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Introduction

The world population today is 5.7 billion and increasing by 94 million per year. In
order to meet the increasing consumption of food and energy due to the tremendous
population growth, improved technologies which are environmentally friendly, are
indispensable.

In this context, a number of advanced technologies have been brought about by the
use of radiation and isotopes.

This paper highlights radiation technology applications in industry, environmental
conservation, and agriculture.

1. Radiation Processing - Growing Application

Radiation can induce chemical reactions at any temperature in the solid, liquid and
gas phase without using catalyst. This feature brings unique advantages of radiation
processing, such as energy saving, and capabilities inducing reaction at room temperature
and in solid state.

Radiation processing has been therefore increasingly applied in industries to
improve the quality of products, energy efficiency, and to manufacture products with
unique properties0.

Worldwide, there are approximately 180 Co-60 gamma irradiators and 700-800
electron beam accelerators for industrial users as of today. For example, more than 280
electron beam accelerators in Japan as recently reported by the Science and Technology
Agency are in operation both for commercial purpose and R & D work. The increase in
the number of accelerators, as shown in Figure 1, reflects the growing of radiation
processing application. About 100 accelerators are also used for research and development
which are expected to bring new applications in the near future.
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Figure 1: Expansion of Electron Beam Accelerators in Japan

2. Polymeric Products

Radiation cross-linked polyethylene for insulation of wire and cable was first
achieved in the 1950's and has been widely used in industry because of its excellent heat
and chemical resistant properties. Since then many different types of polymeric products,
as listed in Table 1, have been commercially manufactured by radiation processing.



Table 1: Industrial Products of Polymeric Materials Using Radiation Processing

Products

Cross-linked wire and cable

Foamed polyethylene

Heat shrinkable tubing and sheets

Curing of surface coating for wood panel, paper,
roof tile, steel plate, gypsum tile, overcoat of
printing, floppy disks and screen printing

Adhesive tapes

Wood-plastic composites

Polymer flocculants

Automobile tires

Teflon powder

Contact lenses

Water absorbents

Deodorant fiber

Cross-linked polyurathane

Cross-linked nylon

Battery separators

Wound dressing

Super heat resistant SiC fiber

Remarks

Heat and chemical resistant insulation

Food packaging, insulation, protection for corrosion

Energy saving, environmentally friendly processing.
Better quality products.

Curing of silicone coatings

Abrasion resistant, water resistant

High molecular weight products

Cross-linking of rubber

Decomposition of used teflon

Hydrogels

Disposable diapers, etc.

By radiation grafting

Cable insulation for antilock brake sensor

Heat and chemical resistant

AAc grafted polyethylene

Hydrogels by crosslinking or grafting

Metal and ceramic composites, semi-commercial
plant

(1) Electron beam curing of surface coating

Electron beam curing of surface coating is an important application growing in
different products shown in Table 1, even including floppy disk manufacturing. An
important feature of electron beam curing is the non-emittance of solvents into the
environment during processing in contrast with conventional ones. This makes the
processing more friendly to environment and workers. Due to this advantage and the
excellent quality of products. EB curing of coatings is expected to grow first in the near
future.
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(2) Super heat-resistant silicone carbide fiber

A new super high-temperature resistant SiC fiber has been developed at the Japan
Atomic Energy Research Institute (JAERI). The fiber was prepared from radiation cross-
linked polycarbosilane (PCS) fiber followed by heat treatment at 1200°C. It has shown
much better heat resistance than SiC fiber prepared from chemically cross-linked PCS (the
conventional method). It can stand even at 1800°C in comparison to 1200°C for
conventional ones.

The dose requirements for cross-linking is 10 MGy given by an electron beam
accelerator. However, the cost of irradiation does not account for a large portion of the
product price since the product has a very high value. A commercial plant to produce one
ton of SiC fiber per month will be in operation in 1995. The product will be used for heat
resistant composites with ceramics or metals for space shuttle, turbine blades, etc.

(3) Absorbent fiber for uranium

Radiation grafting is advantageously used for modification of polymeric materials.
Sugo and his group have developed a new material which selectively absorbs uranium in
water by grafing acrylamide on polyethylene hollow fibers followed by conversion of
cyano group to amidoxime group. The grafting was carried out by a pre-irradiated method
using electron beams21.

These hollow fibers were packed in column and tested for adsorption of uranium
from seawater showing excellent efficiency. This material may provide an efficient
recovery technology of uranium from seawater.

(4) Radiation crosslinked natural rubber latex.

The IAEA has been implementing an RCA/UNDP project to develop a new
technology of crosslinking natural rubber latex by gamma radiation. In a conventional
process crosslinking or vulcanization will be carried out by sulphur and heating. A small
amount of a toxic substance, nitrosoamine, formed during vulcanization, therefore remains
in the product. Radiation crosslinking without using sulphur can provide a clean latex not
containing nitroamine. The latex is more safely used for manufacturing surgical gloves and
other products.

The MINT (Malaysian Institute of Nuclear Technology and Research) has installed
a large plant to produce 6,000 tons of irradiated latex per year which is now in operation.
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(5) Biomedical materials

Biocompatibility is the most important property of biomedical materials since they
are used in contact with a living organism such as blood and tissues. Modification of
surface properties improving the biocompatibility is advantageously carried out by
radiation processing because of following points:

- absence of additives in products providing clean materials
- simple and reliable process and product quality control
- materials are simultaneously sterilized
- versatility of the process in terms of materials to be processed.

A number of papers have been published on the synthesis of biocompatible
polymers, in particular tissue compatible polymers and anti-thrombogenetic polymers.
However, there are only a few kinds of materials successfully developed to be used for
clinical purpose.

Wound dressing,

Two types of synthetic wound dressing have been produced by radiation processing
for clinical use in commercial scale.

Mr. Rosiak and his group31 in Poland has developed a new hydrogel dressing used
for temporary covering of a burned wound by radiation crosslinking and polymerization.
Aqueous solutions of dressing components, polyvinylpyrolidone, polyacrylamide or their
monomers, polyethylene glycol and agar. are irradiated with a dose os 25 kGy to be
convereted into hydrogel with stable three-dimensional chemical network structure. The
products are sterilized during irradiation. The hydrogel dressing products are used for
healing wounds and especially burns, ulcers, bedsores and skin grafts. They are a good
barrier for bacteria from outside and permeable for gases, drugs and water vapour. They
have characters of good adhesion to wound and normal skin without stiching. Therefore,
they can be removed painlessly. In 1993, for example, 5.000 m2 of the product were sold.

Another type of wound dressing has been produced commercially in Israel, based
on the studies by Mr. Behr and his group5'. The wound dressing, temporary artificial skin,
is a thin flexible membrane of 40 u.m thickness. This dressing is prepared by grafting
hydrophilic monomers, such as acrylamide and hydroxyethylmefhacrylate onto
polyurathane film using radiation. The products are transparent and adhere well to the
wound, and can be removed without pain. They prevent bacterial invasion, and are highly
permeable to water and prevent fluid accumulation. They are also permeable to drugs.
Topical antimicrobials can be applied to their surface.



- 6 -

JAERL Takasaki has recently developed a new hydrogel wound dressing by
crosslinking of polyvinylalcohol (PVA) using electron beams. Treatment of casted PVA to
form partial crystallization before crosslinking was found to significantly improve heat
resistance and mechanical strength of the hydrogel. A plant for commercial production will
be in operation in 2 years.

Drug delivery system

Radiation polymerization and crosslinking is a very convenient method to prepare a
drug delivery system (DDS). Since polymer matrix used for DDS contacts directly with
human tissues, the polymer matrix should not contain toxic residues from polymerization
catalysts. Radiation polymerization can provide a most suitable method to prepare DDS
because it does not need catalyst and heat which decompose drugs.

Mr. Yoshida5' successfully prepared testicular prosthesis with the controlled release
of testosterone by radiation polymerization of HEMA and polyethylene glycol di-
methacrylate. They were implanted in scrotum or in lower abdomen of 11 patients. The
serum testosterone level was maintained at a level of more than 3.0 ng/ml for 2-5 years.
By the implantation masculinization was observed for all patients. This successful method
can solve problems associated with the treatment by injection.

(6) Ion beam application for polymer modification

Recently ion beam technology has been well advanced in the field of material
science and technology. There are approximately 400 ion implantation units used for
semiconductor manufacturing in Japan. However, modification of polymers by ion beam
irradiation is quite a new field. It has been reported that cell adhesion property is obtained
by ion beam irradiation of polystyrene and polyurathane. By adhesion of cells on the
surface of these polymers, their biocompatibility is improved. The mechanism of these
changes of polymer surface is not well known. It is understood that the morphology and
structure of the surface may be changed by iom bombardment to be more biocompatible.
The formation of micropores in polymer membranes by ion beam irradiation, followed by
chemical etching is a promising application

3. Sterilization of Medical Supplies

In developed countries 40-50% of medical products are sterilized by radiation
processing. Radiation processing is better than the conventional ethylene oxide process
with regard to safety for both workers and consumers, reliability of disinfection and
simplicity of processing. This processing is also friendly to the environment because of
non-emittance of toxic gases. This application of radiation processing will rapidly grow
further in developing countries with the support of the IAEA. IAEA and UNDP have
implemented the radiation sterilization plant projects in India, ROK, Chile, Hungary,
Yugoslavia, Iran. Turkey. Peru. Bulgaria. Portugal, Syria, Ecuador and Ghana.
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In developed countries, the ratio of radiation sterilization to the ethylene oxide
method will further increase to the level of 80% in the future.. Electron beam application
for this purpose may grow at a higher rate than Co-60 in some countries due to possible
economic advantages and better public acceptance, depending on the condition of
countries.

The radiation sterilization of cosmetic products and raw materials of
Pharmaceuticals is also gaining wider acceptance.

4. Applications for Environmental Protection

(1) Cleaning of Flue Gases

Deterioration of the environment by pollution is the global concern. The emission
of SO: and NOX into the atmosphere from coal- and oil burning power plants and
industrial plants is one of the major sources of environmental pollution. These pollutants
cause acid rain and also contribute to the "greenhouse effect".

Innovative technology using electron beams to simultaneously remove these
pollutants by irradiation was first developed in Japan and followed by research groups in
the United States. Germany, Poland and China. As shown in Figure 3, after the flue gas is
cooled by water spray to 70°C. it is exposed to electron beams during passing through an
irradiation chamber in the presence of a near stoichiometric amount of ammonia which has
been added to the flue gas prior to the irradiation zone. The SO, and NOX are converted
into their respective acids which are subsequently converted into ammonium sulfate and
ammonium nitrate. These are then recovered by an electrostatic precipitator. The by-
product is a useful fertilizer for agricultural purposes.

This innovative technology has been demonstrated by large pilot scale plants in
Japan. USA. Germany, and Poland as listed in Table 2.
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Table 2 . Development of electron beam technology for cleaning flue gases.

Institution/Year

JAERI
1981

Institute of Nuclear
Chemistry & Tech-

nology, Warsaw
1989

Karlsruhe Agate II
1989

Ebara Fujisawa
1991

INCT/Kaweczyn
power plant 1992

NKK-JAERI
Matsudo City

1992
Ebara-JAERI Chubu

1992

Ebara-Tokyo-EPA
1992

Volume (low rate

900 Vh

400 m3/h
Oil-fired

1000 m3/h
Crude oil

1500 m3/n
Oil-fired and in-
cineration gas
20 000 m3/h

Coal-fired
Incineration gas

1000 m3/n

12 000m3/h
Coal-fired

Auto-tunnel exhaust
gas 50 000 m3/h

Accelerator

1.5 MeV
20 MA

775 KeV
5.4 kW

500 keV
50 kW

500 keV
i5kW

500-700 keV
2-50 kW
900 keV
i5kW

800 keV
36 kW x 3 heads

(= 108 kW)
500 keV

12.5 KWx 2 heads
(=25kW)

SCVNOx raw gas
concentration

1000/5000

0-1200
0-400

400-1000
300-1000
0-1000
0-200

200-600
250

SO2-100
NO.-100

HCL-1000

800-1000
150-300

NO*
0 - 5

Temperature

80-150

60-150

60-120

65

60-120

150

65

Ambient
(20)

Spray
cooler

Flow diagram of electron beam process
for flue gas treatment

Stack

— Fertilizer

Figure 2. Flow diagram of electron beam process for flue gas treatment
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The pilot-scale plant being currently in operation in Warsaw was constructed
through a joint project of the IAEA and Poland. The pilot plant has the capacity to clean
20 000 nr of coal-burning flue gases from the local heating plant.

Continuous operation of the plant for more than one month successfully removed
95% of the SO2 and 80% of the NOX from flue gases. As an IAEA model project, a
demonstration industrial-scale electron beam plant for cleaning emissions from coal-
burning power stations is being implemented.

In Japan three pilot-scale electron beam plants for treating flue gases from coal-
burning power stations, municipal waste incinerators and traffic tunnels, respectively, have
been operated to remove efficiently SO2 and NOX and other toxic gases.

The advantages of this technology over conventional processes for treating flue
gases are:

It is the only process to simultaneously remove SO2 and NOX.
The by-product of the process can be used as agricultural fertilizer.
It is a process which does not require large amounts of water.
It can meet the stringent requirements for removal of SO2 and NOX.

The economics of the process have been studied for various kinds of fuels which
have different SO2 and NOX concentrations. It looks promising that the electron beam
process is competitive with all existing SO-, removal systems. When factoring in the cost
of an SCR (Selective Catalytic Reduction) removal system for NOX, it can be seen that the
installed costs for the projected electron beam process make it one of the most economical
systems to install and operate in a power station.

(2) Disinfection of sewage sludge and its recycling

Disinfection of sewage sludge by radiation has been studied at pilot- and full-scale
plants in Germany, Japan, USA and India. Irradiated sludge is used on farm land as an
organic fertilizer. In Japan, the technology of sludge irradiation followed by composting
has been developed to produce disinfected compost for agriculture. The IAEA has started a
new programme in 1995 to enhance the transfer of this technology to end users.

(3) Cleaning of water

Removal of organic pollutants by radiation in waste water and in drinking water
also is being studied. A pilot-scale plant is being operated in the Laboratory of Gehringer
in Austria for the treatment of drinking water using electron beams and ozone. In Miami.
Florida, an engineering study has been carried out to evaluate the efficiency and cost-
effectiveness of electron beam treatment for removing toxic pollutants in water streams
such as groundwater. secondary effluents, and potable water.
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5. Food irradiation

In the past 10 years the application of food irradiation has significantly increased.
Currently more than 38 countries have approved one or more irradiated food items. Totally
more than 120 items, for human consumption. In 27 countries irradiation processing of
food has been commercialized.

Introduction of food irradiation can contribute to the reduction of post-harvest losses,
increase export potential of certain food and reduce risks of food-borne diseases without
using fumigation by chemicals, such as ethylene dibromide, methyl bromide and ethylene
oxide. Chemical fumigation of food has been either prohibited or is being increasingly
restricted in most advanced countries for health, environmental or occupational safety
reasons. Under terms of the Montreal Protocol, adopted in 1989, chemicals which damage
the ozone layer will have to be phased out by the year 2000. Food irradiation represents an
alternative to treatment by chemicals in many cases.

The incidence of food-borne diseases increasingly affect adversely the health of
populations. For example, in 1992. Salmonella and Campylobacter accounted for about 4
million cases of illness in the USA caused by food (at least half were attributable to meat
and poultry). About 1,000-2,000 deaths thus resulted from Salmonella and 120-360 from
Campylobacteriosis. Food irradiation is then being regarded more and more by health
authorities as a means of reducing this health problem.

There is growing evidence from numerous consumer trials, including commercial
market tests, that consumers are prepared to buy irradiated food.

The IAEA has implemented projects aiming at transfering the food irradiation
technology to industry and developing countries. The IAEA General Conference in 1992
adopted a resolution to sgtrengthen the assistance to developing countries in practical
utilization of food irradiation. Following the resolution, a commercial irradiator will be
constructed in Bejing by the Chinese Government in co-operation with the IAEA for
treating rice and garlic in commercial quantities.



- 11 -

OTHERS (CZC, HUN, INS, THA) ROK

Fig. 3. Commercial irradiation of spices and vegetable seasonings in different countries.
(From Loaharanu, IAEA Bulletin 36, No. 1. 30 (1994))

6. Transfer of Radiation Technology to Developing Countries

The IAEA is actively in charge of the technology transfer through:

Technical cooperation projects
Research contract programmes
Provision of equipments, experts, fellowships
Training of personnel
Conferences, meetings and publications
Laboratory services
Information and data base services.
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As shown in Figure 4, a large fraction of technical assistance funds is used for the
transfer of technologies related to nuclear application in agriculture, industry and human
health.

Fig. 4. Technical assitance co-operation disbursements by area of activity in 1994
(in thousands of dollars)

A number of irradiation facilities, such as electron accelerators and gamma irradiators
have been provided to developing countries by IAEA and UNDP. The RCA/UNDP
industrial projects on electron beam curing of surface coating and crosslinking of natural
rubber latex have been implemented for member countries in South East Asia and Pacific.
Since 1994 the project on environmental conservation by radiation technology has been
started under the RCA/UNDP programme.
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