biological sewage, chlorinated wastewater and sludge. The irradiation were performed in
batch system and the disinfection were observed by the elimination of indicators bacteria, i.e.
total and fecal coliforms enumerated by Most Probable Number Technique, NMP/lOOmL,
through the lactose fermentation. The enumeration of total aerobic bacteria, plating count with
Difco-Nutrient Agar, were also conducted as an evaluation of raw domestic sewage and
dehydrated sludge.
The sewage samples were collected in a Lagoon System-Sewage Treatment Plant
which discharge, approximately, 30L/s of chlorinated effluent without sludge generation. This
Lagoon System is composed of double lagoons classified as anaerobic and facultative. The
influent reachs the station, passes successively through the collecting well, A, anaerobic
lagoon, B, facultative lagoon, C, and chlorination tank, D.
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The effect of radiation on the elimination of indicator bacteria, i.e., total and fecal
coliforms, showed a 5 cycle log reduction obtained by a 3.0kGy radiation dose applied to raw
sewage. The higher oxygen concentration in facultative lagoon, C, due the presence of algae,
resulted in a higher efficiency of the same 3.0kGy radiation dose at that site. The final effluent,
although chlorinated, was contaminated by total coliforms which were completely eliminated
by irradiation as show Figure 3 [3].

0

3

0

3
0
Dose (kGy)

FIG. 3. Reduction of total coliforms by 3. OkGy irradiation dose
applied to Raw sewage, secondary and chlorinated effluents.

Sewage sludge were collected from a conventional treatment station which includes
anaerobic digestion and generates, approximately, 200 ton/day of dehydrated sludge. The
results showed a reduction of 3 cycle log and a total elimination of aerobic bacteria by lOkGy
and 15kGy radiation dose. Other experiments demonstrated that doses between 5.OkGy and
6.0kGy are enough to reduce pathogenic bacteria to an acceptable level. The level of
decontamination will depend on the application of the sludge as a soil conditioner.

2.6. Industrial Wastewater Treatment:
The studies to treat industrial wastewater using high energy electron beam in Brazil
have been done since 1991 with samples originated from Governmental Wastewater Treatment
Plant, which collects the greatest volume delivered from industrial wastewater from Sao Paulo
city.
At first, irradiation were performed in a batch system with irradiation doses from
0.5kGy to lOOkGy and electron beam energy was 1.5MeV. The following analyses were
performed: apparent color, true color, total suspended solids, turbidity, biochemical oxygen
demand (BOD) and the chemical oxygen demand (COD), before and after irradiation [4].
As can be seen in the table II, a significative reduction in the apparent and true color
with a 5kGy dose was observed in raw wastewater, primary and secondary effluent from
biological treatment. Between 5kGy and 50kGy an increase in color values of the samples
from raw wastewater and primary effluent, was noted, mainly in apparent color values. When
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TABLE II. EFFECTS OF DOSE ON APPARENT AND TRUE COLOR OF INDUSTRIAL
WASTEWATER

DOSES
(kGy)

Raw
Wastewater

Primary
Effluents

3200

3000

Biological
Treatment
Effluents
90

253*
80

550*
500

153*
82

49*
120

250*
1300

20*
45

59*
600

250*
1600

15*
7.5

250*

280*

<2.5*

0

5

10

50

* Irradiated Samples

TABLE III. IRRADIATION EFFECTS ON CONVENTIONAL PARAMETERS AFTER
SECONDARY TREATMENT (ACTIVATED SLUDGE)

Doses
(kGy)

Apparent
Color

True
Color

BOD
(mgO2/L)

COD
(mgO2/L)

Total
Suspended solids
(mg/L)

0

1.100

58.0

35

313

28

2

0.5

75

5.5

62

289

28

8

1.0

52

5.5

47

287

44

17

2.0

37

6.0

58

253

86

20

3.0

30

4.5

40

235

108

22

4.0

23

2.0

34

235

110

26

Turbidity
(UFT)
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effluents from the secondary treatment (activated sludge) received different doses, the values
of apparent and true color decreased as a function of doses, the opposite was noted for
turbidity and total suspended solids, this results are presented in the table III.
In the second stage of this project and using IPEN's pilot plant, studies were performed
with standard solutions of the most widely organic compounds used in Brazilian industries.
The characterization of these organic compounds followed the methodology developed by
Environmental Monitoring and Support Laboratory of the U.S. Environmental Protection
Agency. These procedures were used for the determination of four trihalomethanes,
i.e.,chloroform, bromodichloromethane, chlorodibromomethane and bromoform, and also
perchloroethylene (PCE) and trichloroethylene (TCE).
The results showed that 4.0kGy dose removed approximately 70% of Chloroform,
increasing the dose to 8.0kGy the performed degradation was close to 85%. In case of the
bromoform the degradation was close to 95%, TCE about 99%, and PCE 95%. When air
mixing (flow: 4mL/min) was used the degradation rates increased.
Other tests were performed using samples of industrial wastewater collected at the
Municipal Public Wastewater Treatment Plant in Sao Paulo State, that receives about 80%
industrial sources and 20% from domestic origin. A large amount of industrial wastewater
comes from chemical industries and its characteristics of quality, quantity and color changes
every day resulting in a low efficiency of the wastewater treatment plant, allowing the
discharge of dangerous products to the environment [5].
The third stage of the project development started in 1995 with the operation of the
pilot plant on processing real industrial effluents. It was made an approach with one of the
most important chemical and pharmaceutical industry in Brazil. A special transport truck was
used to transport 1,000 liters of liquid waste from industry to the Electron Beam Pilot Plant.
The industrial wastes were irradiated with air addition by the doses: 2kGy, 5kGy,
lOkGy, 15kGy and 20kGy; and without air addition by the doses: 2kGy, 15kGy and 20kGy.
The effectiveness of the treatment were observed by the chemical analyses of the samples
before and after irradiation. The parameters analyzed were: COD (chemical oxygen demand),
absorption spectrum (300nm a 700nm), chloroform, PCE, TCE, carbon tetrachloride and
dichloroethane by gas chromatography. [6, 7].
It is important to point out that the process showed a degradation with a rate superior
to 80% for the majority of the compounds in air addition and 2kGy dose. When the samples
were irradiated without air addition the degradation was higher, the table IV shows these
results. It was observed that a COD values decrease close to 30% for the samples irradiated
with air addition and 2kGy dose and in the case of irradiation without air addition, the COD
did not show significative changes for doses until 15kGy, at 20kGy dose the value decreased
about 30%. The decreasing of the color was more significant in the samples submitted to high
doses, greater than lOkGy and without air addition. These results were not expected because
in the literature dye degradation is always greater for air addition.
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2.7. Estimated Processing Costs:
2.7.1. Capital and amortization Costs:
The costs for electron beam and shielding depend on the specification of the equipment.
Using the IPEN's new accelerator 1.5MeV, 60mA Dynamitron from Radiation Dynamics Inc.
(USA), it was assumed for the costs estimation about US$ 1,1 million for the accelerator and
US$400,000 for the installation (shielding). The operating schedule assumed as 3 shifts, 7 days
per week and 8,000 hours per year (up-time).
The investment cost is assumed with interest rate of 10% per year, the cost equivalent
per hour is US$18.7. The amortization of the whole facility was assumed during 15 years, the

TABLE IV. DEGRADATION OF ORGANIC COMPOUNDS FROM INDUSTRIAL
EFFLUENTS IN RELATION TO IRRADIATION DOSES

Dose
(kGy)

Chloroform
(ppm)

PCE
(ppm)

TCE
(ppm)

Carbon
tetrachoride
(ppm)
no air
air

Dichloro
ethhane
(ppm)
no air
air

no air

air

no air

air

no
air

air

0.0

0,83

0.83

0.87

0.87

3.57

3.57

9.74

9.75

87.93

87.93

2.0

nd

0.02

nd

0.10

0.36

0.61

2.36

3.37

nd

4.05

5.0

0.33

0.50

2.06

8.28

69.32

10.0

0.09

0.24

1.09

3.76

56.37

0.04

0.09

15.0

nd

0.54

0.32

1.68

2.17

nd

43.50

TABLE V. COSTS FOR SOME VALUES OF DELIVERED DOSES AND OPERATION

Energy

Dose

EB Current

Flow

Efficiency

Cost

(MeV)

(kGy)

(mA)

(m 3 /h)

(%)

(US$/m 3 )

1.5

2.0

60

113

70

0.65

1.5

3.0

60

75

70

1.00

1.5

5.0

60

45

70

1.60

1.5

10.0

60

22

70

3.30
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equivalent amortization cost per hour is US$12.5. The capital cost (investment plus
amortization) is about US$31.2 per hour.

2.7.2. Variable Costs
The labor costs is for one operator and one materials handler per shift with equivalent
cost of US$22.5 per hour (including administrative). The electricity cost is based on an average
rate of US$0.08 per kilowatt. The equivalent cost for 120kWh is US$9,5. The maintenance
cost equivalent to US$10.0 per hour. The total of operating costs is about US$42.0.

2.7.3. Total Cost
The sum of fixed and variable costs is about US$73.2 per operating hour. The unit cost
for treatment cost process depends on delivered dose and its effect the unit processing cost.
The table V shows the processing costs for some values of delivered doses and operation.

3. CONCLUSIONS
Analyzing all results obtained until now, it is possible to make a preliminary evaluation
that the technology is efficient and promissory for treatment of wastewater and industrial
effluent, the induced organic compound degradation had a high performance even in the case
of industrial effluent, that is a mixture of various compounds.
The preliminary studies of irradiation costs using the IPEN's facility allow to estimate
that they will range from US$0.65/m3 to US$3.30/m3 for doses of 2kGy up to lOkGy.
The coming tests with actual industrial effluents will be performed changing the doses
rates, air and ozone addition in order to optimize the process and to get data for industrial
economical feasibility studies for a specific waste plants.
Such experiences supported by the IAEA, International Atomic Energy Agency, and
performed in association with the Industry, demonstrated that this technology has a great
potential to be transferred and to contribute with a permanent cleanup alternative for
hazardous wastes.

ACKNOWLEDGEMENTS
The Authors wish to thank the support of the International Atomic Energy Agency-IAEA, and
the contributions of Ing. Arnaldo L.Azevedo from Hoechst do Brasil S.A. and Sao Paulo
Sanitation Company (SABESP).

556

REFERENCES
[1] SAMPA, M.H.O.; BORRELY, S.I.; VIEIRA, J.M.; RELA, P.R.; CALVO, W.A.P.;
DUARTE, C.L.; PEREZ, H.E.B.; LUGAO, A.B. (1995)
The use of electron beam
accelerator for the treatment of drinking water and wastewater in Brazil. Radiat. Phys.
Chem., 46(4-6), 1143-1146.
[2] BORRELY, S.I. Tratamento de Esgoto SanitaYio com uso de Acelerador de Eletrons.
Master Thesis. (1995).
[3] BOORELY, S.I.; SAMPA, M.H.O.; UEMI,M.; DEL MASTRO,N.L.; SILVEIRA,C.G.
Domestic effluent-disinfection and organic matter removal by ionizing radiation. Editors:
Cooper, W.J.; O'Shea, k.; Curry, R.D. in A to be published by John Wiley & Sons, Inc.
[4] SAMPA, M.H.O.; BORRELY, S.I.; MORITA,D.M. Treatment of industrial wastewater
by electron beam. Applications of Isotopes and Radiation in Conservation of the
Environment, IAEA, Karlsruhe, Germany, p. 123. IAEA-SM 325/172/P (1992).
[5] DUARTE, C.L.; SAMPA, M.H.O.; RELAJP.R.; SILVEIRA, C.G. Improvement on
Conventional Parameters of actual industrial effluent by electron beam irradiation. To be
present at this Symposium (1997).
[6] DUARTE ,C.L.; SAMPA, M.H.O.; RELA,P.R.; SOMESSARI, E.S.R.; SILVEIRA,C.G.;
AZEVEDO, AX. Treatment of real industrial effluent using electron beam accelerator.
10th International Meeting on Radiation Processing-IMRP, Anaheim, CA, USA (1997).
[7] SAMPA, M.H.O.; DUARTE, C.L.; RELA, P.R.; SOMESSARI,E.S.R.; SILVEIRA,
C.G.; AZEVEDO,AX. Remotion of organic compounds of actual industrial effluents by
electron beam irradiation. 10th International Meeting on Radiation processing-IMRP,
Anaheim, CA, USA (1997)

557

CURING, CROSS-LINKING AND GRAFTING
(Session 10)
Chairperson
T. CZVIKOWSKY
Hungary

NEXT PAGE(S)
toft ILAMK

IAEA-SM-350/61

Invited Paper
XA9847748
GRAFTING AND CURING
J.L. GARNETT
Radcure Australia Inc., Sidney
LOO-TECK NG, VISAY VIENGKHOU
Department of Chemistry, University of Western Sydney
Kingswood, Australia
Abstract
Progress in radiation grafting and curing is briefly reviewed. The two processes are shown to be
mechanistically related. The parameters influencing yields are examined particularly for grafting. For
ionising radiation grafting systems (EB and gamma ray) these include solvents, substrate and
monomer structure, dose and dose-rate, temperature and more recently role of additives. In addition,
for UV grafting, the significance of photoinitiators is discussed. Current applications of radiation
grafting and curing are outlined. The recent development of photoinitiator free grafting and curing is
examined as well as the potential for the new excimer laser sources. The future application of both
grafting and curing is considered especially the significance of the occurrence of concurrent grafting
during cure and its relevance in environmental considerations.
2.
INTRODUCTION
Radiation grafting research has been performed since the early 1950's when ionising radiation
sources became available as a by-product of the nuclear power industry. An area of interest
was modification of naturally occurring macromolecules and synthetic polymers, grafting
being chosen as a method for achieving novel properties with these materials [1,2]. Such a
technique would also be environmentally attractive since nuclear power was expected to
replace atmospheric contaminating coal powered energy plants. In contrast to grafting, curing
developments did not seriously begin until the early 1970's when the oil crisis occurred and
the conservation of energy became important particularly the application of environmentally
friendly processes in the surface coatings area [3]. It is the purpose of this paper to briefly
review developments in grafting and curing and to summarise recent trends in both areas.
Grafting and curing initiated by either ionising radiation (gamma ray or electron beam) or UV
are mechanistically related [4]. Grafting is essentially the copolymerisation of a
monomer/oligomer (M/O) to a backbone polymer (Eq 1) whereas curing is the rapid
polymerisation of an oligomer/monomer mixture onto the surface of a substrate (Eq 2). There
is no time scale theoretically associated with grafting reactions which can occur in minutes or
hours whereas curing processes are usually very rapid, occurring in a fraction of a second.
O/M
*

O/M

*

(1)

=

,

•rtWWMWVW
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An important difference between grafting and curing is the nature of the bonding occurring in
each process. In grafting, covalent carbon-carbon" bonds are formed, whereas in curing,
bonding usually involves weaker Van der Waals or London dispersion forces. The bonding
properties of the systems are important in determining their use commercially. Applications of
both grafting and curing will be discussed with the future direction of the technology outlined
in this presentation.
3.
EXPERIMENTAL TECHNIQUES
3.1.
Grafting Procedures
Grafting and curing procedures were modifications of those previously reported [5]. For
gamma irradiation grafting work, a 1200 Ci Co-60 source was used whereas for grafting a
90W high pressure facility was utilised. For EB curing, two machines were used, namely
Nissan 500kV and ESI 175kV units whilst for UV, Primarc (200W/inch) and Fusion (300
W/inch) units were utilised.
4.
GRAFTING STUDIES
The earlier grafting work has been reviewed by Charlesby [1] and Chapiro [2]. Since these
publications many researchers have participated in the field. The present paper is not intended
to be a comprehensive review, only the author's interpretation of the field including their own
contribution will be discussed. In the current treatment of grafting ionising radiation systems
will be initially examined, followed by UV processes. A number of grafting techniques are
available [2,4] involving pre-irradiation, post-irradiation, and a simultaneous method, the last
of which will be emphasised in this paper since it is the most important and the most
extensively ultilised in practice. A wide variety of substrates have now been modified by
radiation grafting using many types of monomers [2,5,6] the essential parameters affecting
grafting yields are solvent nature of the substrate, structure of monomer, dose and dose rate,
temperature and the presence of additives.
4.1.
Solvent, Dose, Dose-Rate, Temperature, Substrate and Monomer
Generally solvents which wet and swell the backbone polymer are most appropriate for
optimising grafting yields. By controlling variables such as solvent, surface and or bulk
grafting can be achieved in one step. Typical of the solvents used are those shown in Fig 1
where styrene is grafted to PVC. Solvent effects are particularly evident when grafting to
substrates like cellulose where polar solvents such as methanol are attractive whereas
hydrophobic materials give low yields but predominately surface grafting. The solvent effect
is also influenced by structure of substrate, a wide range of materials containing -CH and the
like bonds being amenable to the process. Typical naturally occurring macromolecules such as
wool and cellulose and synthetics like polyolefins, PVC and cellulose acetate graft readily by
this process [2,5]. As expected, radiation dose and dose-rate affect yields. Thus at constant
dose grafting is inversely proportional to dose-rate whilst yield is also directly proportional to
dose. Temperature also influences the process [5, 6] e.g. in grafting styrene in methanol to
polyethylene film a yield of 29% at 14°C is increased to 42% at 84°C. Finally the presence of
functional groups in the monomer also influences grafting efficiency and patterns. Acrylates
are the most useful of monomers in this respect, however they suffer from the disadvantage of
the presence of competing homopolymer. This problem can be minimised by the use of the
styrene comonomer technique [5] or the addition of ions such as Fe2+ and Cu2+ [7].
4.2.
Additives
An important development in grafting was the discovery that certain additives in low
concentration could increase yields. The first of these additives used was mineral acid [5]
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—•—Methanol
—o—n-Butanol
—x—t-Butanol
—D—Octanol
—it- Dimethylformamide
—•— Benzene
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FIG. 1. Solvent Effect in Radiation Grafting Styrene to PVC Radiation conditions; Total
dose, 5.0x 10+2Gy; dose rate, l.Ox 10+3 Gy/h.

TABLE 1. COMPARISON OF ACID WITH LITHIUM PERCHLORATE AS ADDITIVES
IN RADIATION GRAFTINGa 0 F STYRENE FROM METHANOL SOLUTION TO
POLYETHYLENE FILM^
Grafting yield (:%)
Styrene (%)

No additive

H2SO4

LiClO4

(0.1 M)

(0.2 M)

15

31

32

44

20

64

70

81

25

103

148

192

30

187

240

196

35

193

212

140

40

150

157

114

Irradiation in air at 20°C; dose rate, 3.30x 102 Gy/h; total dose, 2.0 x 103 Gy
b

Low density polypropylene film (0.12mm).
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TABLE 2. EFFECT OF ADDITIVES ON RADIATION GRAFTING MMA TO
CELLULOSE USING STYRENE C0M0NOMER Grafting yield (%)
System

MMA (%)
80

60

40

20"

Blank

6.9 (70)

21 (81)

16(58)

2.1 (33)

N2

22(123)

118(133)

82(105)

-(72)

AIBN

18(81)

78 (87)

23 (69)

1.7(20)

Urea

57(71)

12 (98)

1.6(79)

5.0(42)

H+

392(212)

132(76)

30(84)

0.1 (52)

DVB

43(112)

9.0(110)

12(75)

56 (34)

AIBN + Urea

58 (66)

20 (90)

47(62)

50 (43)

1

Total dose: 2.0 x 103 at 5.0 x 102 Gy.fr1; Additives 1% (w/w); H+= H2SO4 (0.2M);
Solvent methanol; Data in brackets for styrene comonomer technique with styrene 20% (v/v)
of total monomer.
followed by inorganic salts like lithium perchlorate and nitrate which could be used instead of
acid for acid sensitive substrates as the results for the grafting of styrene in methanol to
polyethylene show (Table 1). In addition if polyfunctional monomers (PFMs) like
divinylbenzene (DVB) are included in additive amounts yields are also enhanced (Table 2), a
synergistic effect occurring when both acid and PFM are included in the same monomer
solution [5]. In addition, in the presence of nitrogen yields are increased. AIBN is also
effective as an additive, decomposing to give additional radicals as well as nitrogen. Inclusion
compounds like urea also increase yields. The problem with these grafting systems is
homopolymer formation which reduces yields. As previously mentioned utilising the styrene
comonomer technique can overcome this problem. Under these conditions longer irradiation
times can be used, giving higher yields and the final copolymer is essentially grafted MMA
(Table 2). All additives in this table at certain concentrations using the styrene comonomer
procedure are seen to enhance grafting when compared with the blank. This comonomer
process also yields a better, more uniform product from which residual homopolymer can be
easily removed because the viscosity of the grafting solution is relatively low at the
completion of the irradiation.
4.3.
UV vs Ionising Radiation Systems
UV can initiate grafting reactions analogous to those described above for ionising radiation if
sources of the appropriate wavelength are used [2,5,8-12]. UV is a particularly attractive
alternative to ionising radiation since the equipment used is simpler, the source does not need
extensive encapsulation only a light shield being required and thus can be readily installed in
a laboratory without the need for meeting radioactive regulations. The technique is extremely
useful for synthesising laboratory scale batches of graft copolymers which possess properties
similar to those produced by ionising radiation. One important difference with UV systems is
the limitation due to poor penetration of the radiation through a backbone polymer. In order to
564

overcome this problem photoinitiators have been used to improve the efficiency of the
grafting process. Unlike ionising radiation which can indiscriminately break bonds in the
backbone polymer to form sites where grafting can occur, UV does not form radicals directly
in the backbone polymer unless that substrate has the appropriate functional groups or
impurities which can efficiently absorb the incident UV. The graft copolymer from UV
reactions needs careful post treatments to remove residual photoinitiator and fragments
thereof from the finished copolymer. To the present time this contamination has limited the
use of the technique in some applications.
Variables influencing UV grafting are similar to those reported for the ionising radiation
technique. Thus solvent, presence of nitrogen, light intensity and temperature of irradiation
are all significant. Most importantly, the presence of photoinitiator not only speeds up the
reaction but also leads to differences in patterns of reactivity when compared to ionising
radiation. Thus the position of the Trommsdorff peak usually occurs at higher monomer
concentration with UV than in the ionising radiation system. Structure of the photoinitiator
strongly influences its efficiency in these reactions. The early work with UV grafting used
uranyl nitrate, anthraquinone derivatives, also benzophenone with its charge transfer
complexes with amines but these have now been replaced by the aliphatic and aromatic ethers
like the Ciba Geigy Irgacure range namely 184, 1700, 1800 and 1850 also Darocure 1173.
Typical of the data obtained with these materials using AIBN as reference are those shown in
Table 3 for the UV grafting of MMA in methanol to cellulose where the yields with all
organic ethers, including benzoin ethyl ether (BEE) and especially the Irgacure materials are
high. The corresponding results with the styrene comonomer technique are equally as
impressive (Table 3, data in brackets). With UV, homopolymer formation is more of a
TABLE 3. EFFECT OF PHOTOINITIATORS ON UV GRAFTING MMA TO
CELLULOSE WITH AND WITHOUT STYRENE3
Graft ( %)
System

MMAi(%)

Time (h)

80

60

40

20

Blank

16 (24)

3.3 (125)

6.0 (77)

2.0 (9.2)

0.3 (4.7)

N2

16(6)

45 (0.5)

53 (0.6)

24 (0.7)

26(6)

AIBN

3(24)

2.3 (21)

41 (132)

41 (124)

15 (54)

BEE

3(24)

2.6 (49)

49 (105)

43 (81)

23 (30)

184"

3(6)

28 (64)

113(116)

84(137)

49 (76)

1700"

3(8)

150 (79)

70 (86)

62 (150)

57 (78)

1800"

3(6)

20 (91)

96 (109)

88 (133)

45 (54)

1173C

3(6)

88 (81)

94(118)

78(113)

47 (59)

a

Conditions as in Table 2 except UV used with 90W lamp; & Irgacure materials; 184 is 1 hydroxycyclohexyl phenyl ketone; 1700 is 25% bis (2,6-dimethoxybenzoyl)-2,4,4trimethylpentyl phosphine oxide DMBAPO + 75% 2-hydroxy-2-methyl-1 -phenyl-propan-1 one (HMPP) and 1800 is: 25% bis (2,6-dimethoxybenzoyl)-2,4,4-trimethylpentyl phosphine
oxide DMBAPO + 75% 1-hydroxycyclohexyl phenyl ketone (HCPK)
c
Darocure 1173 is 2-hydroxy-2-methyl-l -phenyl-propan-1 -one.
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problem than with ionising radiation since in the former technique if slight precipitation of
homopolymer occurs the grafting solutions become turbid and grafting ceases since
transmission of light through such solutions is difficult. This situation is not relevant to
ionising radiation where full penetration of the solution by the radiation occurs. The
remaining additives found to be active in ionising radiation grafting also accelerate the UV
processes.
5.
CURING
Curing involves rapid polymerisation of an oligomer/monomer mixture to give a film which
can also be crosslinked. Whereas gamma sources are used for ionising radiation grafting, EB
are preferred in analogous curing because high doses of radiation are needed at a particular
site in a fraction of a second to achieve fast cure. EB machines for this purpose are low energy
facilities of 180 keV and above. In UV systems photoinitiators and high performance lamps
up to 600W/inch are used to achieve fast rates of polymerisation. The polymer system used in
both these radiation curing processes involves an oligomer (usually molecular weight 20003000) and is commonly a urethane, epoxy, polyester or polyether acrylate, although non
acrylated oligomers such as vinyl ethers are progressively being introduced. Oligomers
require the addition of monomers as reactive diluents, to adjust the rheological properties of
the resin for application and to speed up the cure by crosslinking. The structure of the reactive
diluent is important in determining the properties of the finished film such as flow, slip,
wetting, swelling, shrinkage, adhesion and migration within the film. The reactive diluent can
be either monofunctional or multifunctional, the latter being preferred because of enhanced
crosslinking during cure due to its poly functionality. The properties required in the diluent are
cutting power, solubility, lack of odor, ability to reduce the viscosity of the medium,
volatility, functionality, surface tension, little shrinkage during polymerisation, appropriate
glass transition (Tg of the homopolymer), effect on the speed of the overall cure and
toxicology. Monomers with low skin irritancy as determined by the Draize rating are
preferred, like tripropyleneglycol diacrylate (TPGDA).
5.1.
Incentive to use Radiation Technology
The current advantages and limitations of radiation curing are shown in Table 4. One of the
essential features of the technology is that it is environmentally friendly. The original purpose
of utilising radiation cure was to replace solvents in processes like inks and coatings, such
solvents being economically wasteful, toxic and an environmental hazard. During utilisation
of the technology over the past twenty five years additional advantages have emerged,
particularly the fact that novel products not capable of being formed by other techniques can
be obtained. There are of course limitations to the technology (Table 4), however these
problems are currently being solved and the technology is expanding steadily at 10% per
annum world wide.
6.
APPLICATIONS OF GRAFTING AND CURING
With respect to grafting a wide range of products have been synthesised however only a
limited number of these processes have been commercialised. Thus grafted films have been
used as battery separators, ion exchange resins, membranes for separation processes, in
textiles (small scale) for flame retardency, dyeing, soil release and antistatic properties and
super water absorbing materials for use as diapers and napkins. In the biological field, grafted
systems are used for immobilisation of enzymes, antibodies, cells and drugs with potential
medical applications (diagnostic and therapeutic), and industry (fermentation, bioseparation
and catalyst supports.).
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In contrast to grafting, radiation curing is expanding rapidly in a wide range of fields. In Table
5 are listed the areas of major use of the technology together with those of strongest growth
and finally the emerging fields where the technology is beginning to be applied. The largest
area of use is in inks and coatings. Theoretically any solvent based ink or coating process can
be replaced by the radiation equivalent. One extremely large application where the technology
still encounters problems is in coil coating. This is because extremely high line speeds are
needed, leading to shrinkage of cured film with subsequent poor adhesion directly onto the
metal surface. In terms of novelty of product one unique demonstration where the technology
can produce a product difficult to obtain by other means is the UV cured banknote which has
now become standard currency in Australia [13].
6.1.
Significance of Concurrent Grafting with Curing
One of the most potentially largest and most important applications of grafting is its
occurrence in curing. As previously mentioned, curing generally involves physical bonding

TABLE 4. ADVANTAGES AND LIMITATIONS OF RADIATION CURING
Limitations

Advantages
No solvent- greenhouse effect

Economics- equipment/ material costs

Environmentally attractive

Pigmentation difficult (UV)

Fast cure- increased productivity

Application at 100% solids

Improved physical properties

No FDA approval for food

Room temperature cure

Recycling of waste

Lower costs and maintenance

Wider chemistries needed

Energy reduction

Adhesion, formability difficult

High gloss

Line -of-site cure

Process flexible, versatile

Weatherability

TABLE 5. CURRENT STATUS OF RADIATION CURING PROCESSES
Major Use

Strong Growth

Emerging Processes

Clear coatings- graphic arts

Flexo inks wide web

Powder coating

Inks-litho, screen

Metal decorating

UV pigmented

Wood finishes

Silicone release

UV durable coatings

Plastic coating + printing

Pipe coating

Water reducible UV

Flooring finishes

Paper coatings

Sprayable coatings

Banknotes

Automotive

Mechanical devices

Optical fibers

Adhesives

Laser curing
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TABLE 6. PHOTOINITIATOR FREE UV GRAFTING TO CELLULOSE AND
POLYPROPYLENE WITH AND WITHOUT STYRENE^
Graft (%)
System

Additive

Time(h)

Monomer (%)
80

60

40

20

MMA/MeOH"

Blank

16(24)

3.3(125)

6.0(77)

2.0 (

0.3(4.7)

MMA/MeOHb

TPGDA

5(24)

2.4(11)

3.0(31)

3.4(68)

2.3(2.7)

MMA/MeOH

DVE-3

5(24)

1.8(250)

3.1(296)

1.9(339)

11.1(1.0)

MMA/MeOHb

CHVE

5(24)

8.4(248)

2.7(308)

16.8(35)

1.3(63)

MMA/MeOH15

HBVE

5(24)

3.2(107)

3.6(95)

2.8(59)

1.7(1.5)

MMA/ACNC

Blank

24

0.2

MMA/ACNC

CHMI

24

0.1

MMA/ACNC

CHVE

24

66

MMA/ACN0

CHMI/

24

102

b

CHVE
a

Conditions as in Table 3; Data in brackets for MMA solutions containing styrene (20% by
volume of MMA); Additives 1% (w/w); DVE-3 is 3, 6, 9, 12-tetraoxadeca-1, 13-diene;
CHVE is cyclohexane l,4-bis[(vinyloxy) methyl]; HBVE is 1-butanol, 4-(ethyenyloxy);
CHMI is cyclohexylmaleimide; MeOH is methanol and ACN is acetonitrile.
b Cellulose; c Isotactic polypropylene

whereas grafting concerns covalent bonding. Intuitively, it would be expected that the
occurrence of grafting with curing would lead to improvements in the final product since
delamination would be more difficult. With the more energetic ionising radiation sources,
radicals at sites for grafting are formed more readily than with UV. Thus, in curing, the
occurrence of concurrent grafting would be expected to occur more efficiently in EB systems.
However, with UV, in the presence of photoinitiators, abstraction reactions with the backbone
polymer can occur thus leading to graft copolymer. Whilst concurrent grafting during curing
can be beneficial in reducing delamination in the final product, it can also be a problem,
particularly with coated paper and its recycling. If the film is grafted to the paper during cure,
covalent bonds are formed and these are difficult to break, thus removal of surface coating to
enable recycling of the paper by repulping can become difficult. Typical commercial
examples of this problem have been found in EB and UV systems. Thus in the EB coating of
paper for metallising in the label field, it was necessary to develop special EB coatings which
were soluble in 0.1% alkali at room temperature but insoluble in water to achieve recycling. In
like manner in the UV ink field, paper recycling has been a problem since the recycled
product invariably is "spotty" and can only be reused in restricted applications usually as core
in cardboard manufacture. These problems with recycling predominantly occur with cellulosic
type materials whereas recycling of coated synthetics can generally be achieved more readily.
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7.
MECHANISMS OF RADIATION GRAFTING AND CURING
Radiation grafting and curing are mechanistically related in that both are predominately free
radical reactions with ionic processes capable of participating in specific examples. Thus
ionising radiation leads to radicals and ions as a consequence of the interactions of electrons
and gamma rays with the substrate. UV, via photoinitiators, leads to both free radicals and to a
lesser degree ionic processes by the use of photoinitiators like the aryl sulphonium salts [14].
In grafting the effect of ionising radiation on a backbone polymer (e.g. cellulose, CeOH) is to
create grafting sites (Eq 3). Monomer then can graft at this site via a free radical process. With
UV the photoinitiator, PI, absorbs energy to yield radicals which can then abstract H atoms
from substrate to create grafting sites (Eqs 4-5).
CeOH
PI

CeOH + P'

*

CeO* + H*

(3)

*- p" + r

(4)

»• CeO'+ PH

(5)

In a similar manner, in curing, e.g. with UV, the photoinitiator yields radicals which then react
directly with the oligomer/monomer mixture to initiate rapid polymerisation and crosslinking.
Additives in the tables are shown to accelerate these grafting reactions. In related studies [15,
16] additives like the multifunctional monomers such as TPGDA and also oligomers like the
urethane and epoxy acrylates accelerate these grafting processes. The latter additives are also
used as basic materials in curing to achieve fast reaction. The mechanistic relationship
between grafting and curing is thus further accentuated.
The mechanism of the additive effect in grafting has been attributed to two concepts, a
physical parameter involving partitioning of reagents and a chemical parameter involving an
initial increase in concentration of radicals in the presence of additive thus influencing the
kinetics of the process via an increase in chain initiation. Partitioning in grafting is due to the
fact that in the presence of appropriate additives the concentration of monomer in the grafting
solution absorbed by the backbone polymer is higher than in the bulk grafting solution itself
thus increasing the concentration of monomer available for grafting at a particular site. In like
manner, partitioning of reagents can occur in curing. Thus the low molecular weight monomer
in the oligomer/monomer mixture can be partitioned into the upper layers of the substrate, this
process influencing the properties of the final product.
8.
FUTURE DEVEOPMENTS-PHOTOINITIATOR
FREE GRAFTING AND
CURING- EXCIMER LASER SOURCES
Developments in radiation grafting and curing, particularly UV curing, over the past five
years have been significant, especially the ability to cure highly pigmented systems. A very
important recent advance has been the discovery of photoinitiator free UV grafting [15] and
curing systems [17]. Associated with this development in chemistry is the use of excimer laser
sources to initiate these grafting and curing processes. Typical of the systems used in
preliminary studies of photoinitiator free UV grafting are those shown in Table 6, where it is
observed that vinyl ethers in additive amounts accelerate photoinitiator free UV grafting of
MMA in methanol to cellulose at certain concentrations. Likewise, CHVE, being
representative of vinylethers, also enhances photoinitiator free UV grafting of MMA in
acetonitrile to polypropylene. The yield is increased further when cyclohexylmaleimide is
added to this grafting solution. The important feature of these results is that these maleimide
and vinyl ether additives are also used in photoinitiator free UV curing and thus a mechanistic
relationship would appear to exist between the two systems ie during curing, concurrent
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grafting would be expected to occur under certain radiation conditions with the practical
implications such grafting would impose on the properties of the resulting cured products
such as recycling efficiency and alike.
The other outstanding development in radiation curing recently has been the emergence of
excimer laser sources. This technology currently complements EB and UV processing
however in future there is the prospect that it may well replace conventional UV processing.
The excimer laser technology, in terms of the IAEA programs, has potential in developing
countries since it may be used in those areas where EB is too expensive. With respect to the
developed countries the excimer laser technology will provide additional advantages, in
particular, new chemistry will be developed concurrently with the improvement in the
excimer laser sources. This chemistry involves photoinitiator free formulations leading to
cheaper processing costs. The excimer laser process will be a very powerful tool in the
radiation processing field and there is strong justification for employing this technology in
future IAEA Processing Programs.
8.
CONCLUSION
Radiation grafting and curing are shown to be mechanistically related processes and to
possess strong potential in future commercial applications. Grafting per se, has only limited
industrial use, however when it occurs concurrently with curing, the process becomes very
important. The significance of concurrent grafting with cure is of environmental value
especially where recycling of radiation cured products are involved. The emergence of
excimer laser curing provides a new process to complement current EB and UV curing
techniques. The onset of photoinitiator free grafting and curing systems indicate strong
potential for future growth of radiation processing especially as both are environmentally
attractive.
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Abstract
The selectivity of polyethylene-Styrene / Maleic anhydride graft copolymer membranes
{LDPE-g-P(Sty/MAn)} that prepared by y irradiation towards different metal ions such as Fe, Cu, Cd
and Pb was studied for its possible use in waste water treatment. The sorption capacity of metal ions by
the sorbent membranes via their functional groups was determined by using atomic absorption, X-ray
fluorescence and UV spectrophotometry. The effect of immersion periods needed for maximum
capacity, pH of the feed metal solution and degree of grafting on the sorption capacity were also
investigated. Improvement in the chelation property of the grafted membranes was also carried out by
further chemical treatment with hydroxylamine-HCl and thiosemicarbazide. The selectivity of
untreated grafted films towards Fe3+ is pronounced in feed solution containing Fe3+, Pb2+, Co2+, Cd2+ and
Cu2+. The selectivity of the treated grafted films with hydroxylamine-HCl towards Fe is more
remarkable. The introduction of thiosemicarbazide groups in the Sty/MAn graft chains resulted in
transfer the membrane selectivity from Fe3+ to Ci?+. Also the recovery of Hg from aqueous solution
that containing other metal ions was studied. Thermal stability of the untreated and metal ion
containing grafted copolymers was determined using TGA and DTA. TGA results showed that the
thermal decomposition of the grafted copolymer in the presence of chelated Cu2+ occurred at higher
temperatures than that for the grafted copolymer. Thermal stability for the membrane that containing
metal ions is of the order; Cu > Cr > Fe > free metal grafted membranes. These grafted membranes
possessed good properties toward metal chelation and of practical interest for the waste water treatment
from heavy and toxic metals.

Introduction
The study of the complexation behavior of supported ligands with metal ions is
significant in different branches of chemistry. During recent years, it have been witnessed a
substantial growth in interest and uses of chelating sorbents in the field of waste water
treatment and pollution control " . Heavy metals such as Cr, Cu, Pb, Cd,... etc. in waste
water are hazardous to the environment. Various forms of synthetic polymers containing
complexing molecules have emerged as one of the most important matrices for the synthesis
of new heavy metal sorbents " .
In this respect, radiation-induced graft copolymerization of styrene/maleic anhydride
comonomer system onto polyethylene is prepared. Such grafted membranes and their treated
ones with different chemical reagents that containing various functional groups-act as a
ligand-are used as chelating agents for the purpose of waste water treatments from some
heavy and toxic metals. Also thermal stability of such polymer metal complex was
investigated to elucidate the practicable use of such radiation graft copolymers.
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Experimental
1. Materials
Low density polyethylene (LDPE) films of thickness, 50 u. m was produced by El-Nasr
Co. for medical supplies, Egypt.
Maleic anhydride (MAn), purity 99.99 (Merck, Germany) was used as received.
Styrene GRG (Avondale laboratories, England ) was used as received.
The other chemicals were reagent grade and were used without further purification.
2. Graft Copolymerization
The graft copolymers were prepared by direct radiation grafting of Sty/ MAn binary
monomers system onto LDPE films using Co-60 y-rays at dose rate that ranged from 0.2 to
1.4 Gy. s"1. Details of this technique are described in a previous study (7).
3. Metal Uptake Measurement
The membrane was immersed in the metal feed solution of initial concentration 2000
ppm. The remaining metal salt in the feed solution was determined by Atomic Absorption
Spectroscopy (Unicam Model Solaar 929) using lamp for Cu, Pb, Cd, Ni, and Fe. In these
investigations, the experimental error was about +/- 5%.
4. Chemical Treatment of The Grafted Membranes
The anhydride groups in LDPE-g-Sty/MAn copolymer were converted into maleic
acid disodium salt by treating with NaOH at 80°C. Acidification of such treated grafted films
with 0.5 N HC1 gave grafted films containing free carboxylic acid groups. In order to
introduce thiosemicarbazide and hydroxamic acid into PE-g-Sty/MAn graft copolymers, the
amino group derivatives of such compounds is introduced to the anhydride ring of the graft
copolymers by refluxing them with dioxane / dimethylformamide (1:1 v/v) at 70°C for 2 h.
5. Ultraviolet Spectrophotometry Measurement
Analysis by UV spectrophotometry was carried out using Milton Roy Spetronic 1201
in the range from 190 to 900°A
6. X-Ray fluorescence
The HNV TEFA-PC X-Ray Fluorescence Analyzer automated non destructive
elemental analyzer (USA) was used for the x-ray measurements.
7. Thermal Gravimetric Analysis (TGA)
Shimadzu TGA system of type TGA-50 was used for measurement of TGA.
Results and Discussion
The functionalized grafted membranes are prepared by radiation-induced graft
copolymerization of Sty/MAn binary monomer systems onto LDPE films. Further chemical
treatments of such prepared membranes with different chemical reagents were made to meet
the requirements of membrane quality for waste treatments. Such prepared membranes are
investigated for possible use in the separation of different metal ions that may exist in waste
water.
I. Factors Affecting The Sorption Capacity of Polymer Towards Metal
The chelating sorbent should demonstrate some selectivity towards different metal
ions. Heavy metal ions have different stability constant in complexing with the graft
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copolymers under investigation. It is important that in the presence of different metal ions, if
one metal ion only could be selectively extracted by the sorbent. When the concentration of
chelating sites is much higher than that of the metal ions, the preference of the sorbent for
other ions over the selectively extracted ion is not manifested. Therefore, it was informative to
obtain knowledge on: (1) immersion periods needed for maximum capacity, (2) effect of
degree of grafting on the sorption capacity (3) effect of pH of the metal feed solution and (4)
the sorption capacity of the sorbent towards different metal ions and (5) effect of membrane
functional groups on its selectivity towards different metals. In the following, the effect of
such parameters will be presented.
1.1. Effect of Immersion Time
Figure (1) shows the metal uptake as a function of immersion time for Cu ion using
PE-g-Sty/maleic graft copolymers. It can be seen that, the metal uptake increases with time to
reach a maximum value at about 30 min. Extending time of immersion to more than 60 min.,
shows in no further metal uptake is occurred.
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Fig. (I): Effect of time on the adsorption of Cu2'1' ion by alkali-treated
PE-g-P(Sty/MAn) membrane. Degree of grafting; 180%.
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I. 2. Effect of Degree of Grafting on Metal Uptake
The degree of grafting, i.e. the number of functional groups exist in the membrane
plays an important role in determination of the amount of metal uptake by the membrane.
Figure (2) shows the effect of grafting degree of Sty/MAn added on PE on metal uptake. It
can be seen that, as the degree of grafting increases the metal uptake increases due to the high
content of functional groups.
I. 3. Effect of pH of The Metal Feed Solution
The ability of the chelating polymer toward metal adsorption is affected by pH of
solutions as shown in Fig. (3). It can be seen that the amount of Cu2+ ion uptake by the
chelating polymer increases significantly as the pH increases. Also, it is found that the

0

50

00

150

Degree of grafting
Fig. (2): Effect of degree of grafting on the UV adsorption for Cu2+ ion.
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maximum capacity for Cu2+ uptake is obtained at pH 5 for PE-g-Sty/Na-maleiate and at pH
6.7 for PE-g- Sty/maleic acid. Meanwhile, the former membrane possesses higher Cu2+
uptake, at a given pH value investigated here.
Results suggested that the chelating exchangers possessed high affinities toward
hydrogen ion in weak-acid and/or weak-base functional groups. As a result, selective metal
ion uptake under high acidic conditions is drastically reduced for chelating exchanger due to
formidable competition from H.
I. 4. Sorption Capacity of Sty/MAn Graft Copolymers and Their Treated Films
Because of various types of ligands which have been introduced into the copolymer
that to be used as a chelating material, the capacity of the polymer is an important factor to
determine how much such graft copolymer is required to quantitatively remove a specific
metal ion from the solution.
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Na-form

The sorption capacity of the sorbent towards various metal ions is determined by
equilibrating a fixed amount of the sorbent with different metal ion solutions of 2000 ppm
concentration for 2 h. The maximum metal uptake of different metals by the untreated and
treated membranes is shown in Table (I) and the schematic diagrams (Fig. 4). The metal
uptake is expressed as m.mol/g (g weight of functional groups of grafted membranes).
In general, the graft copolymer films and their treated ones show good affinity towards
the adsorption of different metals investigated here. The chemisorption capacities of the
sorbent towards Cu2+, Fe3+, Ni2+, Co2+, Pb2+ is found to be different with various chelating
groups. For PE-g- Sty/MAn graft copolymer that treated with NaOH, the sorption of Fe3+ ions
is higher than other metals. However, in case of PE-g-Sty/MAn grafted films that treated with
hydroxylamine-HCl and thiosemicarbazide, the sorption of Cu2+ is higher than other metals
investigated.
The aforementioned results can be explained according to the ligand type and the
structure of chelate. The reaction of various ligands with different metal ions or metal
complexes usually results in various coordination structures. Therefore, the coordination
structure of graft copolymer-Cu complex is different from that of Fe3+ and/or other metals
used. It was reported* that, Cu + can commonly be 4- or 6- coordinate and exists in any of
several geometries. Therefore, a ligand with a maximum of four atoms and a structure which
restricts the donor lone pairs to tetrahedral disposition (obligatory tetrahedral)(8) or which is
flexible enough to permit tetrahedral disposition (facultative/8' might be expected to favor
chelation of Cu +. However, Fe + is most commonly 6-coordinate octahedral.
The adsorption of metal ions on treated films containing N, O, and/or S donor atom
(hydroxylamine-HCl and thiosemicarbazide ) was found to be in the order of Cu2+>Ni2+>
Co +. Accordingly, their behavior followed the Irving-Williams series(9). However, the
adsorption of metal ions on the untreated films which containing donating oxygen atoms only
was in the order of Ni2+> Cu2+> Co2+.
I. 5. Effect of Membrane Functional Groups on its Selectivity Towards Different Metals
The selectivity of PE-g-Sty/MAn membranes and their treated ones with
thiosemicarbazide and hydroxylamine-HCl is investigated using mixtures of two or more
metal ions in the same feed solution and shown in Table(II). It is obvious that, for films

Table (I) Effect of chemical treatment in PE-g-P(Sty/MAn)(180%
grafting) membrane on the maximum uptake of different
metal ions
Membrane form

Pb

Cu

Co

Ni

Fe

Cd

Thiosemicarbazide

1.43

2.24

1.4

1.42

1.45

2.05

Hydroxylamine HCI

0.8

2.29

1.98

2.12

2.1

2.23

Na-form

1.46

1.4

1.27

1.78

2.4

1.91
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containing carboxylic acid groups and that containing both carboxylic acid and -NH-OH
groups, their affinity towards Fe3+ is remarkable in the mixture that containing Fe +, Cu +,
Pb2+, Co2+ and Cd2+. However, films containing both carboxylic acid and thiosemicarbazide
groups prefer Cu2+ and\or Pb2+ over other metals in the same feed solution. Meanwhile, in
absence of Fe3+ all films prefer Pb and Cu when they are exist in a mixture containing Co2+,
Cd2+ and Ni2+. It is interesting to find that the membrane selectivity towards adsorption of
metal ions can be easily adopted by changing the reactive functional groups using chemicval
reagents.

Table(II)

Effect of functional groups in the membrane on the metal ion
selectivity in a mixture of different metals
Tab1e( Ila, b ) XRF measurements
Table( lie, d ) A A measurements

(TIa)
Membrane Type
Untreated
Treated witli Thiosemicarbazide
Treated with MydroxylamineMCl

% Metal uptake
Fe

Co

Ni

Cu

Cd

Pb

46

5

4

7

30

30

2.4
5

0.3

8
50.7

4.6

12

0.4

5.6

6

18

65

(lib)
Membrane Type

Metal uptake %
Ni
Cd
Cu

Co

Untreated
0.85
0.4
Treated with Thiosemicarbazide
Treated with Hydroxylamine HC1 0.28

Pb

0.85

18

5.3

75

0.8

36.4

2.4

60

0.57

25

3.65

70.5

(He)

Membrane Type
Co
Untreated
Treated with Thiosemicarbazide
Treated with Hydroxylamine.HC1

0.29

7.38
1.45

0.087

1.3

0.014

(lid)
Membrane Type
Untreated
Treated with Thiosemicarbazide
Treated with IJydroxylamine.HCl
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% Metal uptake
Ni
Cu
Cd
38.1
49.5
43.9

8.7
7.46
9

Pb

45.8
41.3
45.7

% Metal uptake
Fe

Cd

Pb

51

9

40

29.4
52.4

23.5
17.1

47.1
30.5

Table(III): EfTect of functional groups in the membrane on the metal ion
selectivity in a mixture of different metals and measured by XRF.
Membrane Functional groups
Metal uptake %

Metal
mixture

Untreated grafted
Membrane

Treated with
Thiosemicarbazide

Treated with
Hydroxylamine.HCI

36

70

24

Pb

64

30

76

Hg

24

54

7

Ni

76

46

93

Hg

7

85

11

Cd

93

15

89

Hg
-i-

2+

II. Recovery of Hg From Other Metal Ions Exist In Same Solution:
2+
Recovery of Hg from aqueous solutions containing other heavy metal ions such as
T-2+
2+
Pb , Ni and Cd is an important industrial endeavor.
Table (III) shows the selectivity of different functional groups in the grafted
membrane towards different metals in a mixture of their solutions. It can be seen that the
affinity of thiosemicarbazide groups towards Hg2+ is higher than that for Pb, Ni and Cd when
they exist in the same feed solution. Meanwhile, the untreated and hydroxylamine-HCl treated
membranes show high selectivity towards Pb, Ni and Cd, when such metals exist in a binary
mixture with Hg.
III. Effect of Metal Ions On Thermal Stability of Grafted Membranes:
The influence of incorporation of some metal ions such as Cu +, Cr + and Fe + with the
functional groups on the thermal stability of the grafted copolymer is investigated. Figure (5)
shows the dynamic thermogravimetric analysis of pure PE and PE-g-(Sty/MAn) copolymer.
The thermogravimetry (TG) revealed a curve possessing at least one distinct stage and
multistage for ungrafted and grafted polyethylene, respectively. The differential
thermogravimetric (DTG) curves show maxima at 380 and 560°C for polyethylene and
grafted one, respectively.
The distinct stage of polyethylene is consistent with breakdown of the polymer
backbone. While the multistage of grafted copolymer membranes are of thermal and chemical
reactions and breakdown of polymer. Complete chemical analysis of the degradation products
is difficult. The (TG) curve for grafted film suggest a weight loss corresponding to the loss of
one mole of water per two carboxylic acid groups by heating the polymer up to 180°C .
The degradation of the polymer in the presence of adsorbed metal ions; Cu, Fe and Cr
is studied by TGA. TGA curves of such treated films show some similarities to the behavior
of untreated grafted polymer (Figs.6,7). However, the decomposition of the grafted polymer
581
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that adsorbed metal ions occurred at higher temperatures than that for the untreated grafted
copolymer. In addition, the initial slopes of the TGA curves were shallower in the pure
polyethylene films and in the treated one with Cu indicating reduced rates of breakdown
compared with that of films treated with Fe, Cr and untreated grafted ones. The highest
stabilization is observed with Cu2+ while no significant overall stabilization is observed with
polymer containing Fe2+ or Cr3+ . The peak observed at 380°C for polyethylene is absent in
other polymers and shifted to higher temperature for the grafted films and treated grafted
films.
The results suggest that the inclusion of metal ions in the graft copolymer resulted in
involving of some new thermal degradation steps. An important thermodynamic term with
transition metal ions is the ligand field stabilization energy(LFSE)(10). However, interpretation
of the role LFSE in the stabilization is difficult in the absence of the knowledge of the binding
around the metal ion. The stabilizing effect of the metal may result from the complexation
with the graft copolymer. Such stability increases with increasing the binding between the
583

metal and ligand. This impart an increased rigidity to the binding environment and so inhibit
the conformational changes necessary for depolymerization and decomposition. The
stabilization will be governed at least, in part, by the strength of binding and hence by the
radius of the ionic radii of metals with ligands.
Conclusion
From the aforementioned investigations it can be concluded that the prepared
membranes are promising in practical use for waste water treatment and also for the recovery
of some metals from other metals in the same solution.
REFERENCES
[1] MATHEW, B., and PITLAI, V. N. R., Polymer, 34, 12, (1993).
[2] NAKAMURA, K., HATAKEYAMA, T. and QWERTYUI.polymer, 24,871, (1983).
[3] HEGAZY, E. A., ABD EL-REHIM, H. A., KHALIFA, N. A., ATWA, S. M and SHAWKY, H.
A., Polymer International, (1997).
[4] HEGAZY, E. A., DESSOUKI, A. M., EL-SAWY, N. M. and ABD EL-GHAFFAR, M. A., J.
Polym. Sci. - Polym. Chem., 31(1993) 527.
[5] EL-SAWY, N. M., ABD EL-GHAFFAR, M. A., HEGAZY, E. A. and DESSOUKI, A. M., Eur.
Polym. J., 28 (1992) 835.
[6] EL-SAWY, N. M., FAGAL, G. A. and EL-SHOBAKY, G. A., J. Polym. Sci.-Polym. Chem.
31(1993)3291.
[7] HEGAZY, E. A., TAHER, N. H., and EBAID, A. R., J. Appl. Polym. Sci., 4J, 2637 (1990).
[8] GOODWIN, H. A. and LIONS, F., J. Am. Chem. Soc, 82, 5013 (1960).
[9] IRVING, H. and WILLIAMS, R. J. P., Nature, 162, 746 (1948), J. Chem. Soc, 3192(1953).
[10] COTTON, F. and WILKINSON, G. " Advanced Inorganic Chemistry" Wiley Estem, New
Pelhin, 2nd Edn. (1966).

584

IAEA-SM-350/47

RADIATION GRAFT COPOLYMER OF ACRYLAMIDE ONTO
POLYPROPYLENE FIBERS FOR METAL UPTAKE
G.T. REKSO
Center for the Application of Isotopes and Radiation, BATAN,
Jakarta

XA9847750

E.A. ICHSAN
Department of Chemistry, Faculty of Mathematics and Science,
University of Indonesia, Depok
Indonesia
Abstract
In an attempt to modify polypropylene (PP) fibers for ion exchanger, grafting of acrylamide
(AAm) monomers by the pre-irradiation method in inert medium (N 2 ) has been studied. Grafting
was carried out in water and methanol solvent system. The percentage of grafting has been
determined as a function of total dose, monomer concentration, temperature and period of grafting
reaction. Water was found to be the best solvent for affording high percentage of grafting but along
with it a high concentration of homopolymer was formed which was difficult to separate. The
addition of small amount of methanol

reduced effectively the formation of acrylamide

homopolymer. The results showed the best condition of grafting were total dose 20 kGy, 10%
methanol /water as a solvent, temperature 50° C, and reaction period of 2hours. The yield of
grafting was found 210 %. The study of the effect of reaction temperature revealed that the
calculated activation energy for the grafting process is 5,0 kcal/mol. The PP-g-AAm fiber was
characterized with FTIR and DSC. It was found that PP-g-AAm fibers showed high selectivity
toward Cu(II) compared with Co(II) and Fe(III) ions.

INTRODUCTION
Liquid waste with high heavy metal content

can be hazardous to environmental

conditions. Separation and pre-concentration method

using ion exchanger as an

adsorbent is an effort to reduce heavy metal content in the waste. The ion exchanger
prepared should have a high capacity and fast exchange kinetic, cheap, and industrially
useful for waste water treatment.
Graft copolymerization induced by radiation is one of the method for polymer
modification in order to improve its properties such as hydrophilicity, dyeability and
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widen its application. This technique give an opportunity to prepare ion exchanger by
grafting various complexing agent into polymer matrix.
Gamma radiation induced graft copolimerization of acrylamide onto different
substrates , such as low density polyethylene (Dessouki et al., 1986), isotactic
polypropylene (Mehta et al.,1990), nylon-6 fabric ( El-Naggar.A.M. et al., 1997) has
attracted the attention of many investigators. According

to T.Siyam

(1994)

polyacrylamide and it's co-polymers are useful to separate the metal ion of Cu** and Mg**
in the solution.
In this present study , modified polypropylene was prepared by grafting amide group
using gamma ray. Polypropylene (PP) has a number of desirable properties that make it
a versatile material among modern thermoplastic polymer, it has become one of the
biggest growing plastics due to it low cost , versatility and wide applicability. The
grafted functional group into polypropylene fiber are expected to be useful as chelating
ion exchanger for metal ions uptake from the solution.
In these works, polypropylene-graft-acrylamide (PP-g AAm) were prepared . The
percentage of grafting was determined as a function of total dose of irradiation , solvents
polarity, monomer concentration, temperature and periode of grafting reaction. PP-gAAm fiber was characterized by using FTIR and DSC for thermal analysis.

The

exchange kinetic and its capacity were studied at pH 3,0 - 6,0.

MATERIAL AND EXPERIMENT TECHNIQUE

1. Materials
Polypropylene used in these experiments were in the fibrous form, supplied by PT.
Sungilindo Jaya Makmur, Jakarta. The diameter of this fiber was about 0,024 mm.
Sample of polypropylene was purified by washing with detergent solution, dried , then
Soxhlet extracted with n-heksana for 8 hours, rinsed several times with distilled water,
and dried in vacuo for 10 hr at 50 ° C, and stored in a desicator over silica gel.
White crystalline powder of Acrylamide, obtained from Merck, and other chemicals of
reagent grade were used without futher purification.
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2. Radiation sources

Gamma radiation source of Co-60, panoramic batch irradiator, with irradiation dose
rate about 5,0 kGy/hr was employed in these experiments. This radiation source is located
at Pasar Jumat, Center for the Applications of Isotopes and Radiation, Indonesia.

3. Grafting Reaction

In the present experiment, the trapped radicals graft-copolymeryzation method was
employed. In this method a sample of polypropylene fibers of about 500 mg, was put into
a glass tube , then irradiated in nitrogen atmosphere at room temperature.
A monomer acrylamide solution was deaerated by bubling with nitrogen gas, then
introduced into the preirradiated sample and the graft polymeryzation was carried out in
a nitrogen atmosphere at a certain temperature . The grafted fibers obtained was washed
thoroughly with aquadest and soaked overnight in aquadest, then subjected to soxhlet
extraction with methanol for 8 hour to extract the homopolymer. The fibers was then
dried in vacuum until they reached a constant weight at 50° C.
The percent graft yield was calculated from the difference in weight.
Graft yield = ( Wg - Wo)/Wo x 100%
Where Wo and Wg are the weight before (PP) and after grafting (PP-g-AAm).

4. Diffrential Scanning Calorimetty and Spectroscopic Measurements.

Thermal analysis of the grafted was carried out using a Dupont Instrument 9900
Computer/ Thermal Analysis DSC at heating rate of 10°C / min . The FTIR spectra of the
original and grafted fiber sample were taken using a Shimadzu FTIR 8201
spectrophotometer.

5. The exchange kinetics and capacity of PP-g-AAm
Kinetics and exchange capacity were studied by using copper solution at pH 4,0. The
fiber was immersed in Na2 CO3 solution, washed with deionized water and dried. Then,
about 100 mg of PP-g-AAm fiber was equilibrated with 50 mL of 500 ppm Cu2+ at pH
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4,0 with varions period (20, 40, 60, 120, 180, 240 second and 2 hours).

The metal ion

concentration after equilibrating was determined by using AAS. The metal ion uptake
was plotted against equilibration period. The exchange capacity was determined with 2
hours equilibration periode.

6. Metal ions uptake at various pH
The same method as for the exchange capacity was used for determining metal
ions uptake at various pH.

RESULT AND DISCUSSION

1. Effect of irradiation dose

Grafting of acrylamide onto pre-irradiated polypropylene was studied in water and
methanol and the results are illustrated in Fig.l and 2. It is observed from the figure that
the presentage of grafting increases with increasing in total dose, reaching an optimum
value and then tend to level off. Generally , in the pre-irradiation method, the grafting
process depends mainly on the concentration of the trapped radicals formed in the
preirradiated polymer. The formation of the free radicals increases with preirradiation
dose to reach a certain limiting value due to recombination at higher doses ' .
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The yield of grafting is found to be higher in water than in methanol as solvent for the
graft reaction. This may due to the fact that acrylamide is more soluble in water than
methanol 4 . Water has a zero chain transfer constant and consenquently various chain
transfer reactions are minimal. The decrease in percentage of grafting in methanol is due
to the fact that some side reactions occured, involving chain transfer with methanol.
It seems that methanol can act as inhibitor for copolymerization of acrylamide onto
polypropylene fiber.
In the preirradiation method, the homopolymer of acrylamide increases with
increasing degree of grafting and it is dificult to separate. The addition of methanol into
water as a solvent showed that methanol is an effective inhibitor agent for depressing the
homopolymerization reaction.

2. Effect of monomer concentration and reaction time.

The effect of acrylamide monomer concentration on the percentage of grafting with
reaction periode of 1 hr, 2 hr, and 3 hr are presented on Figure 3.
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It can be seen that the degree of grafting increases with increasing of acrylamide
concentration for the various grafting periode. By using acrylamide concentration above
30 % , high degree of grafting was obtained . However, the increase in percentage of
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grafting is followed by the increase of homopolymerization, which is difficult to separate.
The results show that the different on degree of grafting for reaction periode of 2 hr and
3 hr is not significant. It can be concluded that the optimum monomer concentration is
30 % with 2 hr reaction periode.
3. Apparent activation energy
The equation used for calculating activation energy is derived from Arrhenius equation
dlnk/dt

=

E/RT*-

Integration of the equation yield:
d log (dgo/dt) = - 2,303E/RT +C
Where: dg</dt = Rp = Rate of grafting reaction.
T = Temperature of reaction.
The plot of log Rp against 1/T is shown in figure 4, the slope of the straight line is 1,094 103.
The apparent activation energy (E) was calculated to be approximately 5,0 k cal/mol.
10 pr

1 T
a

2
0.1
0.0028 0.0029 0.003 0.0031 0.0032 0.0033
1/T ( 1 / K)
Figure 4. Arrhenius plots of grafting rate .

This value of activation energy for the reaction of the free radical polypropylene with the
monomer of acrylamide is apparently low. Hence acrylamide monomer is easy to be grafted
into polypropylene matrix..
4. Spectroscopic and thermal analysis
Spectroscopic analysis
The grafting of acrylamide onto polypropylene fibers was detected by observing its
IR spectra. Figure 5 shows the FTTR spectra of ungrafted and 164 % of grafted fiber.
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The appearance of absorption peak at 1693,4 cm'1 and absorption band between 3200 and
3300 cm'1 are characteristic of amide group and asymetric streching of of NH2,
respectively . This is evident that acrylamide has been grafted into polypropylene fibers.

2.0"

1.5 - 1

3.5

—

/^ J. Tfe /T/J? spectra of the polypylene fibers before and after grafting

Thermal analysis

Figure 6 shows DSC of the polypropylene fibers before and after grafting with
acrylamide. It was found that the heat of fusion decrease due to the grafted of monomer
onto polypropylene fiber . AHf of ungrafted and grafted fibers with 164 % degree of
grafting are 78,47 J/ g and 67,4 J/ g, respectively. The Melting point of ungrafted fiber is
163,6 °C and grafted fibers is found to be 152,1°C.
The decrease in the melting point and the heat of fusion of polypropylene fibers
indicate that the grafting affect the degree of crystallinity of the fibers.
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5. The exchange kinetics and capacity of PP-g-AAm.
It is known that amide functional group is capable of forming a complex with
copper ion and hence can be used for the elemination of copper from aqueous solution 3 .
The copper uptake at various equilibration period are shown in Fig. 7. The result shows
that maximum copper uptake was found about 5,44 mg/g fiber at pH 4,0 after
equilibration period of 10 minutes. About 57% of function groups are already complexes
with copper ion within 4 minutes. The low value of exchange kinetics and capacity may
be due to the protonation of the functional group and the hydrophobicity of the polymer
backbone.

2000
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periode ( second )
Fig. 7. Copper uptake Vs period of time at pH 4,0
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6. Metal ions uptake at various pH

The exchange capacity at various pH studied for Cu(II), Co(II) and Fe(III) are
shown in Fig. 8. Higher exchange capacity is shown for Cu(II) may be due to higher
stability of the complex formed.

Based on the result, it can be concluded that ion

exchanger with amide group show high exchange selectivity toward Cu(II) ion and it

metal 1on/ gr fiibers

can be used for separating Cu(II) from Co(II) and Fe(III).
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CONCLUSION

From the above results it can be concluded that the best condition for grafting of
acrylamide onto polypropylene fibers by pre-irradiation method were total dose 20 kGy,
10% methanol/water as a solvent, 30% monomer concentration, 2hr reaction period, and
temperature 50° C. The activation energy of grafting calculated was 5 kkal/mol. Grafted
polypropylene fibers with amide functional group showed high selectivity toward copper
ion.
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Abstract
Our earlier work has shown that the natural rubber latex (NRL) produced and processed
in the Philippines is suited for radiation vulcanization. The cast films from NRL with 50% TSC
exhibited maximum tensile strengths of 25 - 32 MPa at 15 kGy, which is the vulcanization dose
or Dv. In the manufacture of dipped NRL products, certain specifications such as %TSC, protein
content, and tensile properties must be met to ensure an acceptable product. For radiation
vulcanization of natural rubber latex (RVNRL) to be accepted as an alternative process, it must
also meet the requirements. Thus, this paper presents additional data on the radiation response
of local NRL at different total solids content (TSC), leachable proteins from NRL films as a
function of dose, and the thermal activities of irradiated natural rubber latex (INRL). Different
formulations of NRL showed varying tolerances to nBA. Data showed that as %TSC increases,
the maximum concentration of nBA that can be added without affecting the stability of the latex
decreases. The Dv increases as the %TSC increases and the nBA content decreases. This
difference in response may be attributed primarily to a lower concentration of nBA in formulations
with higher %TSC. These data indicate that the parameters in the radiation treatment will be
dictated by the intended applications of INRL. The thermogravimetric data showed greater
stability of INRL to thermal oxidation relative to the unirradiated NRL, which correlate directly
with the tensile properties of the INRL. A radiation dose of 10 kGy increased the amount of
proteins leached from cast latex films. The amount of extractable proteins did not increase
significantly at higher doses. The SDS PAGE analysis of the extractable proteins from
unirradiated latex film showed distinct bands. An additional band at 60 Kda appeared at 10 kGy.
All these bands became diffuse at higher doses indicating the radiolysis of the proteins.

INTRODUCTION

Radiation vulcanization of natural rubber latex (RVNRL) offers a potential alternative to
the conventional process of sulfur vulcanization. RVNRL involves the radiation-induced
crosslinking of rubber molecules. Developments to improve the radiation process and the
properties of the radiation vulcanized natural rubber latex (NRL) have been reported (1-5).
Our earlier work has shown that Philippine produced-latices are suited for radiation
vulcanization (6). The cast films from NRL with 50% TSC and mixed with 5 phr of the
sensitizer, n-butyl acrylate (nBA) exhibited maximum tensile strengths of 25-32 MPa at 15 kGy.
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The irradiated NRL was stable during the experimental period of 12 months having physicomechanical properties within values acceptable to the latex industry.
This paper presents additional studies to further characterize the radiation response of
Philippine NRL as affected by factors of importance to the dipped products industry. These
parameters are total solids content, viscosity, thermal stability and extractable proteins.

MATERIALS AND METHODS

Philippine high ammonia concentrated latex obtained from a local rubber processor (JC A)
with the following properties was used for the study: TSC = 63.2%, DRC = 62.42%, MST =
1,102 sec, pH = 10.14 and Green strength = 5.014 MPa.
A. Irradiation of NRL Samples
NRL was diluted to varying TSC (52%-60%) with NH40H and mixed with 0.2 phr KOH
and n-BA (1, 2, 3, 4, 5, 6 phr) as sensitizer. Irradiation of the NRL was carried out at the PNRI
^Co Irradiation Facility for different radiation doses (0, 10, 15, 20, 25, 30, 35, 40, 45 kGy) at a
dose rate of 2.57 kGy/hr.
B. Preparation of cast NRL Films
Twenty five (25) ml of NRL was cast unto a glass plate (19cm x 13cm) to make a film of
0.4 - 0.6 mm thickness. The film was removed from the glass plate, air-dried and leached in 1%
NH40H overnight. It was then washed with tap water, air-dried for 24 hours and cured at 70 °C
for two hours.
C. Physico-mechanical Properties of NRL
Viscosity measurements were done on NRL using a Brookfield viscometer (Model DV-II,
spindle # 14) at 60 rpm and at room temperature. NRL films were cut into dumbbell pieces and
their tensile strengths measured using the Instron testing machine (Model 1011). Thermal analysis
of the NRL films were performed using the Shimadzu TGA-50 thermogravimetric analyzer.
D. Protein Analysis of Extractable Proteins from NRL films
Around 8 grams of NRL films were cut into small pieces and leached in 100 ml of 1 %
NH40H overnight. The protein content from leachates was determined using bicinchioninic acid
(BCA) assay method with an incubation time of 1 hour at room temperature (7).
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The proteins from 1 ml of the leachate was precipitated with saturated (NH4) £ O

4

centrifuged, re-dissolved in a 0.2 ml of water and added with 0.5 ml of absolute ethanol to
precipitate out any excess (NH4)2SO4. The solution was evaporated to dryness using a water
bath. The sample was then analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using the standard Laemmli method for gel electrophoresis. The separating gel
used was at 11 % with 4% of stacking gel. The proteins were initially electrophoresed at 25 mA
up to the end of the run. Staining was done using the silverstein method (8).

RESULTS AND DISCUSSION

A. Radiation Response of Different NRL Formulations

The dipped products industry requires different formulations of the NRL depending on
the applications. In radiation vulcanization, different formulations for NRL are achieved by
varying the total solids content (% TSC) and the concentration of the sensitizer.

The

vulcanization dose, Dv, which is the absorbed radiation dose required for maximum tensile
strength, was studied for each formulation of Philippine latex.
Since nBA affects the stability of the latex, the maximum concentration of the sensitizer
that can be added to each formulation without causing coagulation of the latex was first
established. As shown in Table I, NRL with higher % TSC is stable with lower concentration
of nBA. Thus, NRL with 60% TSC can only be mixed with < 1 phr of nBA to remain stable
while NRL with 52% TSC can tolerate 5 phr nBA.
The radiation response of NRL at different formulations is shown in Table I and Figure
1. The Dv increases as the % TSC increases and the nBA concentration decreases. Generally,
the vulcanization rate increases with increasing rubber content (9). This effect is overshadowed
by the sensitizing effect of nBA. NRL with 52% TSC and 5 phr nBA requires a lower radiation
dose for maximum tensile strength than one with 60% TSC and 1 phr nBA.

B. Effect of n-BA Concentration on Viscosity of NRL at Different Radiation Dose

An increase in nBA concentration somehow increases the viscosity of NRL (1). The
present study confirms this earlier observation as shown in Figure 2. The viscosity of the
unirradiated NRL (52% TSC) increases slightly upon addition of 1 to 4 phr nBA. A marked
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Table I. Radiation Response of Different NRL Formulations
%TSC

Maximum nBA

Dv, kGy

Maximum Tb, MPA

Concentration ,phr
52%

5

15

33

54%

4

25

33

56%

3

35

35

58%

2

45

30

60%

1
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Fig.1. Dose Response Curve of RVNRL at Different
TSC and n-BA Concentrations
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increase in viscosity was observed upon addition of 5 to 6 phr nBA. The viscosity of NRL with
3 to 6 phr nBA increased tremendously upon storage for 14 days. Under the basic conditions of
present latex formulations, nBA hydrolyzes to acrylic acid and butanol which exert destabilizing
effect on the latex (10). For maximum stability of the latex, it should therefore be irradiated
within hours upon addition of nBA.
Irradiated NRL contains residual nBA which decreases exponentially with dose. About
90% and 40% of original nBA has been found to remain in the latex after a radiation dose of 5
and 20 kGy respectively (10).

The decrease in residual nBA was correlated with a a

corresponding increase in tensile strength. The data in the present study indicate the effect of the
residual nBA on the viscosity of the NRL. Figure 3 shows the effect of nBA concentration on the
viscosity of NRL (52% TSC) at different radiation doses. With 1 phr nBA, the viscostiy remains
the same. At all radiation doses, with 2 phr nBA, the viscosity slightly increases at 5 and 10 kGy,
then decreases and remains constant at 15 kGy and higher doses. With 3 to 6 phr nBA, the

1

2

3

4

5

6

n—BA Concentration, phr
Figure 2. Effect of Storage on the Viscosity
of Unirradfated NRL with Different
n-BA Concentrations
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viscosity increased significantly at 5 -15 kGy, then decreases to a constant value at higher doses.
The constant viscosity values obtained at higher doses increased as the original nB A concentration
increased. The data indicate that the residual nB A in the latex emulsion after irradiation causes
an increase in viscosity, and this increase is dependent on the concentration of the residual nB A
using the data of Chunlei and co-workers (10). The concentration of residual nBA could be
approximated. A concentration of 1 -1.5 phr of residual nBA would not affect the viscosity of
the latex. As shown in Table n, the maximum tensile strengths were not affected by increases in
viscosities and residual nBA (Fig. 3).
Table HI presents the thermal activities of INRL at different doses.

The

thermogravimetric data indicate greater stability of INRL to thermal oxidation relative to the
unirradiated NRL. The TGA curves of the INRL was shifted to higher temperatures. The onset
of degradation, the temperature at 10% mass loss and at constant mass loss all occur at higher
temperatures for INRL relative to the control samples. The thermogravimetric data indicate
greater stability of INRL.

Table II. Dose Response of NRL with Different nBA Concentration
Tensile Strength, MPa
nBA Concentration

Radiation Dose, kGy

(phr)

5

10

15

20

30

40

50

1

15.08

16.50

21.06

23.16

26.25

25.06

29.51

2

14.76

21.61

24.90

25.39

29.45

31.51

31.99

3

19.37

22.52

30.19

31.84

33.22

32.35

32.35

4

20.82

26.67

29.72

32.57

30.37

32.27

29.28

5

22.87

28.19

33.07

33.44

30.33

27.99

24.61

6

25.25

31.26

30.13

29.21

26.72

25.38

23.11

Table HI. Thermal Activities of NRL at Different Radiation Doses
Parameters

Radiation Dose, kGy
0

5

10

15

20

30

Temperature (°C) at Initial Mass Loss

276.74

309.18

285.71

311.224

275.510

292.86

Temperature (°C) at 10% Mass Loss

337.96

346.939

354.082

356.122

353.061

356.122

Temperature (°C) at Constant Mass Loss

368.89

373.84

371.66

369.78

377.11

377.83

% Mass Left at 500 °C

6.89

1.02

8.51

6.16

6.31

6.26
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C. Extractable Proteins from NRL Films
The total protein content of latex is approximately 1 % of which 20% is adsorbed in the
rubber phase, 20% is associated with the bottom fraction and the rest are dissolved in the serum
which are the water soluble fraction (11). These water soluble (extractable) proteins are
considered to be the primary source of latex allergy, a kind of Type I allergy. Irradiation of NRL
increases the water soluble proteins as shown in Figure 4. At dose 10 kGy, the amount of
proteins leached from the latex films increased significantly from 2 to 9 mg/g latex film. As
observed by other workers, radiation increased the leachability of latex films (12). There is no
significant change in the leachability of proteins with increasing radiation dose. The increased
leachability of proteins in RVNRL is of great importance as it would result in lower protein
content of the dipped rubber products, thus less allergic reactions to sensitive users.
SDS PAGE analysis of these leachable proteins are shown in Figure 5. At 0 kGy, 2
distinct bands with molecular weights of 68 and 45 Kda were observed. Other bands were also
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present but unclear. An additional band of 60 Kda appeared at 10 kGy which became more
prominent at 15 kGy. The appearance of this band only indicates that gamma radiation facilitates
the degradation of proteins in NRL resulting in the formation of new water soluble proteins.
Higher doses of 20 kGy and above indicated tailing effects of the bands. Molecular weights of
the proteins were no longer decipherable. This effect became more pronounced at higher doses
of 40 and 45 kGy. This again would indicate effects of protein radiolysis especially at higher
doses.

CONCLUSION
Philippine NRL like any other latex is greatly affected by the concentration of n-B A. NRL
with different %TSC require varying concentrations of n-BA to maintain its stability while
achieving the required tensile strength after irradiation. Residual n-BA can be directly correlated
with the increase in viscosity. Thermal gravimetric data indicate greater resistance of INRL to
thermal oxidation as compared to non-irradiated NRL. Irradiation increases the leachability of
the water soluble proteins both in quantity and the type of proteins.
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Abstract
Pressure-sensitive adhesives for technical application are widely produced. The
biological properties of adhesive depend on the type of monomers used. The available
literature date as experience of the authors of this study in the area of pressuresensitive acrylic adhesive, polymers used in medicine, polymerisation in aqueous
media, radiation sterilization, permit to make an assumption that it is possible to
elaborate the technology of production of pressure-sensitive adhesives in aqueous
emulsion, for medical application[l]. Identification of phenomena influencing the
adhesive properties, especially its adhesion, cohesion, tack and durability is of great
importance. The control of polymers structure is performed by means of adequate
selection of conditions of synthesis and parameters of radiation processing. The
authors investigate the influence on the final products of such factors as the type and
amount of monomers used, their mutual ratio as well as the ratio monomers and as the
dose of ionising radiation. There is no available literature information concerning the
investigation of resistance of acrylic emulsion adhesive to sterilisation by electron
beam. It is know from unpublished research that some adhesive are resistant to
radiation, while others undergo destruction. It depends probably on the composition of
emulsion specifically on the additives which modify adhesives. Simultaneous
achievement of good cohesion and adhesion in the case of such type pressure sensitive
adhesives is very difficult.

PRESSURE SENSITIVE ADHESIVES FOR MEDICAL APPLICATION
Pressure sensitive adhesives for medical application (sticking plaster) should be
resistant to radiation sterilization. Both the pressure sensitive adhesive and its substrate
would be unaffected by sterilization doses of fast electron. The existing technologies of
manufacturing of pressure-sensitive adhesives with improved properties consist in the
synthesis in organic solvents. Copolymers of acrylic acid and 2-ethylhexyl acrylate is
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following glues utilized in medical peoducts. The control of the polymer structure is
possible by means of adequate selection of conditions of synthesis: temperature,
amount of initiator and the type and amount of the cross-linking agent). The radiation
resistant glue should hold its adhesive properties, such as: adhesion, tack and cohesion.
These properties depend on fine polymer structure. The glue parameters are examined
as follows:
• adhesion - by measuring of force needed to failure the glue joint between smoothed
chromium steel plate and adhesive plaster of 25 mm width. Adhesive plasters for
medical applications should have the adhesion within the range 3 to 7 N/25 mm peel adhesion,
• cohesion - by measurement of the time of deglutination of the adhesive plaster
(glued to glass inside a thermostat at 70°C, and o.5 kg loading). The cohesion of
medical use of adhesive plaster should be greater than one hour.
• tack - by measurement of the path length of roll of the steel ball accelerated from the
inclined plane with a slope of 45 °. The steel ball should roll from 3 to 15 cm - along
the glue surface of adhesive plaster - the tack rolling ball method.
Above the mentioned properties of the depends on many various factors. The
adhesion and tack are connected with the diffusion of free polymer chains, Van der
Waals interaction and an electrostatic attraction (of functional groups generated at the
surface of glue layer). The cohesion depends on the molecular mass of the polymer.
Assuming normalized measurements and the application of identical recipes, that the
obtained parameters are a function of the averaged molecular mass of its statistical
distribution. The adhesion and tack are larger at lower masses, and the cohesion is
higher at larger masses.

cohesion

tack
molecular mass

Fig. 1. The main properties of pressure sensitive adhesive vs. molecular mass of used
polymer, after [ 2]

Date in Fig.l. suggest that the glue having good properties should be
characterised by a certain optimum molecular mass and its statistical distribution. The
similar dependencies of glue properties as a function of molecular masses with more
detailed data are presented in Fig. 2.
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molecular mass
Fig. 2. Relationship between the properties of self adhesive glue and the polymer
molecular mass for wide range of change of molecular masses
RADIATION-INDUCED EMULSION COPOLYMERIZATION
The motivation for the work on the radiation-induced copolimerization was the
considerable industrial interest in emulsion polymerisation and the high yield of free
radicals from the radiolysis of water. The radical produced by the radiolysis of water
are hydrogen atoms and, mainly, hydroxyl radicals. In addition, however radiation can
attack the surfactant, the monomers and the polymer being produced causing some
addition differences.
Initiation with radiation is essentially temperature independent. This leads to
comparatively low temperature dependencies for the overall reaction, the activation
energy dropping from about 20 for chemical initiation to any about 7 kcal/mol. This
also means that copolimerization can be conducted at will at any temperature and at
any initiation rate. Comparative studies of chemical and radiation polymerization of
styrene in emulsion indicated that the molecular weight distribution was somewhat
sharper with potassium persulfate initiation [3].
SAMPLES PREPARATION
The glue coats were prepared of various values of adhesion from 1 to 15 N/25
mm, and the cohesion test results within the range of 2 min up to above 1 hour. These
samples were irradiated with a recommended dose of 25 kGy. Firstly the sample with
worse properties was used for preparation of coat on the surface of polyester foil. Then
the sample obtained by this way were irradiated with various doses from 20 to 40 kGy.
All samples before and after irradiation were examined for the determination of:
adhesion, cohesion and tack.
IRRADIATION PROCEDURE
The irradiations were conducted in a new electron beam facility for radiation
sterilization of medical devices for single use (installed in INCT), applying an electron
linacs LAE-13/9 and UELV-10-10-S-70-1 (Table 1). Both research and commercial
irradiations were made by linear electron accelerator LAE 13/9 with electron energy of
10 MeV and approximate capacity of 10 million pieces of sterile products per year.
New electron beam facility for radiation sterilization of single use medical devices was
designed and build in 1992. 50-100 million pieces of sterilized devices per year is
estimated capacity of this facility[4].
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Table 1. Main technical characteristics of the UELV-10-10-S-70-1 electron linear
accelerator, produced by the Research Production Association, TORIY,
Russia.
Electron nominal energy
lOMeV
Electron energy instability
5%
EB current instability
5%
Average beam power
up to 10 kW
Pulse duration
4.5 u,s
Repetition rate
25 to 400 Hz
1, 2, 5 Hz
Scan frequency
65 cm
Scan line length
Some sample were irradiated with increasing doses: of 20, 25, 30 and 35 kGy at
conveyor velocities of: 53, 42, 36 and 30 cm/min respectively.

THE ACCELERATOR PROCESSING DOSTMETRY.
Calibrations of electron beam (EB) of linacs: LAE-13/9 and UELV 10-10-70-1
using calorimeters and routine dosimeters to be used in large scale sterilization and
polymer cross-liking has been carried out. A series of graphite calorimeters Fig. 3.
(equipped with thermistor detection of radiation-induced temperature rise) have been
designed and manufactured for accurata dosimetric control:
• calorimetric bodies made of nuclear purity graphite have been manufactured,
• Styrofoam casings (thermal insulation) have been produced,
• thermometric thermistors have been calibrated,
• and a simple computer code for fast calculation of dose has been elaborated.

ermistor

graphite

thermal insulation

Fig. 3. The graphite calorimeter
608

Using the above mentioned calorimeters measurements were performed of
electron dose of the linacs LAE-13/9 and UELV-10-10-70-1 at a nominal energy of 10
MeV at a velocity of conveyors of about 42 cm/min. Parallel to calorimetric
measurements routine evaluations of dose were performed in the range 10-40 kGy the
typical doses for sterilization of disposable devices. For this purpose stripes on
unplasticized PVC films were employed (spectrophotometric measurement of
radiation-induced absorbancy at 395 nm).

THE EFFECT OF RADIATION PROCESSING ON PROPERTIES OF
ACRYLIC PRESSER SENSITIVE ADHESIVES.
Irradiation results are shown in Tables 2 and 3.
Table 2. Properties of glued coats for various samples of the glue, irradiated with dose
of 25 kGy.
Run no.

1
2
3
4
5

Before irradiated
cohesion
adhesion
(time)
N/2.5 cm
2 min
3.5-10
3h
3.0-5.8
lh
3.3-6.2
7.0-10
3h
7min
3.0-5.8

After irradiated
adhesion
cohesion
N/2.5 cm
(time)
3.5-6.5
>lh
3.6-4.8
3h
3.6-4.8
lh
7.3-9.0
3h
3.0-4.7
12h

Table 3. Properties of glued coats manufactured with a choose glue bath after the
absorption of various doses.
Dose [kGyl
0
22.9
26.1
31.1
38.5

Adhesion N/2.5 cm
3.5
3.5-6.2
3.5-5.7
5.0-7.2
3.0-4.5

Cohesion (time)
33 min
>lh
>lh
>lh
>lh

Primary radical products products of radiation-induced, effects of acrylic
copolimers can be studied by EPR spectroscopy. One of such effects is the creation of
stable paramagnetic centers, whose nature and concentration can be analyzed by the
electron spin resonance (ESR) method. Paramagnetic signal (Fig.4) observed in
irradiated copolimer is ascribed to the radicals originated from the acrylic copolimes.
Copolymer attacked by the radiation may changes structures leading to branching,
cross- linking and other. Using radiolysis with spektrophotometrical detection some
spacies were observed at about 300 nm. The mechanism of this reaction is still on
progress.
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CONCLUSIONS
• sticking plasters for medical applications prepared on the basic of the acrylic
emulsion radiation are resistant up to a dose level of 40 kGy.
• properties of the irradiated glue are improved, the adhesive dose is not changing and
the cohesion increases. The elaborated glue is suitable for sticking plasters or self
adhesive tapes contacting with living human tissues.
• there are a number practical advantages associated with the use radiation - emulsion
polymerization in comparison to traditional chemical initiation system:
- high yield of free radicals from radiolysis of water,
- the lack of any activation energy with the initiation reaction,
- excellent distribution of free radicals in bath.
The work is supported by the State Committee for Scientific Research
(No 3 TO9B10111).
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