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FOREWORD
Conservation of the environment is a theme that all countries — rich and poor,
developed and developing — have recently come to recognize as being an essential
goal. Particularly during 1992, the year o f the United Nations Conference on
Environment and Development, the w orld’s attention has been focused on many of
the issues that need to be dealt with — political and technical, local and global —
in order to achieve ‘sustainable development’. This has been defined as meeting the
needs o f the present without compromising the ability o f future generations to meet
their own needs.
It is an unfortunate fact that many people who are currently concerned about
environmental problems still perceive nuclear technology to be part of the problem
and not part o f the solution to the problem. W hat many of them fail to recognize is
that isotopes and radiation have many characteristics which — even leaving aside the
controversial issue o f nuclear power — can and do enable them to make unique con
tributions to the better understanding o f environmental processes, as well as to
directly protect the environment from the impact o f toxic substances. It is these kinds
o f applications which form the focus of this present volume.
The objective o f the symposium was to review present knowledge o f the appli
cations o f radiation, radioisotopes and nuclear methods o f analysis in the monitoring
and control o f environmental pollution and in reducing emissions o f environmentally
toxic substances. The scientific programm e covered a wide range of different appli
cations o f nuclear technology, such as flue gas purification, radiation processing of
liquid and solid wastes, radiotracer studies and nuclear analytical techniques and
their applications. Overall, it may be concluded that nearly all o f the techniques
under consideration have considerable potential for future application on a much
larger scale, not only in technically advanced countries, but also in developing ones.
However, this process is still being hindered to some extent by problems o f public
acceptance due to the poor ‘image’ o f nuclear technology. Scientists working in this
field therefore have a double challenge: to continue to improve and apply the technol
ogy and also to improve its public acceptability. It is hoped that these proceedings
may help them in these tasks.
The symposium was attended by 92 participants representing 31 Member
States. The International Atomic Energy Agency gratefully acknowledges the
assistance of the Government o f Germany and the Kernforschungszentrum Karlsruhe
in providing the facilities for this symposium.
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Abstract
ELECTRON BEAM IRRADIATION TECHNOLOGY FOR ENVIRONMENTAL
CONSERVATION.
The paper reviews research and development efforts in the application of electron beam
(EB) irradiation technology for the treatment of flue gas and wastewater, and for the disinfec
tion and composting of sewage sludge. Pilot plant studies on EB purification of flue gases from
iron sintering furnaces or coal burning boilers have been performed in Germany, Japan and
the USA, and are being carried out in Poland. On the basis of the results obtained by
experiments using simulated flue gas, a pilot scale test programme for the treatment of flue
gas from low sulphur coal combustion was started recently in Japan. Electron beam irradiation
for the disinfection of water effluents from water treatment plants was effective in preventing
the formation of chlorinated organic compounds, which are formed when using chlorine.
Activated carbons used for wastewater were effectively regenerated by EB irradiation in a
nitrogen gas stream and there was very little carbon weight loss after irradiation. An efficient
process for the composting of sewage sludge disinfected by EB irradiation has been developed
in small and pilot scale experiments. In the new process, disinfection by EB irradiation and
composting can be carried out separately and the optimum temperature for composting can,
therefore, be selected to minimize the period of composting.

1.

INTRODUCTION

Environmental pollution problems, such as air and water contamination,
became serious in many industrialized countries in the 1960s and efficient techno
logies were required for removal o f the contaminants from flue gases and wastewater
from industrial plants. Applications o f radiation irradiation technology for environ
mental conservation were studied extensively in the 1970s and some of the processes
have been tested for their effectiveness using large scale plants. In this paper,
research activities on applications o f electron beam (EB) irradiation technology for
the treatment o f flue gas and wastewater, and for disinfection o f sewage sludge for
composting, will be reviewed, with the focus on research activities in lapan.

3

4
2.

SATO et al.

TREATMENT OF FLUE GAS

2.1. Characteristics of the EB treatment of flue gas
The technology for the removal o f S 0 2 and NOx from flue gas by EB irradia
tion has been studied extensively in Japan, in both fundamental work and pilot scale
experiments, since 1972 [1].
Studies have also been perform ed in China, Germany, Italy, Poland and the
United States o f America. Two pilot scale tests have been carried out for the treat
ment o f flue gas from an oil burning boiler and an iron ore sintering furnace in
Japan [2]. A fter these tests, other pilot scale tests for the treatment o f flue gas from
coal burning boilers were conducted in the USA [3] and Germany [4], and plant tests
are now being perform ed in Poland [5] and Japan [6 ]. The reaction mechanism of
the EB irradiation process has been studied at the Japan Atomic Energy Research
Institute (JAERI), the Kemforschungszentrum Karlsruhe, in Germany, and other
places. When the flue gas is irradiated by electron beams, the beam energy is
absorbed mainly by the m ajor components o f flue gas, i.e. nitrogen, oxygen, water
and carbon dioxide, to form active species, such as ОН, О and H 0 2, oxidizing S 0 2
and NOx to H 2 S 0 4 and H N 0 3 in the presence o f water. Before irradiation, a
stoichiometric quantity o f ammonia is added to the flue gas to convert the acids to
dry powdery salts, which are collected by an electrostatic precipitator [7]. Recently,
basic studies with nitrogen oxide and ammonia labelled with a stable nitrogen isotope
( 1 5 N) showed that some part o f the NOx was converted to nitrogen molecules by the
EB irradiation o f flue gas [8 ].
It has been shown by the basic and pilot scale experiments that EB technology
for the treatment o f flue gas has the following practical advantages:
(1)
(2)
(3)
(4)
(5)

Simultaneous removal o f S 0 2 and NOx;
It is a dry process, without wastewater which needs treatment afterwards;
The reaction products can be used as a fertilizer;
No need for a catalyst, whose layer may otherwise be plugged by dust or
may lose activity;
Favourable economics compared with conventional methods.

2.2. Electron beam irradiation treatment of flue gas
from coal burning boilers
In Japan, coal is not the main source o f electricity, but it is one of the important
alternative sources o f electricity for the future. Thus, Japanese electric power com
panies have plans to construct coal burning power plants. In these plants, imported
coal containing low concentrations o f sulphur will be used mainly for generating
electricity. Conventional flue gas treatment plants have been installed in almost all

IAEA-SM-325/116
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FIG. 1. Effect o f multi-stage irradiation on N 0 X removal ( □ : single stage irradiation; A:
double stage irradiation; о : triple stage irradiation; interrupt duration: 0.1 s; irradiation
temperature: 65 °C; synthetic gas simulating low sulphur coal combustion gas — S 0 2:
500 ppm, N 0 X: 150 ppm; NH3: stoichiometric quantity).

Irradiation period (min)
FIG. 2. Long period irradiation test ( о : S 0 2; A: N 0 X; triple stage irradiation at a dose o f
8.3 kGy; irradiation temperature: 65 °C; synthetic gas simulating low sulphur coal combustion
gas — S 0 2: 500 ppm, N 0 X: 150 ppm; NH3 addition: 1040 ppm).

Flue gas (12 000 Nm3/h)

SATO et al.

FIG. 3. Flow chart o f the pilot plant under construction in Nagoya.
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the existing power plants in Japan. However, desulphurization o f flue gas is usually
accomplished using a wet method, in which a large quantity o f wastewater has to be
treated. Therefore, a more compact and efficient process is required for the treatment
o f flue gas in the new coal burning power plants.
To confirm the applicability o f the EB process for the treatment o f flue gas
from the combustion of coal containing low concentrations o f sulphur, systematic
experiments involving the EB irradiation o f mixed gases simulating flue gas were
carried out using a small scale flow type irradiation apparatus [6 ].
In this experiment, triple stage irradiation was tested to obtain a higher removal
efficiency. Flowing gas was irradiated three times in the first, second and third
irradiation chambers, with two interruptions o f duration 0.1 s. As shown in Fig. 1,
it was found that a higher NOx removal efficiency could be achieved by double and
triple stage irradiation. Irradiation tests were also performed at lower gas tempera
tures to obtain greater removal o f S 0 2 with lower dose in order to meet the strict
emission regulations in Japan. The results obtained showed that high S 0 2 removal
o f over 90% was achieved by irradiation at doses less than 10 kGy at a gàs tempera
ture o f 6 5 °C. To confirm the reliability o f the removal efficiency, a continuous
irradiation test for 13 h was carried out with triple stage irradiation at a constant dose
o f 8 kGy at 65°C in the presence o f 1040 ppm ammonia. The results obtained are
shown in Fig. 2, which show that constant and high removal rates o f S 0 2 and NOx
could be achieved by triple stage irradiation at a gas temperature o f 65° С for mixed
gas simulating flue gas from the combustion o f low sulphur containing coal. The
results indicate that the EB irradiation process could be an efficient method for the
treatment o f flue gas from low sulphur coal burning boilers.
On the basis o f the above results, a pilot scale test has been started under the
joint research of JAERI, thé Chubu Electric Pow er Company and Ebara Corpora
tion. The plant, a flow chart Of which is shown in Fig. 3, is now under construction
in Nagoya and it will start operation in October 1992.

2.3. Electron beam irradiation treatment of flue gas
from a municipal waste incinerator
In applying EB irradiation technology for the treatment o f flue gas from a
municipal waste incinerator, the simultaneous removal of NO x, S 0 2 and HC1 by EB
irradiation in the presence o f added powdery Ca(OH ) 2 was studied. The experi
ments were perform ed using a small scale irradiation apparatus (5 N m 3 /h) in JAERI
jointly with NKK and the Ebara Corporation to confirm the effective removal of
NOx, S 0 2 and HC1 from the flue gas. A pilot plant for the treatment o f flue gas
from an incinerator, a flow chart o f which is shown in Fig. 4, is under construction
at the site o f an incinerator in Matsudo City with operation beginning in
April 1992 [9].

FIG. 4. Flow chart o f the pilot plant under construction in Matsudo City.
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TREATMENT OF WASTEWATER

3.1. Characteristics of the EB treatment of wastewater
The water pollution problem today is very serious all over the world and since
conventional water treatment methods using activated sludge cannot solve this
problem completely, more effective water treatment technologies are needed. The
radiation method meets this need. Radiation produces active species in water, such
as OH radicals, which can oxidize and decompose any kind of organic pollutant in
the water. In addition, radiation can kill microorganisms in water effectively.

3.2. Disinfection of secondary effluents from sewage plant
Chlorine disinfection o f secondary effluents produces toxic chloroorganics,
such as trihalomethanes, so that an effective alternative method is required.
To develop the EB irradiation method for effective disinfection o f secondary
effluents, the effluents were irradiated with 2 MeV of electron beams in batch and
flow experiments [10, 11]. Typical survival curves for coliforms are shown in Fig. 5
as a function of the average dose for various thicknesses of the water layers in the
irradiation zone. It was found that the disinfection effect was determined by the
thickness o f the water layer in the irradiation zone and that the effect was barely
affected by such water properties as the chemical oxygen demand, suspended solids,
the dissolved oxygen concentration, pH and water temperature. Electron beam
irradiation was also found to be effective in deactivating bacteriophage. That is, after
250 Gy o f irradiation, no bacteriophage was detected in the secondary effluents.

3.3. Regeneration of used activated carbon by EB irradiation
Another approach to cleaning wastewater using EB technology is the regenera
tion o f used activated carbon (AC) by EB irradiation. Activated carbon is useful for
the removal o f pollutants in wastewater because o f its large adsorbing power.
However, the cost o f regeneration o f used AC by the present steam method is high.
Since organics are concentrated on used carbon, irradiation o f EB may regenerate
used AC efficiently. The regeneration of granular AC (Calgon F400) which had been
used for the treatment of actual or model wastewater (containing sodium laurylsulphate (NaLa)) by EB irradiation has been examined [12, 13].
A thin layer o f AC samples, 5 -7 mm thick and placed in a vessel, was pre
heated to about 110°C and then irradiated by 2 MeV o f electron beams in various
gas streams. For AC adsorbing 0.28 g NaLa/g AC, as shown in Fig. 6 , the maximum
recovery (91 %) was attained in a nitrogen stream. The carbon weight loss by irradia
tion in nitrogen was slight. Nitrogen was found to be the best for irradiation o f the
atmosphere. Recovery was better for carbon adsorbing a smaller quantity of
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Dose (kGy)

FIG. 5. Disinfection by EB irradiation o f secondary effluents from a sewage plant (electron
energy: 2 MeV; counts o f coliforms before irradiation: 1.4-2.5 X 104 cells/mL).

Dose (MGy)

FIG. 6. Regeneration o f activated carbon (AC) by EB irradiation in nitrogen, oxygen and
water vapour (AC adsorbed 0.28 g NaLa/g AC; A: 0 2; o : N¡; • : water vapour).
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adsórbate. In addition, greater recovery was obtained with a larger beam current.
For example, with the carbon absorbing 0.12 g NaLa/g AC, 99% recovery was
obtained at 1 . 6 MGy, with a beam current o f 20 mA. In contrast, when carbon was
irradiated at 1 mA, the iodine number recovered only a little at 3.2 MGy. Moreover,
the iodine number increased linearly with the maximum carbon temperature during
irradiation. A rise in the preheating temperature also increased recovery. That is,
when the carbon mentioned above was preheated to 200°C, 94% arid 101% were
recovered at 0.8 and 1.6 MGy irradiation.
These results suggest that heating o f carbon by EB plays an essential role in
recovery o f the iodine number. That is, carbon is heated microscopically by electron
beams. This heating may induce desorption or decomposition o f the adsórbate on the
carbon. Decomposition o f the adsórbate was confirmed by results that showed that
hydrocarbons, such as methane, ethane, ethylene, propane, propene, butane and
butene, were found to be in outlet gas from the irradiation vessel. The concentrations
were 100-200 m g/L, for each.
In addition, micropores with diameters less than 20 À, which are thought to
play an important role in pollutant adsorption, were regenerated by electron beams.
The
average pore diameters were changed very little by irradiation.
The regeneration o f carbon was also examined by comparison o f adsorption
isotherms on NaLa aqueous solutions with the regenerated and original carbons, and
almost the same isotherms were obtained.
Thus, some used carbons could be regenerated by the irradiation o f high
energy electron beams in the nitrogen stream. This method was shown to have the
following features:
(1)
(2)
(3)

Simple procedures (high temperature technologies are not needed),
Small loss o f carbon (less than 1%),
Low energy consumption (about 0.3 kW -h/kg AC).

4.

TREATM ENT OF SEWAGE SLUDGE

To treat or dispose o f sewage sludge is a serioús problem in Japan. About sixty
per cent o f the sludge is disposed o f in land and along the coast. Although the sewage
sludge usually contains pathogenic bacteria and parasites, the application o f sludge
on land benefits plant growth, crop production and soil conditioning. A sludge irradi
ation plant has been in operation in Germany for almost twenty years [14]. Recently,
a similar sludge irradiation facility has started operation in India. In both o f these
cases, the sludge is used directly on farmland as a fertilizer after radiation disinfec
tion. In Japan, however, the direct application o f sludge is not acceptable even after
disinfection, since the urbanization o f rural areas is in progress. Composting is
required for the disinfected sludge in order to stabilize easily degradable organic
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materials in the sludge, which is a source o f pollution because o f the unpleasant
odour and insects.
An efficient sludge treatment process combining EB disinfection and compost
ing has been studied in JAERI. In conventional composting, sludge must be disin
fected by heat, which is generated during composting [15]. As the composting is
induced by microorganisms, the high temperatures necessary for disinfection also
damage the composting bacteria, and it takes a long time to finish composting. In
our process, disinfection precedes composting, and efficient composting is possible
by selecting the optimum composting conditions.

4.1. Electron beam disinfection of dehydrated sewage sludge [16]
Dehydrated sludge (with a water content o f 80%) was extruded as a thin layer
1 mm thick on a stainless steel belt and irradiated by an electron accelerator. The
total bacterial counts and total coliforms in the sludge ranged from 1.5 x 10 8 to
1.6 x 109 and from 2.2 x 10 7 to 1.5 x 108 per wet gram, respectively. As shown
in Fig. 7, the total bacterial counts decreased about 5 log cycles after irradiation at
10 kGy and irradiation at 2 kGy was enough to kill all coliforms, which is a measure
o f contamination by pathogenic bacteria. No effect o f the dose rate and electron
energy on disinfection was observed.

4.2. Composting of irradiated sludge [17]
The composting rate is seriously affected by temperature, with the optimum
range from 40 to 50°C. The optimum pH is found to range from 7 to 8 . It is neces
sary to supply oxygen to sludge particles for aerobic fermentation and the particle
size o f the sludge should be around 5 mm. It is necessary to mix seed bacteria at
first, and the produced compost is very effective as the seed. Figure 8 shows the rate
o f composting o f irradiated sludge under optimum conditions. The rate for conven
tional composting is also shown by the dotted line. The C 0 2 evolution almost
ceased within two or three days in irradiated sludge composting, whereas it took
more than ten days for conventional composting for which fermentation must occur
at temperatures higher than 65°C in order to kill pathogenic bacteria. In our process,
disinfection and composting are separate. Therefore, the optimum composting condi
tion can be selected to minimize the period of composting.

4.3. Pilot plant test [18]
A pilot plant was constructed to study the scale-up effects in the composting
process o f irradiated sludge. A flow sheet o f the pilot plant test is shown in Fig. 9.
The treatment capacity was about 500 kg/batch. A Cockcroft-Walton type electron
accelerator was used for irradiation. Sludge cake was spread on a stainless steel
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D ose (kGy)

FIG. 7. Surviving fraction o f bacteria fo r various beam energies and dose rates (sludge thick
ness: 1 mm; open symbols: bacteria; filled symbols: coliforms; (—): dimensionless).

0

5

10

15

Tim e (d)

FIG. 8. Composting o f irradiated sludge under optimum conditions (------: irradiationcomposting; -----: conventional composting).
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FIG. 9. Flow chart o f a pilot plant test.

converyer through a flat nozzle to a thin layer o f thickness 6 mm and irradiated
continuously by electrom beams at 2 MeV. The irradiated sludge was mixed with
partially returned compost to adjust the moisture content, and also to feed seed
bacteria. Efficient composting was also possible in the pilot plant test by frequent
mixing for aerobic fermentation and by temperature control to attain optimum
composting conditions.
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Abstract
NUCLEAR AND NUCLEAR RELATED ANALYTICAL TECHNIQUES: AN OVER
VIEW OF THEIR CURRENT APPLICABILITY IN ENVIRONMENTAL RESEARCH
AND MONITORING.
Nuclear and nuclear related methods for element analysis in environmental samples are
discussed from the viewpoint o f the multielement and multimethod approaches. A character
istic o f both groups o f analytical techniques is that the analytical signal to be measured and
calibrated has its origin not in the atom (element), but in the nucleus o f a single isotope o f
this element. Calibration, therefore, also includes the knowledge or determination o f the
isotope ratios o f the element to be analysed. Environmental material is extremely varied and
complicated in its composition, depending on the different compartments o f the ecosystem to
be characterized. Element analysis in this general case, therefore, not only involves measuring
the analytical signal, but includes up to fifteen different steps. With respect to possible errors
o f special interest, they can occur most frequently during sampling and sample preparation,
followed by data evaluation. The components to be characterized are not only atoms
(elements), but also nuclides (e.g. radionuclides) and molecules (spéciation), and single phase
and multiphase systems. An important calibration technique for instrumental multielement
analysis is the mono (element) standard calibration (single comparator technique). The tech
niques discussed are (a) nuclear activation analysis (NAA) by whole reactor (RNAA), thermal
(TNAA), epithermal (ENAA) neutrons and, for fission product analysis, delayed neutron
counting; (b) inductively coupled plasma-mass spectrometry (ICP-MS); and (с) X ray
spectrometry, such as energy dispersive X ray fluorescence (ED-XRF), particle induced
X ray emission (PIXE) and synchrotron radiation induced (SY -X RF), as well as total reflec
tion (T-XRF) X ray fluorescence spectrometry. The principles, advantages, disadvantages
and applications are discussed briefly. The examples given include NAA for air, dust, rocks,
soil and sediments, ICP-M S for chemical service analysis, water and serum analysis. A com
parison o f different methods is given and future trends are outlined.
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INTRODUCTION

Nuclear and nuclear related analytical techniques for element analysis are one
part o f the advanced chemical analysis for elements. This classification method is
used mainly by the physicist working in the nuclear field and involves applying
methods available to chemical analysis. The chemical analyst has to first have an
overview o f all existing methods for instrumental element analysis; second, establish
carefully the advantages and disadvantages for each method or group of methods;
and third, only then can the analyst evaluate the most suitable method for application
to the sample under investigation. In the daily routine of an advanced chemical analy
sis service, nuclear and nuclear related analytical techniques have to compete with
all other instrumental element analysis methods for each application.

2.

INSTRUM ENTAL ELEM ENT ANALYSIS

Almost all instrumental methods measure only relative signals, from which the
actual concentration or content o f the element in the sample can be calculated after
calibration by standards with known and similar composition. Measuring includes
calibration. However, both are only one or two steps in the general analytical
scheme, which includes about fifteen steps in the most complex case (Table I) [1].
Usually, the greatest errors are made not when measuring the signal, but with
incorrect data evaluation, sample preparation and sampling. The possible error
increases in this order. W hile these topics are outside the scope of this paper, a few
remarks have to be to made about sampling and sample preparation.
A m odem and extremely useful strategy for element analysis, including trace
levels, is the use of the instrumental multielement and multimethod approach. Since
the author’s laboratory has made contributions to this field over the last fifteen years,
element analysis is presented under this aspect o f the analytical strategy [2, 3].

2.1. Environmental material
The intensity o f the analytical signal from an element to be measured and the
final concentration calculated are influenced strongly by the matrix, or, in other
words, by the type o f material to be analysed. In trace element analysis in particular,
the elemental composition of the sample should be known in advance at least semiquantitatively. Environmental research is a field characterized by extremely hetero
geneous, complicated and varied sample types. Therefore, detailed knowledge o f the
chemical composition o f all varieties o f environmental compartments and sample
materials is essential.
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TABLE I. GENERAL SCHEM E FOR THE TRACE ANALYSIS OF ELEMENTS
AND RADIONUCLIDES

1.

Definition of the question to be answered
2.
3.

Sampling
Sample preparation

4.
5.
6.
7.
8.
9.
10.

Ashing
Disintegration o f residue
Dissolution
Preconcentration
Separation
Preparation o f measurement sample
Measuring the analytical signal
—
—
—
—

11.
12.
13.
14.

sample introduction
integral measurement
spectral measurement
calibration

Data handling
Data evaluation
Quality control of results
Documentation

15. Answering the question from item 1
The trace analyst should try to omit as many steps as possible
for a given sample to be analysed

2.2. Environmental compartments
The elemental composition o f environmental materials depends greatly on the
‘compartm ent’ o f the environment to which they belong. The central point of impor
tance in environmental research is the ecosystem, in which man lives. This
ecosystem can have abiotic, biotic and man-made, or anthropogenic, parts. The
abiotic part of the Earth consists mainly of the atmosphere, hydrosphere and lithos
phere. The atmospheric material is mostly gaseous, but also contains liquid and solid
particulate matter. The hydrosphere consists mainly o f liquid or solid water, as well
as dissolved gases and dissolved as well as solid particulates. The lithosphere is solid
and can be classified into rocks, soil and sediments. Some o f them are water soluble,
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the majority is insoluble. The biotic part of the environment is built up by m icro
organisms, plants (flora), animals (fauna) and human organisms. The anthropogenic
parts are, for example, food, commodities, the city ecosystem and contaminants of
other compartments.
From an analytical point o f view, the matrix o f the atmosphere is mainly gase
ous air forming, together with dispersed liquid and solid particulates, an aerosol. The
hydrosphere is mainly liquid, sometimes solid water, with dissolved materials as
well as solid particulates and dissolved gases. Both are ideal matrices for element
analysis. The lithosphere is different, with solids difficult to dissolve for analysis.
Therefore, for the hydrosphere with aqueous solutions, solution methods for element
analysis are optimal. For the lithosphere, with mainly ‘silicateous’ rocks which are
difficult to disintegrate and dissolve, solid element analysis methods are of primary
interest. The organic parts o f biological material from the biosphere have to be
removed by ashing for many analysis methods prior to signal measurement in order
to eliminate the interfering organic components for element analysis. The methods
for solids often do not have this difficulty.
2 .3. Components to be characterized
Element concentrations are most often used for characterizing the material
from different compartments o f the environment. However, this is not the only possi
bility for use. In the case o f ecological pathway studies, for example, the type of
molecule to which the element being investigated is bound can be more important
than only knowing the element concentration alone. For each building block of
matter there exists a new dimension of analysis for environmental characterization.
Such building blocks are multiphase systems and pure phases (mineralogical and
crystallographical analysis); molecules, including their ions (molecule analysis,
spéciation and organic analysis); atoms, including ions (element analysis and inor
ganic analysis); isotopes (isotope analysis); nuclides o f isotopes (nuclide analysis);
and radioactive nuclides o f isotopes (radionuclide analysis). This paper is restricted
to element analysis. Nuclear methods and mass spectrometry, however, are isotope
analysis methods which are only indirectly able to analyse for elements.
2.4. General scheme for element analysis
Measuring the analytical signal and calibration is only one step in about fifteen
in-the general scheme o f trace analysis o f elements and radionuclides in any material
[1]. Table I includes all necessary and possible steps for the general and, therefore,
most complex and complicated cases. It is up to the analyst to omit as many steps
as possible for a given special case o f a sample. The overall analytical error o f the
chemical element analysis is the sum of the errors for each single step. This error
is not equal for each step.
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Physicists who are involved in the chemical analysis of environmental sam
ples often consider measurement o f the analytical signal and its calibration as the
most important parts of chemical analysis. Chemists, however, are familiar with the
complicated chemical composition o f the environmental samples. They have
acquired the experience that other steps, such as sampling, sample preparation and
even data evaluation, can be much more critical than signal measurement itself.
When determining 1 ppm o f a heavy element in aqueous solutions by, for example,
instrumental G -A A S, the overall error o f the measurement itself can be kept as low
as a few per cent. Data evaluation using, for example, wrong data distributions can
result in error percentages o f up to several tens [4]. Sample preparation may involve
errors o f several hundred per cent, but incorrect sampling can exceed even a
thousand per cent. One should keep in mind that sampling and sample preparation
belong mainly to the first two steps o f the general scheme o f trace element and radio
nuclide analysis [1 ,5 ]. This means that their errors cannot be compensated for within
the following steps. Therefore, great care has to be taken for proper sampling,
sample preparation and data evaluation [6 , 7].
Element analysis o f environmental samples is described in the following
according to a second important strategy, the instrumental multielement and multi
method analysis approach.
2.5. Sampling
The mean element composition o f the analytical sample which produces the
analytical signal within the instrument has to be exactly the same as for the total of
the environmental compartment to be investigated. The variance within the labora
tory as well as the analytical sample should be an unbiased estimate o f the variance
for the total matter to be evaluated. The accuracy o f all sampling operations together
should be at least o f the same order o f magnitude as the accuracy o f the subsequent
analytical procedures. A compromise is necessary between the agreement o f the
mean composition and variance o f the total to be estimated and the analytical sample
on the one hand and a given expenditure o f costs and manpower on the other [7].
2.6. Sample preparation
Sample preparation includes, according to Table I, all steps before sampling
up to the introduction of the sample into the measuring instrument. In the case o f
solution methods, all solid samples have to be dissolved; in the reverse case of
methods for solids, solutions have to be concentrated and solidified. Fast dissolution
o f rocks, soil and sediments is obtained by microwave oven digestion with a mixture
o f nitric and hydrofluoric acid. In biological material from the biosphere, organic
material often interferes with the element analysis that follows for most solution
analysis methods. Ashing removes all organic material by oxidation and volatiliza-
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tion as gaseous oxidation products [8 ]. The most complete ashing is obtained by
(a) high pressure and temperature ashing (HPA) with nitric acid, according to
Knapp; (b) classical wet ashing with nitric/perchloric acid, according to Smith; or
(c) W ickbold combustion with hydrogen/oxygen flame. Fastest is microwave oven
digestion in a closed system, according to Kingston, et al. Homogenization o f large
amounts of biological material can be obtained, for example whole kidney or liver,
by low tem perature ashing with Fenton’s reagent, according to Sansoni and Kracke.
W et ashing reagents, especially for inductively coupled plasma-mass spectrometry
(ICP-MS) are, in decreasing order, hydrogen peroxide > nitric acid > sulphuric
acid > perchloric acid > phosphoric acid. Hydrogen peroxide introduces atoms
only from the solvent water. M ore details on sampling and sample preparation, as
well as on data evaluation, can be found in Refs [2, 9-11].

3.

INSTRUM ENTAL M ULTIELEM ENT AND
M ULTIM ETHOD ANALYSIS

3.1. M ultielement approach [6]
In the 1970s, this author’s department analysed almost all elements o f the
periodic system and almost every material for its advanced chemical analysis service
at the Kernforschungsanlage Jiilich (now known as the Forschungszentrum Jülich
GmbH). From 1976 to 1978, 84 elements in about 120 types o f material were
covered, with a wide range o f detection limits, precision and accuracy. Only about
20% o f all requirements needed high precision and accuracy. The addition of
ICP-atomic emission spectrometry (ICP-AES) to the existing spark source mass
spectrometry (SSMS), X ray fluorescence (XRF), CD-AES and gamma-ray spectro
metry for NAA was the impetus ' for developing the instrumental multielement
analysis concept more systematically for our chemical analysis service.
Instead o f analysing only one element in one given sample, as many elements
as is reasonably possible should be analysed:
— within almost the same sample volume,
— with only a small addition in manpower and costs,
— simultaneously if possible, or at least fast-sequentially and in automatic routine
operation.
Instrumental multielement analysis, as compared with the monoelement analy
sis mode, has significant advantages: much m ore information about one sample can
be obtained. Data, not only about one element but up to fifty and even more, become
available from one volume o f solution in a few minutes, e.g. by ICP-MS. Often the
additional time, manpower and costs are negligible compared with efforts for sam
pling and sample preparation, e.g. in geo and cosmochemistry, life sciences, infor
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mation technology and other fields. Analysts should be able to convince their
employers that a research project can be changed in such a way as to include not only
one element, but all elements eâsily available to the instrumental multielement
strategy. This provides important new areas for future research, especially when the
samples are difficult to sample and prepare.
The limitations are the following. A compromise always has to be made con
cerning the different optimal experimental parameters for each element. The
parameters, therefore, are optimal only for some, but not all, elements. Therefore,
detection limits, precision and accuracy in general may become worse compared
with the corresponding monoelement analysis under optimal conditions for each
single element. Standard solutions for as much as thirty to fifty elements must be pre
pared from extremely pure single element solutions. The addition o f contaminants
from each single element solution may result in relatively high gross contamination,
e.g. o f sodium. If not all o f these elements can be kept in solution, more than one
multielement standard solution under slightly different conditions must be used. In
unfavourable cases, these different properties o f the standard solution may produce
a different noise background.
The instrumentation should be able to analyse as many elements as possible
simultaneously, or at least fast-sequentially. Because of the constant background,
simultaneous operation is preferred. The linear dynamic range should be large and
equal for most elements. Detection limits should also be as low as possible and of
a similar range. Organic molecules from the organic matrix in the solution can be
tolerated, as can higher salt concentrations. On-line handling and evaluation o f the
analytical data obtained should be optimal. Table II lists most o f the instrumental
multielement analysis methods available.
3.2. M ultimethod approach
One single multielement method cannot be optimal for each group o f elements
in the periodic system. Experience has shown that two instrumental methods, based
on different physical principles, usually have advantages for somewhat different
groups o f elements. For example, ICP-AES is m ore optimal for lighter elements and
ICP-MS for heavier elements because the mass numbers between 23 and 85 for ICPMS are more affected by isobaric overlapping [8 ].

4.

CALIBRATION

The multielement standard calibration method using certified values for all ele
ments to be determined in a sample m atrix, which is equál or similar to the sample,
is mostly used in chemical analysis (standard reference materials (SRMs)). It can be
applied, however, only for certified elements in the SRM.
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TABLE II. INSTRUM ENTAL M ULTIELEM ENT ANALYSIS USING
NUCLEAR, NUCLEAR RELATED AND NON-NUCLEAR TECHNIQUES
1.

NUCLEAR M ETHODS

Isotopes

1.1. Nuclear spectrometry o f radionuclides

Radioisotopes

1.1.1. Gamma ray spectrometry
1.1.2. Alpha particle spectrometry
1.1.3. X ray spectrometry
1.2. Nuclear activation (AA), followed by nuclear
spectrometry radioisotope analysis
(indirect elem ent analysis)
1.2.1. Neutron activation analysis (NAA)

Multi-radioisotopes
Oligo-radioisotopes
Multi-radioisotopes

Multi-isotopes

— whole reactor neutron AA (RNAA)
— thermal neutron A A (TNAA)
— epithermal neutron AA (ENAA)
— cold neutron AA (CNAA)
1.2.2. Charged particle activation analysis (CPAA)
— protons, deuterons, tritons, He-3, He-4
1.2.3. Photon activation analysis (PH A A)
— Photons from electron accelerator
( < 8 .2 - 1 5 MeV)
1.2.4. Prompt gamma ray spectrometry
1.2.5. Delayed neutron counting: specific for U (Th)
1.2.6. Fission track analysis
2.

Monoisotope U-235
Oligo-isotopes:
U-235, transuranium

NUCLEAR RELATED METHODS
2.1. Mass spectrometry (MS)
2 .1.1. Solid state mass spectrometry

M ulti-isotopes

— spark source mass spectrometry (SSMS)
— secondary ion mass spectrometry (SIMS)
— laser mass spectrometry (LMS)
2.1.2. Solution mass spectrometry
— ICP-MS
2.1.3. Isotope dilution technique

2.2. X ray
2.2.1.
2.2.2.
2.2.3.
2.2.4.
2.2.5.

— for solids: SSMS
— for solutions: ICP-MS
fluorescence (XRF) spectrometry
Wavelength dispersive (WD-XRF)
Energy dispersive (ED-XRF)
Total reflection (TR-XRF)
Particle induced (PIXE)
Synchrotron radiation induced (SY-XRF)

M ultielements
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TABLE II. (cont.)
3.

NON-NUCLEAR METHODS

Multielements

3.1. Atomic emission spectrometry (AES)

Multielements

3.1.1. Flame excitation (F-AES)
3.1.2. DC arc excitation (DC-AES)
3.1.3. ICP-AES

3.2. Atomic fluorescence spectrometry (AFS)

Oligo-elements

3.2.1. Flame excitation (F-AES)
3.2.2. Hollow cathode lamp excitation (HCL-AFS)
3.2.3. Hollow cathode lamp excitation, inductively
coupled plasma source (ICP-HCL-AFS)
3.2.4. Laser excitation (L-AFS)

3.3. Other analytical methods
3.3.1. Coherent forward scattering spectrometry (CFS)
3.3.2. Voltammetry
— Differential pulse voltammetry (DPP)
— Differential pulse stripping voltammetry
(DPSV)

Oligo-elements
Oligo-elements
Oligo-elements/
molecular species

The monoelement standard method [12, 13] has become important, especially
for the multielement methods. Here, only one single element, or sometimes two or
three, is certified and used to monitor as precisely as possible the experimental
parameters during generation o f the signal. The parameters obtained are inserted into
the fundamental equation for calculating the concentration for all elements. The
algorithm works with the ratio of each element concentration to that of the mono
standard, which can be used internally as well as externally. This technique is espe
cially valuable in cases where multielement standards are not available.

5.

NUCLEAR ANALYTICAL TECHNIQUES

The only difference between nuclear methods and mass spectrometry and all
other multielement methods is, according to Table II, the origin of the signal. They
analyse isotopes and not atoms. The signals are elementary particles or gamma ray
and alpha particle radiation. F or element analysis, therefore, the isotopic ratios
within one element have to be known or be determined. In the case of element
analysis, one or more isotopes o f the element to be determined prior to signal mea
surement have to be transformed into a radioactive isotope by a nuclear activation
reaction.
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5.1. Activation analysis (AA)
Nuclear activation analysis (NAA) is carried out, in decreasing order, by
whole reactor (RNAA), thermal (TNAA) and epithermal (ENAA) neutrons.
Charged particle (CPNAA), cold neutron (CNAA) and gamma ray activation analy
sis are used much less for environmental samples [9, 14].
For several decades, NAA was known as the most sensitive method for multi
element analysis. In chemical analysis, NAA has, over the last fifteen years, received
competition from ICP-AES, some advanced XRF methods and especially from
ICP-MS (Table П). Neutron activation analysis is a highly sensitive multielement
analysis method for about two thirds of all elements in the Periodic Table, mainly
for solids with sample amounts ranging from 0 . 1 to 1 g.
The advantages for solids are: (1) High potential sensitivity. (2) Selectivity for
about two thirds of all elements. (3) In the case o f gamma ray spectrometry in the
first approximation, almost negligible matrix influences. (4) Good precision and
accuracy also at the trace level. (5) Non-destructive for solid powders. (6 ) Therefore
minimal sample preparation for solids. (7) Fewer errors during sample preparation
by contamination and loss o f elements. ( 8 ) Organic material from biological samples
in solids can be tolerated without elimination by ashing. (9) Freedom of reagent
blanks. (10) Automatic routine operation o f irradiation as well as computer evalua
tion o f gamma ray spectra. (11) Because o f item (3), easy and accurate calibration is
possible often with evaporated mixtures o f single element solutions. (12) Applica
bility to a large number o f materials, especially solids, without sample preparation.
(13) In the case o f radiochemical NAA, easy determination o f chemical yields is
possible by simple radioactivity measurement or gamma ray spectrometry. (14) Use
of non-quantitative preconcentration, separation and disintegration techniques.
(15) Difficulties in the chemical treatment of submicrogram amounts can be avoided
by using inactive carriers.
The limitations are: (1) Detection limits above 1 ppm for 31 elements under
the conditions in item (14) above. (2) Need for an expensive atomic research reactor
and a radioactive control room laboratory. (3) Expensive equipment for manipulation
and spectrometry. (4) Often a long analysis time for activation and cooling.
(5) Liquids in the reactor core are often forbidden. (6 ) Strong temperature rise during
neutron irradiation by neutron absorbers, such as В and C. (7) Radiation and temper
ature damage o f the sample during irradiation. ( 8 ) Radiochemical NAA needs
nuclear pure reagents. (9) The irradiated element to be determined and the inactive
carrier element must have the same chemical form for radiochemical NAA.
(10) Radionuclide interference by other activation reactions with other isotopes.
(11) Interference by the fission products o f uranium.
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5.2. Nuclear fîssion techniques
Nuclear methods based on fission must be extremely sensitive and selective
only for 235U and transuranium isotopes. The extreme sensitivity and selectivity are
unique in instrumental element analysis. Delayed neutron counting is a monoelement
method specifically for uranium ( 2 3 5 U) in solids. Interference by thorium is only
above a thousand ppm Th: Completely automatic routine operation with low costs
make these methods suitable, for example, for geological surveys. The fission track
method allows detection o f even a single isotope o f 235U by the typical etching
figures for fission (star).

5.3. Applications of nuclear analytical techniques
The main environmental compartments to be analysed and monitored for ele
ments by nuclear methods are air particulate matter, sediments, rocks and soil,
plants, animal tissue, tissue from human organisms, food, as well as anthropogenic
contamination. The chemical character o f the environmental samples within these
compartments is extremely complex and cannot be treated systematically here. The
samples may be solid, liquid or gaseous. Their chemical character is either inor
ganic, organic or mixed. Neutron activation analysis is optimal for the analysis of
solids, which need no disintegration in the case o f silicates and no ashing in the case
of biological material.
Within the chemical analysis service o f the Central Department for Chemical
Analysis, KFA, Jülich, the radioanalytical group can analyse the following elements
under the conditions given below.
Activation in the DIDO FRJ-2 reactor with a thermal neutron flux of
x 10 1 3 and an epithermal flux of 4 X 10 1 2 n-cm " 2 -s _ 1 with (a) 10 d of irradia
tion, 3 h o f measuring time and (b) 1-60 min o f irradiation, one half-life time decay
and measuring time equal to the irradiation time. The conditions according to item
(a) permitted determination o f 47 elements with determination limits o f better than
1 ppm (mg/kg). According to (b), about twenty elements were determined with
better determination limits; using radiochemical NAA, a maximum o f about
7-75 elements were determined. Detection limits not better than 1 ppm (mg/kg)
were obtained for Li, Be, B, C, N, O, F, Na, Mg, Si, P, S, Cl, K, Ca, Ti, V, Cu,
Ga, Ge, Y, Nb, Tc, Rh, I, TI, Pb, Bi, Po, Ra, Ac and Pa [5].
In the daily routine service o f analysing rocks and soil after irradiation for 3 d
with a flux o f 5 X 1 0 1 1 n -c m “2 -s “' and 3 d o f cooling, the following radionuclides
and corresponding elements could be determined from the gamma ray spectra:
2 4 Na,
4 0 K,
4 6 Sc,
4 7 Ca,
5 1 C r,
5 9 Fe,
“ Co, 6 5 Zn, ?6 As, 8 2 Br, 8 6 Rb, 9 5 Zr, 9 5 Nb,
" M o , 1 2 2 Sb, l2 4 Sb, 1 3 1 Ba, 1 3 4 Cs, 1 4 0 La, 1 4 1 Ce, 1 4 2 Ce, 1 5 2 Eu, 1 6 0 Tb, 1 6 9 Yb, 1 7 5 Yb,
1 7 7 L um, 1 8 1 Hf,
l82Ta and 233Pa [2, 3]. These 29 elements are under simple, daily
8
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routine analysis. There are 13 m ore gamma ray peaks, which are from two nuclides
each.
Elements which can be analysed in air dust by activation analysis include Ag,
Al, As, Au, B, Ba, Br, Ca, Cd, Ce, Cl, Co, C r, Cs, Cu, Eu, F, Fe, Hf, In, K, La,
Li, M g, Mn, M o, Na, Ni, Pb, Rb, Sb, Sc, Se, Sm, Sn, Sr, Ta, Th; Ti, U, V, W,
Zn and Zr. O f these elements, Ag, Au, In, Ta, Th and U are best analysed by
ENAA; B, F, Li and Pb by proton AA and I, Ni, Ti, Pb by photon AA [15]. The
high resolution gamma ray spectrum of United States National Institute of Standards
and Technology SRM-1648, Urban Particulate, was analysed after whole reactor
neutron irradiation. The experimental conditions were 12 h of irradiation with whole
reactor neutrons in the M ERLIN FRJ-1 reactor at Jiilich, with a neutron flux of
6.5 X 10 1 3 n -c m “2 -s_1, 24 h cooling and 4 h measuring time with a HPGe detec
tor of 20% relative efficiency and 1.8 keV resolution at the 60Co peak; and an
N D - 6 6 with 8192 channels. As many as 167 identified peaks can be obtained,
belonging to 38 induced radionuclides, from which more than thirty elements can be
determined [15].
Determination o f uranium in geological material on a routine basis with fully
automatic devices can be obtained within a few minutes per sample by delayed neu
tron counting [11]. The cost is only a few US dollars, as charged by, for example,
the Geological Survey of Canada.

6

.

NUCLEAR RELATED ANALYTICAL TECHNIQUES

This classification is somewhat arbitrary. For practical reasons, the IAEA
includes, in addition to ICP-M S, several types o f XRF spectrometry which are based
on nuclear techniques for exciting the characteristic X ray fluorescence (Table П).

6.1. Inductively coupled plasma-mass spectrometry
6.1.1. Principles
The ICP-MS is the widest ranging multi-isotope analysis method for aqueous
solutions that is not too high in matrix concentration [10, 16]. The analyte solution,
as in flame-AAS (F-AAS) or ICP-AES, is sprayed into the inductively coupled
plasma. Here it is vaporized, atomized and ionized. The reaction products are
extracted from the plasma through a hole into the quadrupole mass spectrometer. All
isotopes of all elements according to the expression: mass/charge number are sepa
rated here quantitatively. Determination is unspecifically by ion counting. The main
hardware problem o f the method is not the inductively coupled plasma or the rela
tively simple quadrupole mass spectrometer. It is the connection between the two.
The mass spectrometer with a hole has to be operated under ultrahigh vacuum. The
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main software problems are the isobaric overlapping by signals from other isotopes
or species and, in the case o f higher matrix concentrations, signal depression or
enhancement.
F or applications the method is the ‘queen’ o f instrumental multielement analy
sis techniques in the sense that it allows the largest number o f elements to be deter
mined simultaneously or extremely fast-sequentially, with the lowest detection limits
and a measuring time of only about three minutes. Detection limits are one to two
orders o f magnitude smaller than for ICP-AES. In addition to element analysis, it
permits isotope analysis as well, with application o f the isotope dilution technique.
On the other hand, isobaric signal overlapping and signal depression or enhancement
due to matrix effects may complicate the simple mode of operation. One can try to
compensate for it by advanced on-line data evaluation.
Advantages: (1) Multi-isotope analysis o f aqueous solutions with simultaneous
analysis o f the highest number o f isotopes/elements in the shortest time per element
and the greatest sensitivity. (2) Simultaneous separation o f all isotope mass/
charge number signals and fast-sequential ion counting, theoretically up to about
70 elements, e.g. in granite waters up to 50 elements. (3) Highest speed of analysis,
with about 2.4 s/element and only 3 -5 min for all 50-70 elements. (4) Lowest detec
tion limits for solutions down to the sub-ppb and 1 0 ppt levels ; 1 1 0 - 1 0 0 times better
than ICP-AES; comparable with ET-AAS and others. (5) Equal range o f low detec
tion limits for most elements o f the periodic system. (6 ) Analysis o f isotopes allows
analysis o f elements if the present iostopic ratios o f the element are known precisely,
e.g. from natural constant ratios. (7) Allows use o f the isotope dilution method,
which is the most accurate method for element determination in the ppb and sub-ppb
range, and analysis o f stable, non-radioactive isotopes for tracer studies. ( 8 ) Good
precision and accuracy in the concentration range o f 1 ppb to about 10 ppm. (9) High
linear dynamic o f about five orders o f magnitude. (10) High plasma temperature
eliminates most chemical interferences. (11) Simple structure o f the spectra com
pared with AES; the maximum number o f lines is below 250 mass/charge lines,
corresponding to elements from Be to U. (12) Tolerates smaller concentrations of
biological and organic material; dilution of 1 : 1 0 with water eliminates need for
previous ashing. (13) No impurities from the vacuum system o f conventional mass
spectrometers are introduced into ICP-MS. (14) The inductively coupled plasma
used produces mostly only single charged cations M + ; less than 0.2% Ba2+.
(15) Full on-line computerization. (16) Simple sample introduction by sample
collector. (17) Allows automatic routine analysis o f a large series of samples o f up
to about twenty solutions. (18) Complete and fast printout o f all data for each
analysis.

1 1 billion = 109.
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Disadvantages: The critical points are: (a) M ust keep high vacuum in a mass
spectrometer with a hole and (b) the extreme difference in pressure and temperature
between the inductively coupled plasma with the analyte atoms/ions and other reac
tion products on the one hand, and the open quadrupole mass spectrometer on the
other.
The main software problems are: (1) Spectral interference by isobaric overlap
ping of the mass/charge signal o f the isotope to be analysed by interfering signals.
(2) M atrix interference is the reason for signal depression and sometimes also
enhancement. (3) The method is restricted to solutions with salt concentrations of
below 0.1 to 0.2% . (4) Element concentrations range between 10 and 50 ppm
(mg/kg) down to 0.01 ppb (дg/kg) for the most sensitive range. (5) Only solutions
can be measured directly, solids have to be dissolved. (6 ) Some hysteresis effects
within the nebulizer and sampling cone may be involved. (7) In case o f a pneumatic
nebulizer, a 2 -1 0 mL analyte solution for each determination is necessary.
( 8 ) Accuracy and precision can be somewhat worse than for IÇP-AES. (9) Inter
ference by isobaric overlapping is m ore serious in the mass range between about
20 and 85. (10) Isobaric overlapping of the mass/charge signal of the isotope to be
analysed by the signals from other isobaric ions may be due to: isotopes from other
elements with the same mass number; reaction products o f the plasma; the solvent
water; the added acids; small amounts o f double or triple charged cations from iso
topes with mass numbers by a factor o f two or three higher.
The main interference is due to isobaric overlapping for mass numbers
between about 23 and 85. For these reasons, ICP-MS in general has somewhat more
problems than ICP-AES for lighter elements; for heavier elements, ICP-MS is to be
preferred.
(11)
Signal depression or less frequent enhancement is due to either: matrix
effects or changes in tem perature, dissociation or ionization in the inductively cou
pled plasma and quadrupole mass spectrometer, as well as problems with the connec
tion o f the plasma to the mass spectrometer. (12) On-line connection o f an external
computer for more sophisticated data handling and statistical data evaluation needs
improvement. (13) Commercial instruments are available from about five compa
nies. One instrument costs (in 1992) about DM 600 000.
W ithin the last two years, remarkable improvements have been made with both
instruments. In the author’s laboratory, the new ELAN 5000 is an improvement with
respect to: easier routine operation, better short and long term stability, detection
limits often better by a factor o f 1 0 and a smaller size o f the instrument.

6.1.2. Applications
The multielement character and extreme sensitivity equally for the majority of
elements can be used optimally for aqueous sample solutions with a low matrix con
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tent. Daily routine control o f distilled or deionized water is optimal and lasts, in a
semiquantitative mode, for less than five minutes.
Excellent results have been reported for granite waters with multiple trace ele
ment contents. With ELAN 250, about 37 elements could be determined simultane
ously, with ELAN 5000 up to 50.
W astewater effluents with low matrix concentrations from all departments of
KFA can be analysed in the same way.
In blood serum analysis, the organic material can be tolerated if the sample is
diluted 1:10 with water. By this simple method, the introduction of contaminants by
ashing techniques can be eliminated.

6.2. X ray fluorescence (XRF) methods
Classical wavelength dispersive (WD) and energy dispersive (ED) XRF spec
trometry are instrumental multielement analysis methods for analysing solids mainly
for major and minor elements, though not for trace element concentrations. Liquids
can less commonly be analysed. Light elements below Z < 13 are more difficult to
analyse; trace element concentrations can be determined only down to about 1 1 0 or
to 5 ppm. The matrix effects are serious. Characteristic is the virtually same level
o f detection limits for all elements, except for the lighter ones.
Classical W D-XRF is based on crystal diffraction. It works sequentially and
is time consuming, but accurate and precise. The newer ED-XRF operates simul
taneously using a multichannel analyser and is much faster. Particle beam (PIXE)
and synchrotron radiation (SY) induced XRF, because o f the higher energy, are
much more sensitive. The former has found wider application for analysing solid
samples with detection limits a factor o f 100 smaller than WD-XRF. The latter,
SY-XRF, also shows promising features for trace element analysis because o f its
lower background. The number o f applications o f PIXE and SY-XRF, however, is
limited by the high costs of a particle beam accelerator or synchrotron. Both PIXE
as well as SY-XRF can be applied as a microprobe.
Advantages: (1) XRF has a multielement character for elements Z > 10 or 16.
(2) It is non-destructive and purely instrumental for solid and powdered samples.
(3) It is selective according to M oseley’s law. (4) It has a much smaller number of
spectral lines compared with atomic emission. (5) Therefore, it has fewer spectral
interferences. (6 ) It has fairly uniform detection limits for most elements, except the
lighter ones below Z < 10 or 16. (7) The peak energy, characteristic for element
identification, follows the sequence of the periodic system (M oseley’s law). ( 8 ) It is
most suitable for the determination o f major and minor elements from 1 0 0 % to about
100 ppm, with determination limits o f 1-5 ppm (mg/kg). (9) It has good precision
for major and minor elements at 0.1-1 %, and for trace levels > 5 % . (10) The speed
o f W D-XRF analysis is better than that of NAA, but still long; for ED-XRF with
a multichannel analyser it is good. (11) Well developed commercial instruments with
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sample changer are available. (12) Ease o f operation. (13) Fully automated routine
analysis for sample series with up to a hundred samples. (14) Well established, but
complicated, software available for correction of self-absorption.
Disadvantages: (1) High self-absorption o f the analytical signal compared with
gamma ray spectrometry. (2) Therefore, strong matrix effects. (3) Limited to thin
layers o f the sample. (4) Restricted to detection limits of > 1-10 ppm (mg/kg),
depending on the matrix; therefore, it is not a distinct trace analysis method.
(5) Dependent on particle sizes in the case o f powder pellets, not for melted samples.
(6 ) Dependent on heterogeneous element distribution within the sample. (7) This
affords elaborate calibration calculations for unknown samples in daily chemical
analysis. ( 8 ) Often needs fusion or preparation o f a standard series in the case of the
powder method. (9) Rather expensive equipment, especially in the case of
wavelength dispersive operation.
6.2.1. Energy dispersive X ray fluorescence spectrometry
The instrumental set-up consists of an X ray tube or radioisotope source, sam
ple, Si(Li) or Ge detector crystal with liquid nitrogen cooling, a multichannel
analyser and an electronics device for signal and data handling.
Advantages: (1) Typical simultaneous and not sequential multielement
approach. (2) A measuring time smaller by an order o f magnitude. (3) Fast survey
and/or semiquantitative analysis o f unknown samples before applying WD-XRF.
(4) Portable instrument with radionuclide X ray source allows in situ field analysis;
sources can be, for example, l0 9 Cd, 241Am or 5 7 Co. (5) Lower thermal and radia
tion energy results in better stability for organic and biological materials, for exam
ple, because of the lower and shorter excitation power as compared with WD-XRF.
Disadvantages: (1) Limited energy resolution of the common Si(Li) detector,
which implies peak overlapping and larger background noise in the spectra; much
lower excitation energy in the case of a radionuclide source. For these reasons,
detection limits, precision and accuracy are usually worse than for WD-XRF.
The accuracies achieved for multielement analysis are between approximately
5 and 10%.
6.2.2. Particle induced X ray fluorescence spectrometry
Principle: An accelerator produces a beam o f protons, deuterons, etc., with
a diameter o f less than 1 mm at 1-3 MeV which in the thin layer of the sample
< 10 д g/cm 2 excites the characteristic X ray fluorescence in the inner electron shell
o f the atoms under investigation.
Advantages: (1) Possibility of trace element analysis of microsamples down
to masses below 1 mg. (2) Lower detection limits by a factor o f 10 to 50, also in
routine analysis of, for example, carbon or organic matrix. (3) Multielement charac
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ter for all elements between Al and U. (4) Rather uniform sensitivity throughout the
periodic system. (5) Typical accuracies for geological samples are 5% and precisions
o f 2% can be reached. (6 ) Automatic routine analysis with only 5 min o f irradiation.
(7) Approximately twenty elements can be determined.
Disadvantages: (1) Problems with homogeneous and representative sampling
because o f small samples < 1 mg and the small beam diameter o f a few mm.
(2) Expensive accelerator or cyclotron instruments are necessary. (3) Stability
problems for the sample under vacuum, heat and irradiation conditions. (4) For
heavy matrices, it is less sensitive than WD-XRF.
Detection limits in general are about ten to one hundred times lower than for
normal W D-XRF. The relative detection limits are about 0.1-1 ppm (mg/kg) for
most elements. In the m icroprobe mode detection limits down to 5 pg absolute and
spot sizes o f 1 fj,m are possible. The best sensitivities are exhibited by the elements
between Z = 25 to 80, the minimum for rare earths.
PIXE allows a microprobe mode of operation. This shows higher sensitivity
and deep penetration compared with an electron microprobe. For beam diameters
down to 10-50 /urn, the spatial resolution is similar to that o f the electron
microprobe. There is good resolution only for very thin films o f sample. The sensi
tivity is about 10 ppm compared with 1000 ppm for the electron microprobe. Exam
ples o f routine environmental applications are thin films, such as air particulate
matter, deposited on filter material.

6.2.3. Synchrotron radiation induced XRF
The characteristic X ray fluorescence in the sample is induced by synchrotron
radiation from a synchrotron. This radiation has: (1) A continuous spectrum with
energies of up to the high energetic X ray region o f 100 keV. (2) An intensity many
orders of magnitude higher than the bremsstrahlung produced by conventional X ray
tubes. (3) A high degree o f polarization. (4) The possibility for total reflection on
the sample holder. Therefore, scattering effects can be minimized, resulting in a very
low background and high sensitivity. (5) The experimental set-up is similar to that
of other ED-XRF methods. (6 ) The small diameter and high intensity permit applica
tion as a SY-XRF microprobe.
Advantages: (1) It is a microtrace method for multielement analysis. (2) It has
better relative detection limits because o f high linear polarization, which improves
the peak/background ratio by a factor o f 10. (3) It has good absolute detection limits
because of the high radiation intensity. (4) High photon flux and collimation allows
small irradiated sample areas and masses; therefore it is a micromethod. (5) The
white spectrum up to 35 keV allows more uniform excitation o f all elements.
(6 ) Therefore, К lines can be used up to Z = 60 for element analysis. (7) Smaller
dependence of the detection limits on atomic number. (8 ) An internal standard tech-
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nique can be applied. (9) It has a tunable monochromator in the case of complicated
mixtures being used.
Disadvantages: (1) An expensive synchrotron is needed, plus the associated
cost o f operation. (2) Need to prepare thin films o f < 1 m g/cm 2. (3) The problems
with homogeneity and representative sampling because o f the small beam diameter
o f < 2 mm are similar to those with PIXE.
Detection limits are in general a factor o f 10 better than with conventional
X ray beams because o f the lower matrix influence. With the synchrotron radiation
continuum, detection limits down to a few hundred ppb (/xg/kg) are possible, with
monochromatic radiation even lower. The absolute detection limits range from 0.01
to several pg for monochromatic excitation. The WD technique has better energy
resolution and lower detection limits down to the 10 ppb range. Transmission
SY-XRF with white excitation affords samples with sample masses below
1 m g/cm 2. Detection limits here are 0.05-1 ppm, with absolute limits down to the
pg range.
The applications of SY-XRF include element analysis of single grains o f air
particulate matter, soil, etc. In dried biological material, lower detection limits than
for PIXE can be achieved; they are superior for most elements above Z > 30. The
SY-XRF microprobe is more sensitive than electron probe X ray microscopy for
small sample volumes and individual particles for elements with Z > 40.
6.2.4.

Total reflection XRF spectrometry (TR-XRF)

This is a variant o f ED-XRF spectrometry. In contrast to W D-XRF and
ED-XRF, it is a true multielement analysis method for trace levels with improved
sensitivity by two to three orders o f magnitude as compared with normal ED-XRD.
Furtherm ore, it is virtually the only XRF technique primarily for solutions.
The sample has to be prepared as a thin film on a quartz layer. Both are irradi
ated at grazing incidence by a narrow collimator X ray beam. At glancing angles
below a few minutes o f arc, multiple total reflection (TR) occurs on the surface.
Scattered radiation from the sample support is virtually eliminated and the spectrum
background is drastically reduced.
The experimental set-up consists o f the X ray tube, a thin film o f the sample
on a quartz layer, an Si(Li) detector, a multichannel analyser and an electronics
device.
Advantages: (1) Improved sensitivity o f two to three orders o f magnitude
compared with normal ED-XRF. (2) Detection limits of, for example, 10 pg
correspond to a minimum concentration o f 0.2 ppb (/¿g/L) for a 50 /xL sample
solution. (3) Therefore, TD-XRF is an instrumental multielement mode o f ED-XRF
down to ultratrace levels. (4) A small amount o f sample solution from 100 down to
10 fiL is required. (5) Reproducibilities up to 2-5% are possible. (6 ) Simple calibra
tion procedure. (7) Use o f internal standards is allowed. ( 8 ) The thin sample film
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of only a few /xm thickness eliminates the need for self-absorption. (9) High sample
throughput in automatic equipment.
Disadvantages: (1) Restricted to a few types o f material with low matrix con
centrations, e.g. to natural waters or simple types o f wastewater, but not sea water.
(2) Time consuming chemical sample preparation is necessary, e.g. dissolution, ash
ing, separation o f the matrix, etc. (3) Poor sensitivity for light elements. (4) Compli
cated calibration during installation o f the instrument and equipment. (5) Not so
versatile and universal as ICP-AES and ICP-MS.
Applications in a wide area o f environmental research and pollution have been
reported, e.g. in sediment analysis, air dust analysis, mineral exploration, seawater
analysis, and applications in biology, medicine and biochemistry. W ithout chemical
sample preparation, however, it is suitable only for natural waters, some biological
fluids, dust particles precipitated on a filter and thin layers o f solid microelectronic
materials.

FIG. 1, Non-destructive determination o f traces o f uranium in granite powder by:
A, В — low-level alpha particle spectrometry with manual spectra evaluation; С — computer
evaluation according to the ALBS program by Westmeier; D — delayed neutron counting;
E — instrumental neutron activation analysis; F — low level gamma ray spectrometry.
(Source: B. Sansoni, V.K. Panday, A.N. Abbady, R. Djingova, 1989.)
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FIG. 2. Comparison o f the reproducibility (precision) o f different instrumental multielement analysis methods (relative
variation coefficients fo r four independent measurements in relative %) [19].
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COMPARISON OF THE DIFFERENT METHODS

The applicability of different methods o f analysis as used in the study of
environmental materials may be exemplified by the following data for crystal
granite. For such materials, according to the discussion in Section 2, (a) epithermal
NAA gives the largest number o f elements, but may have serious problems with cal
culations according to the monoelement standard method and its theoretical back
ground. (b) More simple is the use of TNAA. (c) Precision has also been slightly
better for TNAA. (d) The results show clearly that, if possible, one should apply
m ore than one method to the same analytical problem (i.e. a multimethod approach),
(e) The monostandard method has enlarged remarkably the number o f elements to
be determined. Comparison o f different NAA methods for several rock and soil
samples, as described in Section 3, has shown optimal results for Ca, Ce, Cr„ Eu,
Fe, Lu and Sc with RNAA, and for Ba, Br, Co, Cs, Hf, Rb, Sb, Se, Sm, Se, Ta,
Tb, Th, U, Yb and Zr with ENAA. This latter mode o f analysis was calculated
according to the monoelement standard calibration method. The results were in good
agreement with certified literature values for JG-1 standard granite [3].
Figure 1 compares different instrumental methods for the non-destructive
determination o f uranium in granite powder. As is to be expected, in the case of the
very badly resolved alpha spectra of the solid granite powders, manual evaluation
o f the spectra (A) seems to be slightly more precise than automatic computer evalua
tion (B). Delayed neutron counting (D) gives similar results to NAA. There is also
agreement between D and F. This figure shows that the different methods can be
used for the non-destructive determination of uranium in the region of about
4 -28 ppm (mg/kg) U in granite powder [11, 17]. Only the computer evaluation (B)
o f the low quality alpha spectra in this case is to be considered as being
semiquantitative.
Finally, Fig. 2 [18] compares the reproducibility (precision) o f several
instrumental multielement analysis methods. For each single element and method,
four independent determinations were always made. The relative variation coeffi
cient is given as a measure o f precision. It is interesting to note that ICP-AES has
the best precision and spark source-AES (SS-AES) the worst. The precision for the
monoelement standard calibration method in both cases, for RNAA as well as
ENAA, is somewhat worse compared with the corresponding relative method with
multielement standard SRMs.

8

.

FUTURE TRENDS

In further improving instrumental multielement analysis methods it is more
important to make them more independent of matrix and other interelement inter
ferences than further improving detection limits. The linear dynamic ranges should
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be enlarged and made similar for all elements. The detection limits should o f course
always be as low as possible, but also o f a similar order o f magnitude for all
elements. The spectrometric param eters can also always be improved, but should
include sample introduction. There is an urgent need for multielement standard
reference materials with as many certified elements as possible. There is also a need
for extremely pure multielement standard solutions with up to 40-50 elements,
if possible, especially in the case o f ICP-MS. For routine analysis, complete automa
tion is possible. ICP-MS is able to produce up to 50 concentration values every
3-5 min. Therefore, the limiting factor here in the speed o f analysis is not signal
measurement, but data evaluation. Additional external PCs or workstations should
be provided with sophisticated software. The practical routine analyst wants more
on-line data evaluation for producing tables, graphs, statistical data concentrations
and documentation immediately with variable protocolling.
M ore effort should be devoted to the analytical steps rather than on measuring
the signal (Table II), especially sampling, sample preparation and data evaluation,
as mentioned before. Mechanical sample preparation should be avoided as much as
possible because it is connected with the basic hazards o f trace analysis: contamina
tion, loss of elements, change in mean sample composition and additional manpower
and costs. Sample size reduction should be avoided if possible. Teflon should be used
for the sensitive parts of mills and other grinding instruments at temperatures of
liquid nitrogen. High purity metals, e.g. pure Ti, Ta and Z r, are also useful. Modern
trends in ashing techniques have been discussed in Section 2.
At the present time, the most important instrumental multielement analysis
methods for solutions are ICP-M S, followed by ICP-AES. Most important for solids
are NAA, with its high resolution and efficiency o f Ge detectors, XRF for major,
minor and higher trace levels, but also TR as well as PIXE and SY-XRF. Spark
source-MS is also useful for metals with higher electrical conductivity, but not for
trace element analysis of non-conducting materials. For special problems, e.g. trace
element analysis of air particulate matter on filter discs, more specialized methods,
such as PIXE or SY-XRF, are preferable. Regarding the future o f TR-XRF for trace
element analysis in solutions, it has to be kept in mind that there is strong competition
from ICP-MS.
There will be an increase in interest in nuclear analytical techniques for analys
ing radionuclides in nature or as a result o f man-made activities. Highly sophisticated
techniques such as PIXE, SY-XRF, delayed neutron counting, etc., however, need
expensive equipment which can be used, but only where such equipment is still
available, e.g. in nuclear and other research centres. It will hardly be installed in
normal trace element analysis laboratories because o f their restricted budgets.
The situation is different as regards neutron, charged particle and other activa
tion analysis methods. They require nuclear installations, such as nuclear research
reactors, accelerators, cyclotrons, etc. They cannot be installed only for trace ele
ment analysis. Exceptions may be the low cost Slowpoke or the Triga M ark 1 reac
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tors. Such methods can be used only in research centres with such facilities.
However, there is a trend to close down such centres in some technically advanced
countries.
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Abstract
STABLE ISOTOPES AND GASEOUS AND PARTICULATE IMPURITIES IN POLAR
ICE CORES: APPLICATIONS IN CLIMATOLOGY AND ENVIRONMENTAL
RESEARCH.
Unique information has been obtained during the last few decades on past changes in
the climate of our planet through the investigation of oxygen and hydrogen stable isotopes in
palaeowaters, especially in successive, well preserved, dated snow and ice layers deposited
in the large Antarctic and Greenland polar ice caps. Together with isotopic data obtained from
deep ocean sediments, they have provided confirmation that changes in the orbital parameters
of the Earth have played a key role in the succession of glacial and interglacial periods. Polar
snow and ice cores have also allowed investigation of past and recent changes in the composi
tion of our atmosphere. During the last climatic cycle, there was a close correlation between
the atmospheric concentrations of C 0 2 and CH4 and climate, with the lowest concentration
values during the coldest periods, which indicates that variations in the concentrations of
greenhouse gases are likely to have contributed to glacial-interglacial climatic changes by
amplifying the relatively weak insolation change associated with orbital ‘forcing’. Of
particular interest are the snow and ice layers deposited over the past few centuries, especially
since the Industrial Revolution. Anthropogenic increases of C 0 2 and CH4 are well
documented both in Greenland and Antarctica. For species with short residence times such
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as sulphate, nitrate and heavy metals, the anthropogenic effect is mainly observed in
Greenland: for Pb, a two hundredfold increase is observed from several millenia ago to the
mid-1960s; it is followed by a decrease of seven and a half times during the past twenty years
owing to a reduction in the use of lead alkyl additives in gasoline.

1.

INTRODUCTION

A thorough knowledge o f the past climatic and environmental history o f the
Earth is o f paramount importance for a better assessment of possible changes induced
by man which might affect our climate and environment on a global scale. Such
palaeodata can be obtained from various marine and terrestrial datable sediments
through approaches based mainly on isotopic studies. Among the most interesting
sediments are the successive well preserved snow and ice layers deposited in the
central plateau areas of the large Antarctic and Greenland ice caps, whose age can
be up to several hundred thousand years.
In this paper, we are concerned mainly with the investigation o f the occurrence
o f oxygen and hydrogen stable isotopes in these polar snow and ice layers with the
aim o f obtaining detailed information on past changes in the Earth’s climate during
the last few glacial cycles. W e also provide a brief overview o f the very interesting
results which were obtained on the occurrence o f these isotopes in deep sea sedi
ments, which have allowed comprehensive data to be obtained on successive
glacial-interglacial cycles during the entire Quaternary era. Finally, we discuss the
wide range o f information on ancient and recent changes in the composition o f the
global atmosphere o f our planet which was obtained through the investigation of
various gaseous and particulate impurities in the polar ice caps.

2.

OXYGEN AND HYDROGEN ISOTOPES IN PALAEOWATERS
AND THE CLIM ATE

2.1. Isotopic fractionation in the atmospheric water cycle
The saturation vapour pressure and molecular diffusivity in the atmosphere of
the two stable isotopic forms o f water (HDO and H 2 1 8 0 ) are different from those
of the main component o f water H 2 1 6 0 . This results in isotopic fractionation at each
phase change o f water on the successive steps o f the atmospheric water cycle [ 1 ],
which leads to global scale variations in the concentrations o f HDO and H2180 in
precipitation.
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These global isotopic variations, denoted here in ô units, ÔD and ô 180 (the
relative deviation in per mille from the concentrations in standard mean ocean water
(SMOW)), are well documented for present day precipitation. They have the
following characteristics:
(1)
(2)
(3)

For middle and high latitudes, there is a well fitting linear relationship between
the tem perature, T, and either <5D or á l8 0 ;
This relationship is not observed in tropical and equatorial regions, where
isotopic patterns are more significantly influenced by precipitation rates;
<5D and ô 180 are linearly related to each other throughout the world with the
following equation: <5D = 8 ô 180 + 10.

Fractionation processes may be modelled using a variety o f models. The
simplest ones are o f dynamic Rayleigh type, in which the treatment is limited to
precipitation formed in an isolated air mass [1, 2]. M ore elaborate ones involve the
introduction o f isotopic cycles into general circulation models o f the atmosphere
which take into account better the complexity o f the atmospheric processes leading
to the formation o f precipitation [3, 4]. Figure 1 shows the comparison between the
observed ô l 8 0 values for precipitation (annual averages) and those predicted by the
United States National Aeronautics and Space Administration/Goddard Institute of
Space Studies (NASA/GISS) model. This figure illustrates the capacity of these
complex models to reproduce the observed distribution. The existence of a relation
ship between the temperature and the isotopic content of precipitation, <5D or ô 1 8 0 ,
constitutes the basis for inferring palaeotemperatures from isotope concentrations in
ancient precipitation.

2.2. Available palaeowaters
In low and middle latitudes, the oxygen or hydrogen isotope concentrations in
ancient waters can be obtained directly from groundwaters, fluid inclusions in
speleothems and Alpine or tropical glaciers (see, for instance, Ref. [5]). They can
also be obtained indirectly from precipitated calcite, tree ring cellulose or other
organic materials, especially those in lake sediments. In polar areas, a unique
undisturbed sequence of palaeowaters is available through the successive dated snow
and ice layers deposited on the polar ice caps, especially the two large Antarctic and
Greenland ice caps.
To make use of these very valuable isotopic data, palaeoclimatologists assume
that at a given location, the slope of the linear temporal relationship between the
temperature, T, and either ÔD or ô 180 for various periods in the past is similar to
the well documented present day spatial slope.
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(a)

FIG. 1. Mean annual content o f 6,sО (in per mille) in precipitation from (a) a three year
simulation performed using the NASA/GISS general circulation model; (b) observations from
the IAEA network and from various other sources (adapted from Ref. [4]).
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3.

OXYGEN AND HYDROGEN ISOTOPES IN ANTARCTIC
AND GREENLAND SNOW AND ICE

3.1. Isotope-temperature relationship for Antarctica and Greenland
Although the isotopic composition o f polar snows is dependent upon several
parameters, a well fitting linear relationship is observed both for Antarctica and
Greenland between the mean annual surface temperature and the mean <5D or 0 180
values for present day deposited snow [6 , 7]. Since there is a strong correlation
between this surface temperature and the temperature above the inversion level,
where precipitation is formed, a similar relationship also exists when using this last
temperature, which is more representative o f atmospheric conditions.
As an illustration, Fig. 2 shows the variations in <5D in deposited snow as a
function o f the surface temperature for east Antarctica. It was obtained from the
analysis o f a comprehensive series o f shallow snow cores collected along a 1 1 0 0 km
coast-interior axis in Adelie Land [6 ]. The slope o f the regression line is found to
be 9 7 0 0 per °C when considering the temperature above the inversion level (it is
67„o per °C if the surface temperature is considered). It is important to mention that
this observed slope is in very good agreement with that derived either from one
dimensional atmospheric circulation models or general circulation models [4].

6 D (%o)

5 1flO (% o)

Temperature (°C)
FIG. 2. Variations in the mean annual content ofhD in Antarctic surface snow as a function
o f the local mean annual surface temperature along a 1100 km coast-interior axis in east
Antarctica (for surface temperatures lower than 20°C) (from Ref. [6]).
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3.2. Sample collection and dating
The difficulties involved in obtaining deep Antarctic and Greenland snow and
ice cores covering long enough time periods for climatic studies are formidable.
Great engineering skill is necessary for the development and operation of the thermal
or electromechanical deep drills which are required (the mean ice thickness in
Antarctica is about 2.5 km, but it can be up to 4.5 km in some areas). Moreover,
drilling operations are made very difficult and expensive by the remoteness and the
very severe climatic conditions (elevations well above 3000 m, very low tempera
tures, blizzards, etc.). This explains why there are currently very few available deep
ice cores reaching back to the last ice age (three for Antarctica and two for
Greenland), obtained by only a handful of countries.
The deepest (and oldest) core obtained so far was thermally drilled by the
Antarctic expeditions of the form er Soviet Union, at Vostok Station (78°28'S,
106°48'E, elevation 3490 m above sea level, mean annual temperature — 55.5°C).
It reached a depth o f 2546 m (the depth of the bedrock at that location is about
3500 m), which corresponds to a well preserved continuous sequence of
2 0 0
0 0 0
years o f palaeoprecipitation, i.e. more than the full last climatic cycle (but
this represents only a small part o f the Quaternary era).
The various methods which can be used for the dating o f such deep cores have
been reviewed in detail by several authors (see, for instance, Ref. [8 ]). One o f these
methods relies upon seasonal variations in ÔD or ô 1 8 0 . The precision o f the dating
depends upon a number o f factors. For the Holocene (the last 10 000 years), it can
be very high. Beyond the Holocene period, absolute dating of the ice is often not
possible, and ice core chronologies can only be established either by using
glaciological ice dynamic models or by comparison with other palaeorecords, with
inherent limitations in accuracy in both cases.

3.3. Isotopic changes during the last climatic cycle
The observed changes in ¿¡D as a function of depth in Antarctic ice at Vostok
Station during the past 160 000 years [9] are shown in Fig. 3. It is the longest isotopic
record obtained so far for both Antarctica and Greenland.
The stages labelled from A to H [10], indicated at the top o f the figure, show
the successive warm and cold periods. Stage A (the last 10 000 years) corresponds
to the present Holocene interglacial. Stages B -F cover the last ice age (from about
13 000 to 116 000 years before present (BP)), with С and E being slightly warmer
interstadials, and В being the Last Glacial Maximum (LGM) centred around
18 000 years BP. Stage G (from about 116 000 to 140 000 years BP) characterizes
the previous interglacial period (next to last interglacial). Finally, stage H (before
140 000 years BP) is the last part of the next to last ice age.

49

IAEA-SM-325/197
-410

-420

-430

5? -440

Q

to
E -450

э
ф

щ -460

-470

-480

-490
0

500

1000
Depth (m)

1500

2000

FIG. 3. Changes in ÔD as a function o f depth along the Vostok deep Antarctic ice core (from
Ref. [9]). Also shown at the top o f the figure are the successive climatic stages referred to in
the text, labelled from A to H, and the estimated ages (in thousands o f years) corresponding
to the limits between these stages.

The chronology was established using a two dimensional ice flow model well
adapted to the Vostok area. It has an estimated accuracy o f 10 000-15 000 years at
the bottom o f the core [10]. An important feature o f this dating model is that it takes
into account the change with time o f snow accumulation, assuming that the precipita
tion rate over the Antarctic Plateau is governed by the amount o f available water
vapour. This amount is controlled largely by the saturation vapour pressure of water,
i.e. by the air mass temperature. This allows estimates o f snow accumulation
changes along the Vostok record directly from the isotope temperature record,
leading to the prediction o f a 50% reduction in accumulation at the LGM (stage В
in Fig. 3) with respect to modern values. This 50% reduction prediction for the LGM
was confirmed by the 10Be profile obtained along the core [11]: concentrations of
this cosmogenic isotope whose deposition flux is likely to have remained constant
over the last climatic cycle are indeed found to be higher during the LGM by a factor
o f about two than during the Holocene and the next to last interglacial.
After correction for the isotopic changes which affect sea water between
glacial and interglacial periods, the 5D profile shown in Fig. 3 can be transformed
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FIG. 4. Time series over the past 160 000 years o f (a) atmospheric temperature as deduced
from the Vostok 5D record (from Ref. [12]), and (b) deep sea sediment b,80 profile (adapted
from Ref. [15]) taken as a proxy o f the global ice volume and expressed with respect to sea
level changes. The two independent time-scales shown at the top and bottom o f the figure are,
respectively, the Vostok and marine (BP: before present).

into an atmospheric temperature record using a gradient of 9 7 0 0 per °C. This record
is dominated by the ~ 1 0 0 0 0 0 year glacial-interglacial oscillation with an amplitude
o f about 6 °C. The peak o f the next to last interglacial period (stage G) is found to
be significantly warm er than the present Holocene interglacial period (stage A) by
more than 1 °C. Three well marked temperature minima are observed during the last
ice age (stages В (LGM ), D and F); they are separated by two double peak
interstadials (stages С and E), during which atmospheric temperatures were up to
3 to 4°C above those observed during the LGM.
This locally determined Vostok temperature record appears to be representa
tive o f a large part o f Antarctica, as evidenced by the very good agreement [12]
between this record and the two other Antarctic temperature records obtained for the
Holocene and part o f the last ice age from the isotopic analysis o f the Byrd [13] and
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Dome С [14] ice cores. The main features of this record are probably even of global
significance, at least qualitatively, as suggested by the high correlation with the
marine ¿>180 record [15] shown in Fig. 4 (lower curve), which represents global ice
volume.
Aside from the large ~ 100 000 year signal, the Vostok temperature record
displayed in Fig. 4 also clearly shows a ~ 4 0 000 year signal with four temperature
minima roughly in phase with the past total insolation at the Vostok latitude (which
is governed by the obliquity cycle o f the Earth’s orbit with a period of
41 000 years [16-18]. There are also similarities between this Vostok record and the
65 °N July insolation changes which play a key role in the Milankovitch theory of
the ice ages (these changes are largely influenced by the precession o f the equinoxes
with periodicities o f 19 000 and 23 000 years). The spectral analysis of the Vostok
temperature record confirms these visual features: aside from the - 1 0 0 0 0 0 year
oscillation, the record is dominated by a strong 40 000 year component and, to a
lesser degree, by a - 2 0 000 year signal. These results then fully confirm the
importance o f the role o f astronomical ‘forcing’ as the initial cause o f the Quaternary
glacial-interglacial cycles [16-18].

4.

ISOTOPIC CLIM ATIC RECORDS FROM DEEP SEA SEDIMENTS

The Vostok temperature record described in the previous section, which is the
longest ice core record currently available, covers only the last o f the multiple
glacial-interglacial cycles which occurred during the Quaternary era (the last
1.7 million years) and it will take several years at least before the deepest ice cores,
covering the last two or three full glacial-interglacial cycles, become available.
The natural variability in the climate o f our planet during the whole Quaternary
era has, however, been well documented through the investigation o f the remains of
the calcareous shells o f planktonic Foraminifera (tiny protozoans) in deep ocean sedi
ment cores. These studies, which are comprehensively described in several reviews
to which the reader is referred (see, for instance, Ref. [19]), provide evidence that
the Quaternary era was characterized by a succession of glacial and interglacial
periods corresponding to the growth and decay o f large ice sheets in the high latitude
continental regions o f the Northern Hemisphere, and to large variations in the sea
level. The ice trapped in these large ice sheets was isotopically depleted with, as a
result, a slight increase (slightly m ore than 1 % 0 in <5l8 0 ) in the proportion o f light
isotopes in sea water, which can be reconstructed through the investigation o f oxygen
or hydrogen isotopes in Foram inifera calcareous shells found in dated deep ocean
sediment cores. Although the isotopic composition o f these shells is temperature
dependent, the records obtained provide a unique time series o f the changes in the
global continental ice volume and sea level. This is illustrated in Fig. 5 for the past
300 000 years [15].
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Time (thousands of years BP)

FIG. 5. Changes in Sl80 in a typical deep ocean sediment core (core RC 11-120 from the
southwestern subpolar Indian Ocean) over the past 300 000 years (from Ref. [15]). The addi
tional vertical scale given at the right o f the figure corresponds to the estimated sea level
changes (SMOW: standard mean ocean water).

These deep ocean sediment studies have convincingly demonstrated that there
is a conclusive link between this succession o f glacial and interglacial periods and
variations in the parameters o f the Earth’s orbit [16]. Periodicities characteristic both
o f the obliquity (~ 4 1 000 years) and of the precession o f the equinoxes (23 000 and
19 000 years), the most important orbital parameters as they strongly affect the dis
tribution o f available energy between latitude and seasons [17], are clearly observed
in these records. However, the m ost striking feature shown in Fig. 5 is the existence
o f a strong ~ 1 0 0 0 0 0 year cycle which is not easy to explain in the context o f this
orbital theory, despite further developments, including the non-linear response of the
ice sheets to orbital forcing [18, 20, 21]. It is also difficult to understand how a
relatively weak orbital forcing, when taken on an annual basis ( —0.7 W /m 2) can
induce a globally averaged annual temperature change of 4-5 °C characteristic o f gla
cial to interglacial shifts and how the main glaciations can be synchronized and be
o f similar amplitude in both hemispheres.

5.

PAST NATURAL CHANGES IN THE COMPOSITION OF THE
ATM OSPHERE DURING THE LAST CLIMATIC CYCLE

A unique characteristic o f Antarctic and Greenland snow and ice cores is that
in addition to the isotopic climatic record, they also provide a wealth of information
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FIG. 6. Changes in the atmospheric concentrations o f C 02 and CH4 as reconstructed
through the analysis o f the air bubbles entrapped in the Vostok deep Antarctic ice core
(adapted from Refs [22, 23]). The shaded areas correspond to the estimated uncertainties. Also
shown are the smoothed atmospheric temperature changes (above the inversion level) (from
Ref. [12]) (1 billion = 109).

on past changes in the composition o f the atmosphere, especially for trace gases and
for primary and secondary aerosols o f various origins.

5.1. Greenhouse gases
O f particular interest are trace gases, especially greenhouse gases. When
deposited snow turns into ice, atmospheric air is entrapped as bubbles. It is possible,
by extracting the air enclosed in these bubbles and analysing it for various gases, to
obtain a record o f the past evolution o f these gases in the global atmosphere o f our
planet. As an illustration, Fig. 6 shows the past variations in the atmospheric
concentrations o f two key greenhouse gases, C 0 2 and CH4, during the past
160 000 years, as obtained from the analysis o f various sections of the Vostok
Antarctic ice core [22, 23]. Both C 0 2 and CH 4 concentrations are found to have
varied strongly during the last climatic cycle, in close correlation with the climate:
concentrations were high during the interglacial periods (around 270-280 ppmv for
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C 0 2 and 600-700 ppbv for CH 4 ) , 1 and to a lesser extent during the relatively warm
interstadials o f the last ice age; on the other hand, they were much lower (around
190-200 ppmv for C 0 2 and 350-400 ppbv for CH 4 ) during the coldest stages of the
last ice age and o f the end o f the next to last ice age [22, 23]. The recent discovery
o f this strong correlation between the atmospheric concentrations o f C 0 2 and CH 4
and the climate has now led to the idea that C 0 2 [20, 24, 25] and CH 4 [23, 26]
changes have played a significant role in glacial-interglacial climatic changes by
amplifying, together with the growth and decay o f the Northern Hemisphere ice
sheets, the relatively weak global orbital forcing, and by making a link between the
climates o f the Northern and Southern Hemispheres. In terms o f radiative forcing,
such changes in the concentrations o f greenhouse gases are important because o f the
logarithmic increase with concentration. Between glacial and interglacial conditions,
this gives an increase in the available energy by about 2 W /m 2.
These long records have allowed the evaluation, or at least reasonable
bracketing, o f the climatic role o f greenhouse gas radiative forcing in the past [27].
The approach involves performing a multivariate analysis between the Vostok
Station temperature record and various climatic inputs. The contribution of
greenhouse gases to the Vostok temperature change can be bracketed between a
lower estimate o f 40% and a higher estimate o f 65%. W ithin the limits o f this
analysis, 50 ± 10% is a reasonable estimate for the overall contribution of
greenhouse gases to the Vostok Station temperature change over the last climatic
cycle.

5.2. Crustal and marine aerosols
Figure 7 shows past changes in the atmospheric concentrations o f aluminium
and sodium during the last climatic cycle, as shown by the analysis o f these two ele
ments in various sections of the Vostok Antarctic ice core [28, 29]. Aluminium is
a good tracer o f windblown rock and soil dust (crustal aerosols), while Na is a good
tracer o f wind blown sea salt spray (marine aerosols). Aluminium concentrations are
documented to have varied by up to two orders o f magnitude during the past
160 000 years, with in particular three major peaks during the cold climatic stages В
(LGM), D and H (Fig. 7). These peaks are explained by an increase in the strength
o f the sources o f crustal aerosols during these cold periods (increase in the surfaces
o f arid areas, higher wind speed over continents) and in the efficiency o f atmospheric
transport from mid-latitude sources to polar areas [28-30]. In addition to these
peaks, the Al profile shown in Fig. 7 suggests that there has been a continuous
increase in background concentrations from stages F to B. This last increase is
attributed to the progressive emergence o f large parts o f the continental shelves,
especially in South Am erica, due to sea level lowering. For Na, the amplitude of
' 1 billion = 109.
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Depth (m)

Thousands of years
FIG. 7. Changes in Al and Na concentrations in Antarctic ice during the last 160 000 years
as seen in the Vostok ice core (Na concentrations have been corrected fo r the crustal contribu
tion) (from Refs [28, 29]). Also shown at the top o f the figure is the atmospheric temperature
curve from Ref. [12] (m: marine).

variations is less pronounced than for Al (Fig. 7). The observed variations, however,
clearly indicate that during cold periods, the atmospheric concentrations o f ocean
derived aerosols were significantly higher than during warm er periods. This is
explained by an increase in the emission fluxes from the oceans because o f higher
wind speed and by stronger transport from source areas to Antarctica.

5.3. Heavy metals
Very large changes in the concentrations o f various other elements during the
last climatic cycle are also recorded in Antarctic and Greenland ice. This is
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A g e o f th e ic e (y e a rs BP)

FIG. 8. Changes in Pb, Zn and Cd concentrations in Antarctic ice during the last climatic
cycle as documented from the analysis o f various sections o f the Dome С ( O, 9 ) and Vostok
( A ) deep Antarctic ice cores (from Refs [31-34]). Also shown at the top o f the figure is the
ÔD curve from Ref. [9].

especially the case for heavy metals such as lead, cadmium and zinc. As illustrated
in Fig. 8 , the concentrations o f these metals were much higher in Antarctic ice during
the coldest climatic stages than during interglacial periods [31-34]. These variations
in heavy metal concentrations during the last climatic cycle were due mainly to
changes in soil and rock dust fluxes: this crustal contribution is found to account for
virtually one hundred per cent o f the observed Pb, Zn and Cd during the LGM and
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the end of the next to last ice age [31-34]. The other natural contributions (volcanic
emissions, wild forest fires, continental and oceanic biogenic activities) were
significant only during warmer periods, when the crustal contribution was much
lower. These results have allowed clear determination for the first time of what were
the natural pre-man atmospheric cycles o f these metals, thereby providing a firm
reference basis against which to evaluate modern time trends linked with human
activities.

6

.

RECENT CHANGES INDUCED BY MAN
IN THE COM POSITION OF THE ATMOSPHERE

O f particular interest are the snow and ice layers deposited in Antarctica and
Greenland during the past few centuries, especially since the Industrial Revolution.
These layers, which can generally be dated with great precision, permit the collec
tion of a well documented record o f the increase in large scale atmospheric pollution
in both hemispheres.

6.1. Trace gases
For trace gases which are mixed homogeneously in the atmosphere, the grow
ing impact o f human activities is clearly documented both in Greenland and in
Antarctica. For C 0 2, ice core data have confirmed that there has been a marked
increase in atmospheric concentrations from pre-industrial concentrations o f about
280 ppmv in the 18th century to about 320 ppmv in the early 1960s [35] (when
reliable direct atmospheric measurements became available). This increase is
attributed mainly to the combustion o f increasing quantities o f fossil fuels.
For CH 4 also, ice core measurements have provided the only available data
on trends in atmospheric concentrations o f this greenhouse gas. They indicate that
the concentrations were about 700 ppbv 200 years ago [36, 37], while present day
atmospheric values are over 1600 ppbv.

6.2. Sulphur and nitrogen compounds
These are species with rather short atmospheric residence times which are
mainly emitted into the atmosphere by human activities in the mid-latitudes o f the
Northern Hemisphere. This explains why mean sulphate and nitrate concentrations
in Antarctic ice and snow are found not to have significantly increased during the
past few centuries. In Greenland, on the other hand, there is a marked increase
(about three to fourfold for sulphate and twofold for nitrates) [38, 39], which agrees
well with the well documented increase in emissions from the use o f fossil fuels and
from various industrial processes.
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FIG. 9. Changes in Pb concentrations in Greenland ice and snow from several thousand
years ago to the present f O: Ref. [40]; • : Ref. [41]; A : Ref. [42]).

6.3. Heavy metals
Most available data are for lead, a highly toxic metal which has been
introduced extensively into the environment since the 1930s by human activities,
especially by the use o f Pb-alkyl additives in gasoline. As shown in Fig. 9 [40-42],
Pb concentrations in Greenland ice and snow increased by more than two orders of
magnitude from several thousand years ago to the mid-1960s [40] (during the same
time period, a clear increase by about one order o f magnitude was also observed in
Antarctica, which is evidence that this large scale pollution o f the atmosphere by Pb
has reached even the most remote areas o f our planet). However, from the late 1960s
to the present, a significant decrease by about 7.5 times has been observed (Fig. 9)
Ref. [41]) — clearly the consequence of the rapid fall in the use of Pb-alkyl additives
in gasoline during the past two decades, especially in North America, Japan and
Europe (i.e. the increasing use o f unleaded gasoline and decreasing concentrations
o f Pb-alkyl additives in leaded gasoline). Over these past twenty years, a significant,
although less pronounced, decrease has also been observed in Greenland for Cd and
Zn [41], which is attributed to the increasing efforts made in various countries in the
Northern Hemisphere to reduce industrial emissions of Cd and Zn (and o f other
metals and pollutants).
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Abstract
ELECTRON BEAM PROCESSING OF FLUE GASES: TECHNICAL AND ECONOMIC
CONSIDERATIONS - PAST, PRESENT AND FUTURE.
When the electron beam process began its accelerated development in 1984, there was
only limited interest in environmental preservation. Since that time there has been much more
awareness of the environment and many countries have set limits for the discharge of pollu
tants. There was much interest in the electron beam process when Ebara Environmental
Corporation was installing a demonstration unit in Indianapolis, USA, because it not only
removed S 0 2, but also removed NOx. It would not create any disposal problems after the
pollutants were removed because there was no slurry or sludge to handle. It was a dry process
and the by-product was useful as an agricultural fertilizer, namely ammonium sulphate and
ammonium nitrate. During the testing, good results were achieved, but it was also determined
that additional work would be required to make the process more economical and to improve
some of the technical aspects of the plant. At the present time, specific work is being done
at Ebara’s Fujisawa, Japan, facility, and a new project at Chubu Electric Power Company is
under way. Cost studies are shown in the paper to illustrate the impact of various improve
ments on future costs, and are compared with other processes. The process has numerous
technical and economic advantages over conventional systems. It has been classified by the
Electric Power Research Institute as one of the six combined removal systems that will be use
ful in future applications. With the current debate about NOx levels and ozone depletion,
NOx regulations are being examined more closely, thus making this process even more
advantageous.

1.

INTRODUCTION

Perhaps the best way to start is to refer to one o f the first papers written on
the commercial aspects of the electron beam process, presented by the author in
1984 [1]. At that time, Ebara Environmental Corporation was constructing a test
plant for this process in Indianapolis, Indiana, for Indianapolis Power and Light. It
was a project sponsored by the United States Department o f Energy on a cost sharing
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basis and was one o f the first projects that came under the Clean Coal Program. The
paper described what was being built in Indiana and also went through the history
o f the development of this process in Japan. Estimates were given of what the
removals would be of S 0 2 and NOx, and the ammonium nitrate and ammonium
sulphate fertilizer that would be produced by this process were described. This
process was also mentioned as being useful for burning medium and high sulphur
coal, which is in abundance in the USA and in many other parts of the world.
Some predictions were also made of the economic comparison with other com
mercial scrubbers which at that time only involved S 0 2 processes, since the selec
tive catalytic reduction process was only beginning to gain usage in NOx removal.
At the meeting [1], electron beam accelerator manufacturers were informed of the
need to have a larger and more efficient accelerator. The technology at that time for
accelerators was at about the 200 kW level, at 800 kV per accelerator. It was pointed

Pow er plant e le ctrica l capacity (MW (e))

FIG. 1. Electron beam power requirement versus power plant electrical capacity.
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out that this would require many guns for a 500 MW unit — 58 to be exact — which
would not make the Ebara installation competitive. It was projected that accelerators
in the range o f 900 kW or 1 MW would be required; Fig. 1 shows our early predic
tions o f process power and the number of guns that would be necessary at the present
technology level and those that would be used at the 900 kW size.
The Ebara electron beam flue gas treatment process can remove sulphur
dioxide and nitrogen oxides simultaneously and it will also remove other pollutants
and can be utilized in industries other than the utility industry. It is felt that the unit
can be used for cleaning the gases from municipal refuse incinerators, a subject that
this author dealt with in 1986 at the National Solid Waste Management Meeting in
New Orleans, USA. At that time, Ebara had not conducted any testing on the effect
of the electron beam process on dioxins or fiirrans, but since then it is our under
standing that work has been done at the Kemforschungszentrum Karlsruhe (KfK) on
these pollutants. It is also being studied in Japan and it is anticipated that a workable
system for this industry will be available in the future. Ebara has also looked at the
effect o f the process on volatile organic compounds (VOCs). It is felt that it can be
used in industries that are plagued with pollution by these VOCs. Therefore, it is
conceivable that the process itself will find uses in many other areas other than utility
power stations.

2.

DISCUSSION

In 1984, Ebara Environmental Corporation was constructing a plant in
Indianapolis (Indiana, USA) and w ork was beginning at KfK to build a test facility.
Also, a facility for Badenwerk was being planned. Since testing had been carried out
in Japan prior to the construction in Indianapolis, it was believed that everyone was
quite enthusiastic about the good results that would be obtained at the demonstration
facility. Unfortunately, this did not happen and some difficulties were encountered
in by-product collection, which included duct clogging and the inability of the baghouse to maintain a constant pressure drop so that it would operate continuously.
However, very good removal efficiencies for S 0 2 and NOx were achieved. These
were in the range o f 95 and 85% , which is certainly acceptable in the utility industry.
Admittedly, there were weaknesses in the process as determined by the
Indianapolis test and as also reported from Badenwerk and KfK. One of these weak
nesses was the power requirements and electron beam dose for high NOx removal,
which was high and not competitive. Additionally, there were the problems with
by-product collection and duct clogging in the test plants, perhaps caused by back
reactions and other factors.
Our w ork has continued on the process with a test facility at Ebara Environ
mental Corporation’s Fujisawa Research Center in Japan, while the Japan Atomic
Energy Research Institute (JAERI) is continuing with its test facility at Takasaki and,
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jointly with Chubu Electric Power Company in Japan, a new demonstration facility
will be built to test the process on various imported coals. Additionally, research
work at KfK is continuing and meaningful information is being obtained. There is
also a 20 000 m 3/h demonstration facility in Poland which will begin operation
shortly for further testing at the Kaweczyn Central Heating Plant outside W arsaw.
With all the activity and work being carried out on the process, there is confi
dence that solutions will be found to the problems and the process will become com
mercially acceptable in the very near future. As an indication o f some o f the
important work that was done and is being done, two major achievements are
described:
— Recent tests at JAERI and KfK showed that there is approximately 22% free
N 2 released in the process, which makes the nitrogen balance more
understandable.
— Zone irradiation tests were conducted with JAERI and KfK indicating that by
using this technique, a 35% or greater power savings will occur for NOx
removal. The electron beam input will be lowered from 2.4 to 1.2 M rad or
lower for high NOx removal (8 0 % ).1 In some cases, 80% is not required,
which will again low er the energy input. Additional testing will be carried out
with three zones o f irradiation, which will lower the energy input to perhaps
0.75 M rad for competitive removal efficiencies. M ore testing for zone irradia
tion was perform ed at Chubu Electric Power Company’s 12 000 N m 3/h plant
at the beginning of 1992.
The study work on coal fired flue gases to be conducted at the Fujisawa
Research Center between now and the middle o f 1992 are summarized below:
(i) Devising countermeasures to prevent by-product clogging and accumulation.
Various configurations of duct pieces will be tested between the process
chamber and the collection devices. The by-product accumulations will be
investigated for location and quantity. Some of the investigations are:
— Duct configuration: rectangular (normal), cylindrical.
— Gas velocity: 3 m /s, 5 m /s (normal), 10 m/s.
— Duct location: horizontal, vertical.
— Transition: bent, reducer, rectangular/cylindrical.
— Surface temperature: 65°C (normal), 80°C, 100°C.
— Analysis o f accumulation on gas flow versus duct configuration.
— M easurement o f the electrical charge on the by-product.
— Locations o f ammonia injection.

1 1 rad = 1.00 x 10'2 Gy.
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(ii)

In the event that there are accumulations, different schemes will be tried to
remove them. Methods to be considered are scraping, soot blowing, rapping,
etc.
(iii) Different by-product collection systems will be used, such as an electrostatic
precipitator (ESP) alone, a bag filter alone, a combination of ESP and bag
filter, and also an alternative to the bag filter, which is a sand filter.
(iv) Different gas cooling methods will be investigated both in the spray cooler and
in the process vessel.
(v) Investigations to reduce N20 will be conducted.
(vi) Dioxin removal tests were conducted on simulated incineration flue gases in
early 1992.
The Chubu Electric Power Company’s facility will be a test plant to confirm
the operation of the optimum process. Investigations and demonstrations are as
follows:

TABLE I. SULPHUR NUTRIENT DEMAND IN COMMERCIAL
AGRICULTURE
Sulphur requirement (lba/acreb)
Yield per acre

Sulphur
equivalent

Ammonium
sulphate/nitrate

Corn

180 bushels0

30

114

Soybeans

60 bushels

25

95

Peanuts

3000 lb

25

95

Cotton

1000 lb lint

30

114

Wheat

80 bushels

22

84

Oats

100 bushels

20

76

Potatoes

500 cwtd

37

141

Coastal Bermuda

10 tons®

45

171

Com silage

32 tons

30

114

Rice

150 bushels

18

68

Alfalfa

10 tons

55

209

Crop

a 1 acre = 4.047 x 103 m2.
b 1 lb = 4.536 x 10"1 kg.
c 1 bushel = 35.3 L.
d 1 cwt (hundredweight) = 50.80 kg.
e 1 ton (short) = 9.072 x 102kg.
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Process optimization
(a)

(b)
(c)
(d)
(e)
(f)
(2)

Process reliability
(a)
(b)
(c)
(d)
(e)

(3)

Long term running.
NH 3 injection control.
Electron beam power control.
Flue gas temperature control.
Upset condition investigations.

Equipment reliability
(a)
(b)
(c)
(d)

(4)

Electron beam dose and relationships between the removal efficiencies
o f S 0 2, NOx and the NH 3 ‘slip’ will be confirmed by various tests at
varying levels of electron beam power output.
Two and three zone irradiation testing.
Process temperature testing.
Ammonia injection testing (location
and quantity).
Retention time and velocity testing.
Varying S 0 2 inlet amount as would
be found in different coals.

Window foil studies.
Window cooling.
Testing o f the ESP and bag filter.
Deposit removal studies, if necessary, including mechanical or liquid
means.

By-product handling studies
(a)
(b)
(c)

Granulation tests.
Storage.
Fertilizer tests.

TABLE П. FERTILIZER NITROGEN COST
Cost
Fertilizer form

N content (wt%)

(US $/short ton)

(US $/lb N)

Ammonia

82.3

175

0.106

Urea

46.7

150

0.161

Ammonium nitrate

35.0

137

0.196

Ammonium sulphate

21.2

110

0.259
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TABLE Ш . PRICE QUOTATIONS FOR MAJOR NITROGEN
COMPOUNDS [2] (PER SHORT TON PRODUCT)
Compound

1989
(US $)

1990
(US $)

Ammonium nitrate: f.o.b.* Com Belt, USA

105-115

120-125

Ammonium sulphate: f.o.b. Corn Belt, USA

100-120

120-130

Anhydrous ammonia
f.o.b. Com Belt, USA
f.o.b. Gulf Coast, USA

110-115
86-88

140-145
115-118

Diammonium phosphate: f.o.b. central Florida

125-126

145-148

84-98

95-99

110-120
115-117
98-105

155-165
155-156
142-145

Nitrogen solutions (28-32%): f.o.b. south central
Urea
f.o.b. Com Belt, USA, prilled
f.o.b. Gulf Coast, USA, granular
f.o.b. Gulf Coast, USA, prilled
* f.o.b.: free on board.

In our studies o f by-product utilization, particularly from utility plants, it was
found that since 1984 the value of the by-product has increased tremendously. In
1984 a figure of US $15.00 per ton was used for the by-product credit , 2 but most
recently Ebara has been told that the by-product value should be 75 % o f the commer
cial value, or 75% o f approximately US $100.00 per ton. The use of ammonium
sulphate has increased substantially in the USA because of sulphur deficiencies in
the soil. With the advent o f the Clean A ir Act, there could be more sulphur deficien
cies, since the acid deposition will lessen. Table I shows sulphur nutrient demand
for some commercial agricultural products.
If the nitrogen content o f the fertilizer is the basis of the cost from the tabula
tion in Table П, it can be said that at US $110.00 per short ton, ammonium sulphate
has the highest value. Even i f the price o f the by-product N value from this process
was dropped to the US dollar per pound of N cost o f urea (0.161),3 the correspond
ing value of the by-product would be US $68.00/ton. Using a factor o f 0.75, the
by-product credit for the lower operating cost would be US $51.00/ton produced by
the process.

2 1 (short) ton = 9.072 x 102 kg.
3 1 pound (lb) = 4.536 x 10"' kg.
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TABLE IV. NITROGEN FERTILIZER CONSUMPTION IN THE USA
BY PRODUCT T Y PE a [3] (THOUSAND SHORT TONS NITROGEN)
Product typeb

1989°

1990d

3 792
2 032
1 552
644
172
100
137

3 800
2 267
1 715
603
184
82
177

Total

8 429

8 828

Multiple nutrient8

2 164

2 248

10 593

11 076

Single nutrient
Anhydrous ammonia
Nitrogen solutions6
Urea
Ammonium nitrate
Ammonium sulphate
Aqua ammonia
Otherf

Grand total

a
b
c
d
e
f
8

Fertilizer years ending 30 June.
Ranked in relative order of importance by product type.
Revised.
Preliminary.
Principally urea-ammonium nitrate (UAN) solutions.
Includes other single nutrient nitrogen materials and all natural organics.
Various combinations of nitrogen (N), phosphate (P) and potassium (K): N -P-K , N -P
and N-K.

The most recent information concerning the prices of various nitrogen com
pounds are shown in Table III [2]. This illustrates that from 1989 to 1990 the value
o f ammonium sulphate increased and is about equivalent to ammonium nitrate.
The world production of ammonia at the end of 1990 was approximately
110 million short tons (100 tonnes); 90% of the production is for fertilizer and 10%
is for industrial usage.
Table IV [3] shows US nitrogen fertilizer consumption, by product type. The
use of ammonium nitrate and ammonium sulphate combined is about 800 0 0 0 tons,
which is equivalent to about 5000 MW o f installed power generation using 2.5% sul
phur coal. However, a much larger potential for by-product sales would be in the
‘other’ category, which is a blend of fertilizers.
Another observation which can be made from the chart is that perhaps a wet
electron beam system also has a place in the future for nitrogen solution fertilizer
production. This could assist in collection of the by-product and would not be a major
transportation problem since these solutions are now transported by rail or truck.
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Electron beam unit cost
FIG. 2. Capital requirement versus electron beam cost.

There have been many different cost analyses done in the past and sometimes
it is hard to make comparisons because different assumptions are used, one being
the cost o f accelerators. In 1980, the Bechtel Corporation and the Electric Power
Research Institute (EPRI) did a study on a 1000 MW(e) plant and arrived at a cost
o f US $260.50/kW , based on accelerator costs o f US $1.50/W .
In 1988, the Ebara Environmental Corporation submitted a final report to
the United States Department of Energy and estimated the capital cost to be
US $209.50/kW installed. This was based on a 500 MW unit, and US $1.66/W for
accelerators.
Other estimates made by independent contractors are in the range of
US $250.00 to $350.00 or higher per kilowatt installed capacity. In some cases, the
cost o f the accelerators was known, but in other cases it was not known.
Figure 2 shows how the installed cost varies on the basis of the cost of acceler
ators. H ere the figure of US $209.50/kW in our final report was used to show what
effect the cost of the accelerators would have on a typical 500 MW unit.
The Bechtel/EPRI 1980 projection, escalated to 1988 costs, would be about
US $318.00/kW . The original estimates had contingencies of approximately 28% ,
or US $72.00/kW . The author believes that subsequent estimates by others may have
used the same range o f contingency cost. In Ebara’s report, about a 15% total contin
gency was used. All o f the calculations presumably use the EPRI formula, which also
includes inventory and initial chemicals and preproduction costs, which amount to
about 7% o f the total cost.
One of the most recent reports from EPRI gives information on 28 processes
classified as wet scrubbers, sulphur recovery flue gas desulphurization (FGD) and

74

FRANK

FIG. 3. Comparison o f the type o f system versus the capital cost (based on 300 M W and
2.6% sulphur). Electron beam technology (in bold type) is superimposed on the original com
parison (source: Electric Power Research Institute) [4]. (Dry scrubbers — LSD: lime spray
dryer, LIFAC: Tampella LIFAC, CFB: Lurgi circulating fluid bed, FSI: furnace sorbent injec
tion, El: economizer injection, DS1: duct sorbent injection, DSD: duct spray drying, ADV:
ADVOCATE/moist dust injection, LSFO: limestone with forced oxidation; wet scrubbers —
LSFO: limestone with forced oxidation, LSWB: limestone with wallboard gypsum, LSINH:
limestone/inhibited oxidation, LSDBA: limestone with dibasic acid, CT121: CTI21 /Bechtel,
PURE: pure air/Mitsubishi, MGL: magnesium enhanced lime, BSHF: Bischojf, S-H: Saarberg Holter, KRC: Noell/KRC, NSP: NSP bubbler, LDA: lime dual alkali, LSDA: limestone
dual alkali; sulphur recovery systems — WLWN: Wellman-Lord, SOXAL: SOXAL process,
ISPRA: ISPRA bromine, MgOx: magnesium oxide, LSFO: limestone with forced oxidation.)

dry scrubbers. Excerpts from their report are given in Fig. 3 [4], where the capital
costs (US $/kW ) are shown. This information is a guide to judging the competitive
ness o f the electron beam system. A range o f expected costs for the electron beam
process on the curve has been indicated.
Figure 4 [4] shows the tons of SOz removed for the various FGD systems.
This curve, and the report, only evaluate desulphurization units and do not include
any costs per ton o f NOx removed. The electron beam process does this at no cost
and in the capital costs a credit o f approximately US $80/kW would be received for
the cost of an SCR NOx removal system.
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FIG. 4. Type o f system versus cost per ton o f removal (based on 300 M W and 2.6% sulphur).
Electron beam technology (in bold type) is superimposed on the original comparison (source:
Electric Power Research Institute) [4]. The different processes fo r each type o f system are as
given in the caption fo r Fig. 3.

Recently in the USA some controversy developed concerning the importance
o f NOx removal. The Clean A ir Act concentrated mostly on S 0 2 and considered
low NOx burners as being adequate for NOx removal. This trend is changing and it
is felt that more NOx removal will be necessary for phase 2.
To look into the future o f zone irradiation to lower the energy requirements,
and subsequently the number o f accelerators required, a potential future cost for this
process is projected. Figure 5 is an extension o f the 1984 plot of the power require
ment and number of units necessary for various plant capacities. The effect of
multistage irradiation has been added to illustrate how the power requirements and
number of units decrease. Instead o f the 1984 prediction of 1.8 M rad, 0.73 Mrad
would be required for the same removals o f 90% S 0 2 and 80% NOx. This lowers
the total kilowatt capacity o f accelerators from 11 074 to 4491 kW. This also lowers
the number o f 400 kW units from 32 to 12.
After calculations, it was determined that the accelerator costs, building costs,
installation costs, etc., would be lowered by approximately 27%,
If the use of a potentially larger machine o f 900 kW to 1 MW size and of an
advanced smaller modular size is considered, the cost can be lowered again by
another 1 0 to 15%.
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FIG. 5. Electron beam power requirement versus power plant electrical capacity.

Table V summarizes some of the cost information with correction factors to
various cost estimates previously made or those made by others to reflect zone
irradiation, construction estimates, the effect of contingencies, the effect of
preproduction costs and initial chemicals and inventory. Not included are any
by-product credits, but by-product production can be calculated and applied from
Table VI and Fig. 6 .
The cost estimate information that others have prepared does not allow for
advancements in the process for zone irradiation or for lower construction costs that
would be realized with smaller modular accelerators and accelerators larger than
400 kW. It is this author’s belief that these developments will occur in the near future
and these improvements can be factored into the cost estimation formula.
In 1984, a target cost was listed. At this time it is foreseen that in the future,
capital costs o f well below US $200.00/kW can be realized. It is believed that this

TABLE V. COST ESTIMATES FOR A 500 MW PLANT (in US dollars/kW )

Base

US $2.00/W
15% moderate Less preproduction
Zone irradiation modular accelerators contingencies
costs
(0.73)
(0.88)
(0.93)
(0.87)

260.50

190.00

167.00

145.00

135.00

(2) (1) with 1988 cost

318.00

232.00

204.00

178.00

165.00

(3) (2) for 500 MW unit, 1988 cost

352.00

257.00

226.00

197.00

183.00

(4) Ebara 1984 target cost
US $2.00/W accelerators*

122.00

_

_

__

__

(5) Ebara 1984 target cost corrected to EPRI formula
US $2.00/W accelerators

188.00

_

_

_

_

(6) Ebara 1988 report
US $1.66/W accelerators

209.50

153.00

135.00

_

_

(7) Ebara 1988 report
US $2.00/W accelerators

225.00

164.00

144.00

_

250.00
275.00
300.00
325.00
350.00
375.00
400.00

183.00
201.00
219.00
237.00
256.00
274.00
292.00

161.00
177.00
193.00
209.00
225.00
241.00
257.00

(8) Generic estimates

* Not the EPRI formula, only plant cost (target cost).

■
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(1) Original 1980 Bechtel/EPRI
two 500 MW(e) module
US $1.50/W accelerators

_
—

—

—
—

—

—

—

—

-j
-j
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TABLE VI. CHARACTERISTICS OF VARIOUS SIZED POW ER PLANTS
W ITH ELECTRON BEAM FLU E GAS CONTROL
Megawatts

50

Flow
(SCFM)a

ppmv

so 2

ppmv
NO„

S 0 2 removal
efficiency (%)

NOx removal
efficiency (%)

103 500

1753

400

90

80

By-product
(tons/d)

46

1 0 0

207 500

1753

400

90

80

92

2 0 0

414 000

1753

400

90

80

184

300

621

0 0 0

1753

400

90

80

275

400

828

0 0 0

1753

400

90

80

367

1753

400

90

80

459

500

1 035 000

a SCFM: standard cubic feet per minute.

Megawatts
FIG. 6. Total megawatts versus by-product production (2.5% sulphur coal; 90% S 0 2
removal; 80% NOx removal).
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figure will be extremely competitive with a wet lime/limestone system and SCR com
bination pollution control system. The electron beam process has many advantages
over this type o f system because it is a dry system and, importantly, produces a
valuable usable by-product.

3.

CONCLUSIONS

In conjunction with the work being done by the Ebara Environmental Corpora
tion in Japan, which is basically to commercialize the system, other important work
is being done by JAERI, KfK, and in Poland to fully understand the reaction mechan
isms and the modelling o f this process. It is felt that with the combination o f all of
this work, it will be a short time before the process becomes a commercial, competi
tive pollutant removal process.
Even with the weaknesses described earlier, which were public knowledge,
there were many other positive aspects that allowed Radian Corporation,
Sargent & Lundy and EPRI to do further studies on this process and to classify it
as one of the five potential candidates for advanced combined S 0 2 and NOx removal
processes. They completed their study in 1991 and there will be more evaluations
made to make it a competitive process in the future. At the present time, there is not
a large number of combined processes that the consulting firms felt had the potential
to become commercially acceptable. This author feels that they were justified in
selecting the electron beam process as one that could be used beneficially in the
future. The progress being made in perfecting the technology at this time will ensure
that the electron beam process will have a bright future.
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Abstract
LABORATORY AND INDUSTRIAL RESEARCH INSTALLATIONS FOR ELECTRON
BEAM FLUE GAS TREATMENT.
Electron beam technology is a second generation technology which allows the simul
taneous removal of S 0 2 and NO, from flue gas; the final product can be used as a fertilizer.
This technology is a possible method to control air pollution in Poland, where coal is used
almost exclusively as a fuel even in the case of small units below 50 MW. Two research instal
lations were constructed in Poland. The first is a laboratory unit built at the Institute of Nuclear
Chemistry and Technology. Two gas fired boilers generate flue gases with a volume flow of
up to 400 Nm3/h. The composition of the gas can be adjusted by additional injection of those
impurities whose reduction is being investigated. An ILU-6 accelerator is used as an irradiator
(electron energy: 600-1000 keV). The post-radiation aerosol is removed from the gas stream
with a fabric filter. The removal efficiencies for S 0 2 (960-1060 ppm) and NO, (about
50 ppm) are 85-95% and 72-80%, respectively. The second installation, a pilot plant with
a flow capacity of 20 000 Nm3/h, was constructed at the Kaweczyn Electric Power Station.
For the first time in an industrial unit, cascade, step by step irradiation was applied (two
ELW-3 accelerators in series of 50 kW power each, 500-600 keV electron beam energy). The
inlet concentration was 540 ppm for S 02 and 250 ppm for NOx. The removal efficiencies,
depending on the power applied of the accelerators, reached 95% and 80%, respectively.
Agricultural tests have confirmed the possibility of by-product application.
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1.

INTRODUCTION

A ir pollution in central Europe is particularly severe and there is a strong need
for a technology that can improve this situation. Conventional air pollution control
technology (wet lime scrubbing and selective catalytic reduction (SCR)) has been
developed to a level which does not allow significant cost reductions in the near
future. Thus, the development o f second generation technologies is necessary. Elec
tron beam technology is one such method. It is a dry process which allows the simul
taneous removal o f S 0 2 and NOx, and the final product can be used as a fertilizer.
Research on this technology was carried out in Japan [1], the United States of
America [2] and Germany [3, 4]. However, further investigations regarding energy
consumption optimization, product filtration and high power accelerator construction
are necessary.
Two research installations, in a laboratory (400 N m 3 /h) and at an industrial
site (20 000 N m 3 /h), have been constructed in Poland. These units are described in
this paper.

2.

LABORATORY INSTALLATION

A laboratory unit with a gas flow capacity of 400 N m 3/h has been constructed
at the Institute o f Nuclear Chemistry and Technology (INCT). The composition of
the flue gases from two natural gas fired boilers can be adjusted by dosage with
different gaseous pollutants (S 0 2, NOx, volatile organic compounds (VOCs)). An
ILU - 6 accelerator is used as an irradiator with electron beam energy in the range of
600-1000 keV.

A ir

X

so2

Z

o2

о

Boiler

Stack

h 2o

Air
Product
Boiler
City
gas

FIG. 1. Scheme of the laboratory installation.
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TABLE I. RESULTS OF PRELIM INARY TESTS CARRIED OUT ON THE
LABORATORY SET-UP
(flow: 411.6 N m 3/h, t = 95°C)
Concentration
Beam parameters
(in vacuum)
No. R n

Removal

(%)

Outlet

Inlet

Ee (keV)

Ie (mA)

so2

NOx

so2

NOx

NH3 SO

NOx

84.7

72.4

105

86.8

73.5

10

—

90.6

78.7

74

10

83

92.8

80.4

53

—

95.0

—

1

0.7

770

7.0

997

47

152

13

2

0.7

778

7.1

984

49

130

13

3

0.8

775

7.0

963

47

91

4

0.9

778

6.8

1030

51

5

0.9

770

7.2

1065

—

—

The scheme o f the installation is given in Fig. 1. This installation permits
investigations which are difficult to carry out in a large scale pilot plant. Mostly they
concern aerosol filtration problems (grain bed prefilters, selection of the filtration
aid, etc.) and the application o f combined fields (microwave/electron beam) for
S 0 2, NOx and VOC removal. The results of the preliminary test performed for the
establishment o f operational conditions are given in Table I. The results of
m icrowave-electron beam applications will be presented in another paper [7].

3.

INDUSTRIAL PILOT PLANT

A pilot plant with a flue gas flow capacity o f up to 20 000 N m 3/h was con
structed at the Kaweczyn Electric Power station (EPS). It is installed along a by-pass
o f the main gas stream from a W P-120 boiler. The location of the pilot plant and
its piping in the boiler exhaust gas system is presented in Fig. 2. The scheme of
installation is presented in Fig. 3. The power station uses coal from the ‘Halemba’
mine, which contains 0.55-0.8% sulphur. In the future, lower quality coal will be
used. The flue gas contains approximately 500 ppm S 0 2 and 250 ppm NOx.
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FIG, 2. Location o f the pilot plant in the WP-120 boiler exhaust gas system at the Kaweczyn
Electric Power Station.

FIG. 3. Scheme o f the pilot plant (ESP: electrostatic precipitator).
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FIG. 4. Scheme o f the process vessel.

The technology o f the pilot plant can be divided into five components:
— spray cooler,
— ammonia dosage system,
— process vessel and electron beam accelerators,
— bag filter and product recovery/storage system,
— analytical and data acquisition system.
Two ELV-3a accelerators manufactured by Novosibirsk’s Institute for Physics
were installed in series on a reaction vessel. The beam power o f each unit is 50 kW
and the electron energy is 500-700 keV.
For the first time in an industrial pilot installation, cascade double irradiation
was used. The double window system was employed, with the windows made of
50 ¿¿m thick titanium foil. An ‘air curtain’ was used to separate the secondary win
dow from corrosive flue gas. The scheme o f the reaction vessel, a cylinder 7 m long
and 1.6 m in diameter, is given in Fig. 4.
One of the most important problems to be solved in the application o f the tech
nology is proper post-radiation aerosol filtration. The filter bag for the pilot installa
tion was designed very carefully, allowing for different modes o f operation. The
filter, shown in Fig. 5, consists o f four compartments with a total filtration area of
600 m 2 (512 bags). An ‘o fflin e ’ regeneration mode was used (one compartment in

FIG. 5. Schematic diagram o f filtering in the pilot plant fo r electron beam flue gas treatment. 1-4: filtration compartments; 5: process vessel;
6: spray cooler; 7: container fo r the filtration aid (diatomaceous earth); 8: container fo r filtration aid fo r precoating o f the filtration area;
9, 10: electroheating device; 11: fan. Control and measurement equipment: KD1-KD4: inlet chokes fo r flue gas; K1.1-K4.2: outlet chokes fo r flue
gas; KP1.1-KP24: inlet chokes fo r hot air; KN1-KN2: inlet chokes fo r transportation o f hot air with a filtration aid; KK: choke fo r venting o f the
filter'during heating; Y1-Y3: cut-off chokes; PI: pressure measurement; PDI: pressure drop measurement; PIAL: pressure measurement with a low
value signal; PIDRAH: pressure drop measurement with recording o f value and high value signal; Tl: temperature measurement; TIAHL: tempera
ture measurement with low-high value signal; T1CAH: temperature measurement with regulation o f its upper level.
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regeneration, three others in operation). Two different dosage systems for filtration
aid were constructed. One could be used for precoating, while the second allowed
the introduction o f additional powder during continuous operation. Special systems
for filter preheating and air conditioning (for filtration aid powder transportation and
dosage) were designed.
Two analytical systems w ere used. One is the Continuous Emission M onitor
ing System, manufactured by Thermo Electron and donated by Ebara Environmental
Corporation, which was used during previous tests in Indianapolis, Indiana, USA.
The second was a H artm an-Braun unit. A Sick monitor is used for dust analysis at
the installation inlet. The scheme o f measurement points is given in Fig. 5. The data
are collected and stored on a W itra data acquisition computer system. For control,
grab sample wet chemical analysis was used.

3.1. Dose distribution measurements at the irradiation vessel
During measurements o f the spatial dose distribution for the ELV-3a accelera
tor, its main operating parameters w ere as follows:
—
—
—
—

Electron energies: 0.5, 0.6 and 0.7 MeV, respectively;
Power: 1.5 W to 5 kW, e.g. from 30 ppm to 10% o f nominal power;
Dimension o f beam window: 75 mm X 1500 mm (50 ¡xm Ti foil);
Constant beam current at zero power: 100-110 mA.

The PCV foil, manufactured by Kunststoffwerke Staufes GmbH
(ty p e ‘000 037’), with a specific weight o f 1.1 g/cm 3, an electron density of
3.15 x 102 3 e “/g and a thickness of 0.26 mm, was used as a dosimeter. The
dosimeter response o f the PCV foil was linear in the range from 5 to 50 kGy (at
395 nm). The foil’s colour changes were calibrated calorimetrically using a quasiadiabatic water calorimeter.
The principal measurements were carried out across the flue gas irradiation
vessel inside ‘segment 1 ’ and ‘segment 2 ’ at half o f the vessel’s height. Additionally,
some measurements along the beam axis o f the irradiation vessel were carried out.
Irradiation times were chosen experimentally in such a way that the PCV response
fitted an optimum dosimetric range. After irradiation, the PCV foils were stabilized
thermally (30 min heating at 70°C).
Electron beam longitudinal distributions in segments 1 and 2 in the irradiation
vessel were approximated to the normal function by the following ‘half-value
widths’:
— 730 mm for an electron energy o f 0.7 M eV,
— 760 mm for an electron energy o f 0.6 MeV,
— 780 mm for an electron energy o f 0.5 MeV.

0 0
0 0

Thermo Electron

Process inlet
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FIG. 6. Outline o f the analytical system.
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Analogous traversal distributions along the axis of the irradiation vessel and
the half-value widths were as follows:
— 1000 mm for 0.7 MeV electrons,
— 1037 mm for 0.6 MeV
electrons,
— 1070 mm for 0.5 MeV
electrons.

2

The natural distances between the electron beams o f ELV-3a accelerators 1 and
along the axis o f the irradiation vessel were:
— 2500 mm
— 2600 mm
— 2700 mm

for an
for an
for an

energy
energy
energy

o f 0.5
o f 0.6
o f 0.7

MeV,
MeV,
MeV.

The range o f the
0.5 MeV electron in air is shorter than the diameter o f the
irradiation vessel. At an energy o f 0.7 MeV, the dose at the bottom of the vessel
is equal to about 19% of that
at half of the height
o f the vessel.For 0.6 MeV elec
trons, the difference between the range in air and the diameter o f the vessel was
within the absorbency measurement error.

TABLE II. RESULTS OF PRELIM INARY INVESTIGATIONS OF S 0 2 AND
NO* REM OVAL EFFICIENCIES IN A PILOT PLANT 3 AT THE KAWECZYN
ELECTRIC POW ER STATION
Accelerator power
(kW)
I

II

24.3

0.0

0.0

Removal efficiency
Dose
(Mrad)a

(%)
S02

NOx

0.75

58.3

50.3

24.3

0.75

58.0

50.2

12.2

12.2

0.75

64.1

52.2

24.3

24.3

1.50

90.2

67.2

30.4

30.6

1.88

93.8

78.4

a O perating conditions — flue gas flow rate: 10 000 Nm3/h; inlet concentration (a) S 0 2:
540 ppmv, (b) NOx: 250 ppmv; inlet temperature of flue gases: 120°C; temperature of flue
gases after use of conditioning unit (spray cooler): 75°C; humidity: 7-8 vol%. (1 rad =
1.00 x 10" 2 Gy.)
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TABLE III. COMPOSITION
TESTED PRODUCTS

AND

CHEM ICAL

Product A

PROPERTIES

OF

THE

Product В

N (total)

4.45

19.50

n-nh4

4.16

19.40

n-no3

0.75

0.74

p2o 5

1.12

0.21

k 2o

1.21

0.07

CaO

3.95

0.50

MgO

2.74

0.46

Na20

0.57

0.04

Cl

2.90

1.40

S (total)

3.95

25.50

s-so 4

3.45

24.50

PH

7.35

4.50

Per cent s.m. dry mass, including:

98.20

99.50

r 2o 3

16.10

0.53

FejOj

1.27

0.11

S i0 2

43.31

0.89

Ash content of heavy metals (ppm)

77.89

2.51

Mn

160

60.0

Zn

60

254.0

Cu

38

3.0

Pb

26

26.0

Cd

4

3.0

Cr

10

3.6

3.2. Test runs
The pilot plant for the removal o f S 0 2 and NOx from flue gases using an elec
tron beam was put into operation at the end of February 1991. During FebruaryM arch, technical start-up was completed and also some preliminary experiments
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were carried out. The main goal of those experiments was to examine the effect of
double step irradiation on S 0 2 and NOx removal efficiencies. Tests on the pilot
plant started again during the winter o f 1991-1992. Data were being elaborated at
the time this paper was in preparation (Table II).

4.

RESEARCH ON AGRICULTURAL PRODUCT APPLICATIONS

The agricultural suitability o f two kinds o f by-product obtained during the elec
tron beam process o f S 0 2 and NOx removal from flue gases was investigated. The
by-product samples for testing purposes were collected at the installation operated
by Badenwerk AG, Karlsruhe, Germany.
Product ‘A ’ (a mixture o f the electron beam product with lava) was a brown
coloured, non-hygroscopic powder with high silica, iron and aluminium oxide con
tents. The fractions o f fertilizing elements (nitrogen, phosphorus, potassium, mag
nesium, calcium and sulphur) totalled 18. The pH value of its water solution was 6 .6 .
Product ‘B ’ (a pure electron beam product) was in the form o f light coloured, nonhygroscopic, easily disintegrating chunks. It consisted mainly o f components with
high agricultural suitability; the pH of its aqueous solution was 4.8.
The chemical properties o f both products are listed in Table Ш. Tests o f the
products aimed at the determination of their applicability in agriculture were con
ducted by two independent teams, one from the Institute of Cultivation, Fertilization
and Pedology in Pulawy and the other from the Agriculture Academy, Warsaw.
The tests were performed for spinach, cabbage, radish, red beets and kale.
Product В has the characteristics o f a nitrogenous fertilizer, with properties and
fertilizing utility similar to those o f ammonium sulphate. Product A cannot be con
sidered as a fertilizer owing to the low content and access o f nutritive components,
in contrast to the prevailing quality of inert components. In the pilot test, two differ
ent filtration aids will be used: magnesium and dolomite natural rock fertilizers.
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A bstract
ELECTRON BEAM INDUCED PURIFICATION OF INDUSTRIAL EMISSIONS.

By irradiating with accelerated electrons a variety of industrial off-gases, e.g. flue gas
(S02, NOx), off-gas from paint shops (volatile organic compounds), odorous off-gases (H2 S),
incinerator flue gas (dioxins) and tunnel off-gas can be cleaned. The state of the art of the tech
nology is reviewed. Selected experimental and theoretical examples from the research project
at the Kemforschungszentrum Karlsruhe are given.

1.

INTRODUCTION

Pollutants o f anthropogenic origin emitted from industrial activities, such as
power plants, production facilities and traffic are transformed by photochemical
reactions in the atmosphere, yielding oxidized product species which are gaseous or
aerosols. By irradiating with accelerated electrons, hydroxyl radicals are formed in
the emitted gases and atmospheric reactions may be applied at the source for the
removal o f the pollutants. In recent years, flue gas cleaning by electron beam dry
scrubbing (EBDS), as the most prominent application o f this concept, has been inves
tigated by many research groups worldwide [1, 2]. In addition to flue gas, other
industrial off-gases may be cleaned by electron beam irradiation. This paper reviews
recent progress in the research and development o f flue gas cleaning by EBDS and
electron beam induced purification o f other industrial waste gases, such as emissions
o f solvents, odorous compounds and dioxins.

2.

EXPERIM ENTAL FACILITIES AT THE
KERNFORSCHUNGSZENTRUM KARLSRUHE

For the development of EBDS technology, the AGATE research facility was
constructed at the Kemforschungszentrum Karlsruhe GmbH (KfK). This facility
consists of two pilot plants at the steam heat generator station of KfK, each equipped
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FIG. 1. Flow chart o f the AGATE-2 pilot plant at the Kernforschungszentrum Karlsruhe.
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with low voltage accelerators. The AGATE-1 pilot plant, erected in 1984, serves at
present for the investigation o f the removal o f dioxins from incinerator off-gas and
for the irradiation o f solvent vapours in air [3]. Flue gas or air (300 m 3 /h) is spiked
with the proper level o f pollutants (NOx, S 0 2, HC1, dioxins, solvent vapour and
H 2 S) and is irradiated with a 300 keV/12 mA accelerator (High Voltage Eng.). The
irradiated gas is filtered and the cleaned gas is exhausted by means o f a blower. In
order to characterize the pollutant levels, a gas chromatograph equipped with FID,
ECD and sulphur sensitive detectors and a Fourier transform infrared (FTIR)
spectrometer are available.
The AGATE-2 pilot plant (Fig. 1), which was constructed in 1988, is used for
the optimization o f the electron beam scrubbing o f flue gas [4]. A slip stream
(1000 N m 3 /h) o f flue gas is introduced into the pilot plant. By means of a spray
cooler the flue gas temperature is reduced down to 70°C. NH 3 is added in understoichiometric quantities. After conditioning the flue gas is irradiated with 550 keV
electrons. During irradiation, additional water is sprayed into the flue gas to keep
the outlet temperature o f the vessel 5°C above dew point. The aerosol formed in the
flue gas then enters either one of the product filters: a bag filter, gravel bed filter,
or wet electrostatic precipitator. After filtration/precipitation o f the aerosol the clean
flue gas is transported to the stack by means o f a blower. The pilot plant is controlled
by a computerized system for adjusting mass flows, temperatures and for data acqui
sition. Gas concentrations are measured by infrared photometers upstream and
downstream o f the reaction vessel. Aerosol measurements are performed by using
the gravimetric method and impactors. In addition, optical methods may be used.

3.

REM OVAL OF S 0 2 AND NOx FROM FLUE GAS

Through the EBDS process, S 0 2 and NOx are removed simultaneously from
flue gas. Irradiation with accelerated electrons generates OH radicals which oxidize
S 0 2 and NOx into sulphuric acid (H N 0 3). These acids are neutralized by ammonia
(NH3) and a submicrometre aerosol consisting o f ammonium sulphate and nitrate is
formed. The product is collected using filters and may be used as an agricultural fer
tilizer. The main advantage o f the process is that in addition to removing S 0 2 and
NOx in one process step, it yields a usable product. Calculations and market analy
sis by Frank and Hirano [5] prove that the commercial value o f this fertilizer has
a favourable influence on the overall process costs o f the EBDS process. Recent
R&D work at KfK has been focusing on the improvement o f energy efficiency and
filter technology.
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FIG. 2. Enhancement o f NOx removal efficiencies in the EBDS process by double irradia
tion with intermediate product scrubbing.

3.1. Improvement of the energy efficiency of the EBDS process
It was shown previously by computer modelling that multiple irradiation of
flue gas with intermediate product removal will enhance the energy efficiency of the
process [6 ]. In order to validate this theoretical prediction, a double irradiation
experiment was carried out. Pre-irradiated flue gas from the A G A TE-1 pilot plant
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was irradiated a second time at the AGATE-2 facility. Figure 2 shows the result of
this experiment. A considerable improvement (up to 50%) with respect to the energy
efficiency was observed by double irradiation with product scrubbing between the
irradiation steps [7]. Similar, somewhat lower, yields were reported by Namba et al.
[8 ] when they investigated multiple irradiation o f artificial flue gas. Interestingly, no
intermediate scrubber was required in their experiment. Currently, KfK and the
Japan Atomic Energy Research Institute are trying to identify the reason for this dis
crepancy in a joint research effort.

3.2. Optimization of aerosol filtration
The aerosol mass concentrations in the irradiated flue gas range from 500 to
1500 m g/m 3. The mass median diameters of the aerosol are below 1 цт [9]. In
addition, it has been found that significant amounts of S 0 2 and NH 3 are removed
across the filter owing to a thermal reaction. In order to maintain high S 0 2 removal
efficiencies, the filtration of the aerosol is performed at high humidity levels and low
temperatures. The combination o f all these features causes some difficulties in the
dry filtration o f the EBDS aerosol.
During large scale tests o f the EBDS process, difficulties were encountered in
the operation o f fabric filters due to clogging o f the filter bags. Improved cleaning
was achieved by coating the filter bags with inert materials, such as lava dust or
diatomaceous earth. In test runs with a modified bag filter at the AGATE-2 pilot
plant, it was shown that the product obtained from bag filters contained about 50%
inert additive. In order to minimize the amount o f inert additive, a gravel bed filter
(Fig. 3) was tested. During long term operation of the gravel bed filter only a slow
rise o f the pressure differential up to 10 hPa was observed. Collection efficiencies
for the aerosol were found to be above 95 %. The product, which was recovered from
the gravel by sieving, was o f high purity (> 9 5 % ) [7].

3.3. Large scale demonstration
Large pilot plants are currently in operation or under construction in Germany
(1000 m 3 /h) [4], Poland (20 000 m 3 /h) [10] and Japan (1000 and 15 000 m 3 /h)
[11]. The development o f multiple irradiation electron beam scrubbing (MIEBS) has
advanced the technology to a state where a large scale demonstration is called for.
Thus, KfK and the Institute o f Nuclear Chemistry and Technology (Poland) have
jointly prepared a feasibility study for a 150 000 m 3/h MIEBS module, which will
be constructed at the Kaweczyn power plant near W arsaw. By using double irradia
tion technology with intermediate product scrubbing, the energy consumption o f the
process will be limited to about 1400 kW (e), which is equivalent to 2.8% o f the cal
culated power of the plant. The expected removal efficiencies are 95% (S 0 2) and
90% (NOx).
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FIG. 3. Gravel bed filter fo r the filtration o f submicrometre ammonium salt aerosols in the
EBDS process.

4.

NEW APPLICATIONS OF ELECTRON BEAM OFF-GAS CLEANING

4.1. R em oval o f volatile organic com pounds (VOCs)
The emissions o f dilute V O C/air mixtures from production facilities and paint
shops are partly responsible for thé formation o f photochemical oxidants in the
atmosphere. The present technology available for cleaning these off-gases requires
high investment and operating costs. In particular, the application of conventional
technologies for low concentrations ( < 1 0 0 m g/m 3) is questionable, since their high
energy consumption causes large amounts o f secondary pollutants (NOx).
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FIG. 4. Removal efficiencies fo r solvent vapours in air as a function o f dose (kGy) and
concentrations (mg C/m3) ( О : C0 = 110 mg C/m3; A ; C„ = 40 mg C/m3; ♦ ;
C„ = 20 mg d m 3).

Experimental and theoretical evidence has been gathered at KfK that VOCs
may be effectively removed by electron beam irradiation. Initial investigations were
carried out using benzene and toluene in air [12]. A second series o f experiments
was perform ed using a commercial solvent mixture from an industrial paint shop.
The data shown in Fig. 4 prove that the removal efficiency for this VOC mixture
ranges up to 90% , depending on the dose (0 -6 kGy) and the concentration
(20-110 m g/m 3). The energy consumption for the irradiation process is only
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FIG. 5. Removal o f NOx and S 0 2 in tunnel off-gas as predicted by calculations with the
AGATE code [14].

10-20% o f the energy consumed by conventional cleaning processes. A complete
carbon balance was obtained. The main products formed during the irradiation are
aerosols, C 0 2 and CO [13]. The aerosols may be filtered using bag filters and
decomposed thermally thereafter. Traces o f ozone formed during the irradiation are
destroyed by catalytic methods. The present research programme at KfK seeks the
experimental determination o f the parametric dependence o f removal efficiencies,
the characterization o f products and modelling o f the process chemistry.

4.2. Cleaning of tunnel off-gas
From automobile tunnels large volumes o f exhaust air are emitted, which con
tain low concentrations of NOx and aromatic hydrocarbons. Owing to the large
volumes, the total mass o f these pollutants emitted per day may approach the mass
flows o f NOx emitted from a medium size power plant. For tunnels within residen
tial areas especially a cleaning technology with low energy consumption and space
requirements is desirable. Preliminary model calculations using the AGATE code
[14] predict that electron beam treatment o f tunnel off-gases will require only very
low doses (see Fig. 5) owing to the low concentrations o f pollutants to be removed.
In order to trap the irradiation products (H N 0 3, N 0 2 and aerosols) the development
o f compact filter units is necessary.

4.3. Odorous off-gases
Similar considerations apply to the treatment o f odorous off-gases. In very
large volumes o f air, low concentrations o f odorous, sometimes even toxic, com-
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FIG. 6. Oxidation o f low concentrations o f H2S by electron beam irradiation fo r the clean
ing o f odorous industrial emissions.

pounds are emitted from industrial plants. The control of these emissions is neglected
quite often owing to the high costs o f conventional treatment systems. In addition,
the unknown nature o f the compounds in question makes it difficult to design a
specific cleaning system. Frequently, absorbers (active coal), which are used to trap
the odorous compounds, are quickly deactivated owing to irreversible adsorption
processes.
Experiments have been conducted at AGATE-1 to determine the removal
efficiencies for low concentrations o f H2S [12]. It was shown that this compound
may be easily decomposed by irradiation, yielding H 2 S 0 4 and S 0 2 (Fig. 6 ). Similar
or even higher reactivities may be expected for organic sulphur compounds.
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FIG. 7. Calculated decay o f TCDD (280 ng/m3) in irradiated incinerator off-gas as a func
tion o f dose (kGy).
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IRRADIATION OF INCINERATOR OFF-GAS

The incineration o f domestic, industrial, hazardous and hospital wastes
produces flue gases which contain a variety o f acidic (S 0 2, NOx and HC1) and toxic
(heavy metals, PCBs, PCDD and PCDF) trace compounds. Considerable fractions
o f these must be expected in the gas phase. The relative distribution between the par
ticulate phase and gas phase depends on the molecular structure (vapour pressure)
and temperature.
By using a modified AGATE code, the removal efficiencies for gaseous
tetrachlorodibenzo-dioxin (TCDD) in incinerator flue gas was calculated [15].
Figure 7 shows that the predicted removal efficiencies o f dioxin and NO increase
continuously with rising dose and are above 95% at dose (D ) = 10 kGy. The decom
position products o f the dioxins are not yet known. NO is transformed into N2, N 0 2
and H N 0 3 under present conditions. The NOx removal efficiency (calculated from
the sum of NO and N 0 2) is low er than the NO removal efficiency. Currently,
experimental studies using model compounds and also chlorinated dioxins are being
conducted at the A G A TE-1 pilot plant in order to validate these model calculations
and to identify the decomposition products.

6

.

CONCLUSIONS

The cleaning o f industrial off-gases by irradiation with low energy electrons
has been investigated by experimental and theoretical methods. The method exhibits
significant advantages when compared with conventional technology, namely energy
conservation and usable by-products. The treatment of low concentrated off-gases by
electron beams opens up a new opportunity for improving environmental protection
techniques.
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Abstract
ELECTRON BEAM TREATMENT OF FLUE GAS FROM A MUNICIPAL WASTE
INCINERATOR.
The simultaneous removal of NOx, S 0 2 and HCl in flue gas from a municipal waste
incinerator was studied by using electron beam irradiation technology. A synthetic gas mix
ture, the contents and components of which were close to those of the actual flue gas, was
introduced into an irradiation chamber with powdery alkaline material (Ca(OH)2) and irradi
ated in the chamber using electron beams with an energy of 1.5 MeV. The components of the
gas mixture before irradiation were as follows: oxygen (12%), carbon dioxide (8%), nitrogen
(80%), water component (22-25% in wet base), NOx (100 ppm), S 0 2 (100 ppm) and HCl
(1000 ppm). The concentration of NOx, which was not affected by the addition of Ca(OH)2
without electron beam irradiation, decreased sharply after electron beam irradiation in the
presence of Ca(OH)2. The decrease in concentration was more remarkable at lower tempera
tures of the gas in the irradiation chamber. As high as 75% removal of NOx was achieved
by irradiation with a dose of 10 kGy at 150°C. The removal rate was between 65 and 50%
at 10 kGy and temperatures between 200 and 250°C. Sulphur dioxide and hydrogen chloride
were almost completely removed by the addition of Ca(OH)2 without electron beam irradia
tion. Calcium chloride, calcium sulphate and calcium nitrate were found to be the main com
ponents of the powdery material deposited at the bottom of the irradiation chamber and in the
filter case. From the results obtained by experiments, it was concluded that NOx, S 0 2 and
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HC1 can be removed efficiently by electron beam irradiation in the presence of powdery
Ca(OH)2 at a temperature of 150°C. Based on these results, the removal reactions of these
harmful components are discussed.

1.

INTRODUCTION

The amount o f municipal wastes in Japan, which has been increasing over the
years, was 137 000 t/d in 1991, i.e. more than 1.1 kg per person per day, and is
estimated to increase even more. The treatment o f these wastes is thus a serious
problem in Japan, requiring urgent solution. New incinerators with a capacity of
5000-10 000 t/d have been built every year in Japan since 1985 to incinerate more
than seventy per cent of the wastes. Thus, the amount o f flue gas from municipal
waste incinerators is increasing year by year.
Since these waste incinerators are usually located near urbanized areas, the
emission standards for harmful gas components o f the flue gas, such as S 0 2, NOx
and HC1, are m ore strict than those for flue gas from power plants which are not
located near urbanized areas. M oreover, these standards may become more severe
in the future.
F or the treatment of municipal wastes and to meet the emission standards for
flue gas, an efficient and compact flue gas treatment method is required to remove
S 0 2, NOx and HC1 from the increasing amount of flue gas from incinerators.
The m ajor harmful components o f flue gas are S 0 2, NOx and HC1. In addition
to these, dioxins and related compounds have recently been identified to be the more
harmful components that must be removed. Sulphur dioxide and HC1 are removed
from flue gas by such methods as: scrubbing the gas with alkaline solution; spraying
a slurry o f alkaline solution into the flue gas; or adding alkaline material directly into
the incinerator. The concentration o f NOx produced can be reduced by controlling
the burning in the incinerators, and NOx is removed by the ammonium catalytic
reduction method. However, an efficient method which can remove S 0 2, NOx and
HC1 simultaneously is not yet available.
The electron beam irradiation method has the potential to remove these harm 
ful components m ore effectively using a more compact plant. It has already been
shown that electron beam irradiation is effective in removing S 0 2 and NOx at the
same time from flue gas from an iron ore sintering furnace and a coal burning boiler,
and that the method is a dry and compact process [1]. To study the applicability of
electron beam irradiation technology for flue gas treatment in municipal waste
incinerators, irradiation o f simulated flue gas was carried out in the presence of
powdery calcium hydroxide using a small scale flow type experimental apparatus.
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EXPERIM ENTAL

The experiments were carried out with a flow type irradiation experimental
system, as shown in Fig. 1. A stainless steel reaction vessel, o f approximately 76 L,
with a 200 mm X 400 mm irradiation window and a 100 /xm thick titanium foil, was
placed close to the cooling plate. The flow rates o f nitrogen, oxygen, carbon dioxide,
3% NOx-97% N2, 3% S 0 2 - 9 7 % N 2 and 10% H Cl-90% N 2 were individually con
trolled using separate flow control valves, and each gas was passed into a tempera
ture controlled mixing vessel through pipes so that they could mix with each other
there. The mixed gas was then introduced into a heating vessel and fed into an irradi
ation vessel through a heated pipe. On the way to the irradiation vessel from the heat
ing vessel, powdery calcium hydroxide was fed into the mixed gas by a volumetric
powder feeder. W ater was fed into the mixed gas with powdery calcium hydroxide
in the irradiation vessel through a gas atomizing nozzle and was vaporized immedi
ately there. The mixed gas, whose flow rate was 5.43 N m 3 /h, was irradiated with
1.5 MeV electrons at a beam current o f from 0.25 to 1.5 mA. Typical concentrations
of components o f the mixed gas were as follows: 100 ppm S 0 2, 100 ppm NOx,
1000 ppm HCl, 8 % C 0 2, 12% 0 2, 80% N 2 and 22-25% H20 (in a wet base). The
irradiated gas was then passed into a bag filter or an electrostatic precipitator to col
lect the powdery materials through a stainless steel pipe heated to 150°C. The
2.5 L/min o f the irradiated gas was then charged into a S 0 2 monitor (infrared spectrometric type, Shimadzu XIRA-106), a NOx/NO monitor (chemiluminescence
type, Shimadzu NOA-3Û5A) and an infrared type multicomponent photometer
(Perkin-Elmer, MEKOS-lOO) to measure the concentrations o f S 0 2, NOx and HCl.
The dose distribution in the irradiation vessel was measured using a cellulose
triacetate (СТА) film dosimeter [2]. Energy absorbed in the flowing gas in the irradi
ation vessel was determined by using the dose distribution and residence time o f the
gas in the vessel, and was corrected using the stopping powers o f СТА and the mixed
gas. The absorbed energies o f the mixed gas, whose flow rate was 5.43 N m 3 /h,
irradiated by electrons with a beam current o f 1 mA were determined to be 12.5,
11.1 and 10.1 kGy at gas temperatures in the vessel o f 150, 200 and 250°C,
respectively.

3.

RESULTS AND DISCUSSION

3.1. Irradiation effect on the removal of NOx, S 0 2 and HCl
When powdery calcium hydroxide was added to gaseous-mixture simulated
flue gas from a municipal waste incinerator, S 0 2 and HCl in sufficient quantities
were removed without electron beam irradiation and the high rate o f removal was
not affected by the irradiation, as shown in Figs 2 and 3. Removal rates o f almost
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FIG. 1. Experimental apparatus fo r the electron beam treatment o f flue gas from municipal waste incinerators.
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FIG. 2. Removal o f sulphur dioxide in the electron beam irradiation o f a gaseous mixture in
the presence o f powdery calcium hydroxide (irradiation temperatures: 120°С ( V j , 150°C
( О) , 200°C ( П) , 250°C ( A) ; concentrations before irradiation: S 0 2 (100ppm), NOx
(100ppm), HCl (1000ppm), oxygen (12%), carbon dioxide (8%), nitrogen (80%), water
(22-25% in wet base); calcium hydroxide added (twice the HCl molar concentration)).
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FIG. 3. Removal o f hydrogen chloride in the electron beam irradiation o f a gaseous mixture
in the presence o f powdery calcium hydroxide (irradiation temperatures: 120°C ( Vj, 200°C
( O) ; concentrations before irradiation: S 0 2 (100 ppm), NOx (100 ppm), HCl (1000 ppm),
oxygen (12%), carbon dioxide (8%), nitrogen (80%), water (22-25% in wet base); calcium
hydroxide added (twice the HCl molar concentration)).

110

TOKUNAGA et al.
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FIG. 4. Removal o f nitrogen oxides in the electron beam irradiation o f a gaseous mixture in
the presence o f powdery calcium hydroxide (irradiation temperatures: 120°C f V), 150°C
( O) , 200°C ( □ ) , 250°C ( A) ; concentrations before irradiation: S 0 2 (100ppm), NOx
(100ppm), HCl (1000ppm), oxygen (12%), carbon dioxide (8%), nitrogen (80%), water
(22-25% in wet base); calcium hydroxide added (twice the HCl molar concentration)).

100%, and m ore than 90% , were achieved for S 0 2 and HCl, respectively, and
these high removal rates were maintained at irradiation temperatures between 150
and 250°C.
While NOx removal was not possible without electron beam irradiation,
removal was observed during electron beam irradiation o f the gaseous mixture in the
presence o f powdery calcium hydroxide, and it increased markedly with dose, as
shown in Fig. 4. The figure, in which NOx removal is given as a function of dose
for the irradiation temperatures o f 120, 150, 200 and 250°C, shows the great depen
dence o f NOx removal on the irradiation temperature. That is, the removal of NOx
increased markedly with dose at the low dose region, but the rates of removal were
reduced gradually and the removal then levelled off above 10 kGy for all irradiation
temperatures. The increase in removal at low dose was more pronounced and the
levelled-off value of the removal was higher at lower irradiation temperatures. The
levelled-off values o f removals were determined from the figure to be 8 6 , 78, 63 and
50% for irradiation temperatures o f 120, 150, 200 and 250°C , respectively. It was
confirmed from these results that more than 78% removal of NO x, almost 100%
removal o f S 0 2 and more than 90% removal o f HCl was achieved by electron beam
irradiation o f the gaseous-mixture simulated flue gas containing 100 ppm NOx,
100 ppm S 0 2 and 1000 ppm H Cl, with a dose o f 10 kGy at an irradiation tempera
ture lower than 150°C in the presence o f powdery calcium hydroxide.
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3.2. Solid products
W hite coloured solid materials were collected at the bottom o f the irradiation
vessel and the bottom o f the bag filter case. The water solution which dissolved the
collected solid materials was analysed for the chloride ion, С Г , sulphate ion, SO4-,
and the nitrate ion, NOJ, by ion chromatography. The results obtained show that
26, 16 and 1 wt% o f the materials were calcium salts of chloride, sulphate and
nitrate, respectively, for the solid materials collected at the bottom o f the irradiation
vessel. W hereas the results o f the analysis for solid materials collected at the bottom
o f the bag filter case showed that 47, 8 and 4 wt% were the salts o f chloride, sulphate
and nitrate, respectively. Chloride salts with a wt% two times higher o f the materials
collected at the bottom o f the irradiation vessel were found in the solid materials col
lected at the bottom o f the bag filter case. This indicates that HCI is removed since
it reacts with calcium hydroxide not only in the irradiation vessel, but in the bag
filter.

3.3. Reactions for the removal o f NOx, S 0 2 and HCI
When the gaseous mixture without water content was irradiated by electron
beams in the presence o f powdery calcium hydroxide at 2 0 0 °C, the concentration
o f NOx (NO + N 0 2) increased with dose, as shown in Fig. 5. In the figure, the
concentrations o f NO and N 0 2 are given as a function o f dose in the irradiation of
the gaseous mixture in the presence o f powdery calcium hydroxide. It should be
pointed out that NOx increased as a result o f irradiation and the concentration o f NO
decreased less markedly, while that o f N 0 2 increased much more markedly with
dose than for the gaseous mixture with water content. The results obtained indicate
that radiolytical formation reactions o f NOx occur in the irradiation of the gas
without water content. The results also show that oxidation reactions of NO to N 0 2
and reduction reactions o f N 0 2 to N O (3) take place without further oxidation of
N 0 2 to H N 0 3 in the irradiation o f the gaseous mixture without water content in the
presence o f powdery calcium hydroxide.
On the other hand, the concentration o f NO decreased markedly with dose
accompanying the formation o f N 0 2, as shown in Fig. 6 , when the gaseous-mixture
simulated flue gas, with a water content as high as about 23% , was irradiated in the
presence o f powdery calcium hydroxide by electron beams at 150°C. The concentra
tion of N 0 2 then levelled off and decreased gradually with dose. Similar relation
ships between the concentrations o f NO and N 0 2 and dose were observed during
irradiation at temperatures o f 120, 200 and 250°C . Taking into account the results
mentioned above, and the fact that nitrate salt was observed as a component o f the
products in the materials collected at the bottom o f the irradiation vessel and the bag
filter case, it is thought that NO is oxidized to form N 0 2, which is further oxidized
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D ose (kGy)

FIG. 5. Relationship between the concentrations o f nitrogen oxides, nitrogen monoxide and
nitrogen dioxide and dose in the irradiation o f a gaseous mixture without a water component
( • : nitrogen oxides; О : nitrogen monoxide; в : nitrogen dioxide; concentrations before
irradiation: S 0 2 (100ppm), NOx (100ppm), HCl (1000ppm), oxygen (12%), carbon diox
ide (8%), nitrogen (80%), calcium hydroxide added (2.5 times the HCl molar concentration);
irradiation temperature: 200°C)).

to nitrate in the gaseous mixture under irradiation in the presence o f powdery
calcium hydroxide [3]:
NO -

N 02 -

H N 03

(1)

The H N 0 3 formed will then react with powdery calcium hydroxide to form calcium
nitrate as follows:
2 H N 0 3 + Ca(OH ) 2 -

C a(N 0 3 ) 2 + 2H20

(2)

Since the calcium nitrate formed is powdery, the products can be easily removed by
a bag filter or an electrostatic precipitator from the gas phase.
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FIG. 6. Relationship between the concentrations o f nitrogen oxides, nitrogen monoxide and
nitrogen dioxide and dose in the irradiation o f a gaseous mixture with a water component in
the presence o f powdery calcium hydroxide. ( • : nitrogen oxides; О : nitrogen monoxide;
® : nitrogen dioxide; concentrations before irradiation: S 0 2 (100 ppm), NOx (100 ppm),
HCl (1000ppm), oxygen (12%), carbon dioxide (8%), nitrogen (80%), water (23% in wet
base); calcium hydroxide added (three times the HCl molecules); irradiation temperature:
150°C)).

The quite different results for irradiation o f the gas with and without water
shows that the water content plays an important role in the removal o f NOx through
the electron beam treatment o f flue gas from a municipal waste incinerator in the
presence o f powdery calcium hydroxide.
As shown in Figs 2 and 3, sufficient quantities o f SO 2 and HCl were removed
by the addition o f powdery calcium hydroxide and were not affected by electron
beam irradiation. Sulphur dioxide and HCl may react effectively with calcium
hydroxide in this flue gas treatment process as follows [4]:
S 0 2 + Ca(OH ) 2 + 1/2 0 2 2 HCl + 2 Ca(OH ) 2 -

C aS 0 4 + H20

CaCl2 Ca(OH ) 2 + 2 H20

(3)

(4)

114
4.

TOKUNAGA et al.

SUMMARY

To study the applicability o f electron beam irradiation technology in the treat
ment o f flue gas from a municipal waste incinerator, irradiation o f simulated flue gas
was carried out in the presence o f powdery calcium hydroxide using a small scale
flow type experimental apparatus. The summary o f the results obtained by the
experiments are as follows:
(1)

Nitrogen oxides, S 0 2 and HCI can be removed simultaneously from the
gaseous-mixture simulated flue gas from a municipal waste incinerator by elec
tron beam irradiation in the presence of powdery calcium hydroxide.

(2)

Removal rates greater than 78% for NOx, almost 100% for S 0 2 and greater
than 90% for HCI are achieved by electron beam irradiation o f simulated flue
gas containing 100 ppm NOx, 100 ppm S 0 2 and 1000 ppm HCI at a dose of
10 kGy and at a temperature lower than 150° С in the presence o f powdery cal
cium hydroxide.
Nitrogen oxide, S 0 2 and HCI are converted in this process into calcium
nitrate, sulphate and chloride, respectively.
The results obtained from these experiments show that electron beam irradia
tion of flue gas in the presence o f calcium hydroxide can be an effective way
to remove NOx, S 0 2 and HCI simultaneously from flue gas from a municipal
waste incinerator.

(3)
(4)
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Abstract
MODEL STUDIES OF FLUE GAS TREATMENT BY ELECTRON BEAMS.
The radiation chemistry of gases is reviewed briefly and the potential of the electron
beam technique for exhaust gas cleaning is described quantitatively. A well known application
of this technique is the simultaneous removal of nitrogen oxides and sulphur dioxide from flue
gas. The chemistry of this process is described in detail. Through multiple irradiation, the
energy efficiency can be enhanced significantly, and the mechanism of this effect is discussed.
Another novel application of the electron beam technique is the removal of various volatile
organic compounds from industrial exhausts. Using simple model .assumptions, the
experimental results can be recalculated.

1.

INTRODUCTION

The absorption o f ionizing radiation in solid, liquid and gaseous targets
produces chemically reactive species at concentration levels above thermal
equilibrium. The subsequent relaxation processes are often accompanied by changes
in the temperature and chemical composition o f the target. The treatment of different
materials with ionizing radiation has found technical applications, e.g. in surface
curing and polymer treatment. M ore recently, the potential of ionizing radiation for
the reduction o f environmental pollutants from wastewater and industrial off-gas has
been realized and investigated. One o f the most promising ideas is the irradiation of
flue gas from fossil fuel burning power plants with accelerated (300-800 keV) elec
trons. This leads to the efficient simultaneous reduction o f NOx and S 0 2 which,
through additional injection o f ammonia, are converted to a mixture of ammonium
nitrate and sulphate particles. These are collected in a dry state by filtration. The
product has commercial markets as an agricultural fertilizer. The major advantages
o f this electron beam dry scrubbing (EBDS) process are the low space requirements,
the high energy efficiency and the avoidance o f wastewater. It has only lately been
recognized that the same technique is also advantageous for the reduction of volatile
organic compounds (VOCs) from industrial exhausts, as, for instance, organic sol
vent vapours from car painting areas or volatile dioxins and furans from municipal
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waste incinerators. The advantage here is that these trace components can be
removed from the off-gas directly, i.e. without prior enrichment, and at both low
and elevated temperatures.
As outlined above, the electron beam treatment o f polluted off-gases involves
very different physicochemical mechanisms, such as energy absorption, gas phase
reactions, particle formation and heterogeneous gas-solid interactions under non
equilibrium conditions. In order to understand the kinetics o f the process, to interpret
the experimental results and to predict economic alternatives or novel applications,
the AGATE code has been developed at the Kernforschungszentrum Karlsruhe
GmbH (KfK). The code uses literature data for the formation o f primary reactive
species due to electron irradiation and for the chemical reactions initiated by the
primary species. Different dose rate versus time profiles can be preset (i.e. a constant
dose rate, Gaussian profile, experimental profile, pulsed irradiation) to calculate the
temporal behaviour o f input species, reactive intermediates and reaction products.
The dependence o f the final calculated gas composition on the dose or other selected
input param eters is directly comparable with experimental results. The sensitivity
analysis o f the reaction scheme provides information about the general mechanism,
about important intermediates, about the importance of reaction conditions (e.g. dose
rate effects and relative humidity effects) and also about the kinetics o f certain reac
tions. Some o f these results are related directly to practical applications, while others
are interesting from the point o f view o f basic research. This paper describes general
aspects o f the electron beam treatment o f flue gas and particular model results for
the EBDS process and the removal of organic trace components.

2.

RADIATION CHEMISTRY OF GASES

The interaction o f electrons with m atter depends on the electron energy and
on certain target properties. Owing to the comparatively low density and high diffusivity o f gases, the incident energy becomes distributed over a much larger volume
than for condensed phases and the effects o f local overheating and o f the dose rate
are o f m inor importance. This is illustrated by the electron range, R, which is defined
as the linear distance from the electron source at which the average electron energy
has decayed to a few (1-5) per cent of the starting value. For electron energies, E,
between 300 and 800 keV, R is proportional to p x E 135, where p is the material
density [1]. Thus the electron range varies between 0.5 and 2.5 m for incident ener
gies o f 300 and 800 keV, respectively, in gases around normal temperature and
pressure. In condensed media, these values would be much lower, roughly by a fac
tor o f 1 0 0 0 .
The energy loss processes o f the electrons are due to interactions with the elec
tron shells o f the molecules at energies below 1 MeV. In single collisions, the energy
transfer varies statistically between a few eV and some tens o f keV. Both o f these
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extremes are relatively scarce and leave the contact molecules in excited states or
as (excited) ions. In ionization processes, secondary electrons with a kinetic energy
o f several keV may be produced which may cause further ionization themselves. In
this way, tertiary and higher order electrons are also released which all contribute
to the spatial energy distribution. Owing to the diffusive motion o f the ions and other
reactive species, chemical cores (‘spurs’) develop around the point o f electron
impact. These spurs are created “ like beads on a string” [2] along the electron
tracks. An overlap o f spurs and tracks generated by different electrons would
increase the local concentrations o f active species above the level o f independent
energy transfer events and would thus favour the recombination o f active species.
This situation can be estimated to occur at dose rates above about 1000 kGy/s [3].
In accordance with this estimate, model calculations with Gaussian and experimen
tally measured dose rate profiles have shown no dose rate effects up to 1000 kGy/s
[4, 5]. This result gives confidence in the use o f G values to describe the overall
production o f excited state molecules, radicals and ions, owing to absorption o f the
electron energy.
Since the absorption o f electron energy is proportional to the mass fraction in
multicomponent mixtures, more than 99% o f the energy is usually absorbed by nitro
gen, oxygen, water vapour and carbon dioxide in flue gas and related air-like sys
tems. The radiolytic gain (G value) o f prim ary reactive species formation has been
measured by W illis and Boyd [6 ] for these and some other gases. From their mea
surements, the following stoichiometric equations can be derived:
4.43 N 2

100 eV

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

5.377 0 2

100 eV

0 .0 7 7 0 2 + 2.25 0 (*D) + 2.8 0 ( 3 P)
+ 0 .1 8 0 * + 2.07 0 2 + 1.23 О + + 3.3 e~

7.33 H20

100 eV

0.51 H 2 + 0 .4 6 0 ( 3 P) + 4.25 OH + 4.15 H
+ 1.99 H 2 0 + + 0.01 H 2+ + 0.57 OH + + 0.67 H +
+ 0.06 0 + + 3.3 e '

7.54 C 0 2

4.72 CO + 5 .1 6 0 ( 3 P) + 2.24 C 0 2+
+ 0.51 C O + + 0.07 С + + 0.21 0 + + 3 .0 3 e '

They show immediately that the radiolytic G values are in the range o f 6 ± 2
per 100 eV or 4 ± 1 x 10 1 7 per W s. This corresponds to a radiolytic decomposi
tion o f 25 ± 10 ppm per kGy in gases at normal pressure around room temperature.
A comparable energy efficiency can be expected for the formation o f stable radioly
sis products. Examples are the formation o f ozone from the radiolysis o f pure oxy
gen, which has a G value around 6/100 eV at moderate dose rates, nitrogen
formation from N20 radiolysis with a G value around 10/100 eV and hydrogen for
HCI radiolysis with a G value around 8/100 eV [7]. These simple systems can be
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Matrix gas (N2, 0 2 , H20 , C 02)
e~ beam
Ions

and radicals, etc.
lon-molecule reactions

Radicals
Reactions with
trace components
Products
(For example, nitric and sulphuric acids
and their ammonium salts)
FIG. 1. General reaction scheme fo r the removal o f pollutants from industrial emissions by
electron beam treatment.

used for dosimetry, but impurities can affect the measurements significantly (see, for
example, Ref. [8 ]). For the simultaneous removal o f NOx and S 0 2 from coal fired
flue gas, G values up to 20/100 eV have been reported [9]. The recently measured
removal o f organic solvents from air corresponds to G values o f approximately
15 carbon atom s/100 eV [10]. These values are a little higher than those given above
and they demonstrate that in addition to radiolytic effects, other chemical processes
can take place and can be provoked by a proper choice o f operating conditions. On
the other hand, the measured removal yields also suggest the absence of effective
catalysis or chain reactions, since they would lead to G values o f several
thousand/100 eV.
The ionic species formed by radiolysis react very quickly with components of
the m atrix gas, since these are abundantly available. This leads to a redistribution
o f the electric charges, and hence o f the absorbed energy, so that the ‘fingerprints’
of the primary radiolytic events readily disappear. Positive ion-molecule reactions
are the most important type of reactions in this process o f energy redistribution: in
addition to simple charge transfer, many positive ion-molecule reactions are
associated with a dissociation o f one or both reactant species and produce neutral rad
icals. Therefore, positive charge transfer reactions constitute the most important
source of radicals in the electron beam treatment of polluted gases. The most reactive
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radical is OH, which is produced at levels o f several hundred ppm/s at a dose rate
o f 10 kGy/s. About 90% o f the OH results from positive ion-m olecule reactions,
while only 1 0 % originates from the direct radiolytic decomposition o f water vapour.
The radicals show only a little reactivity towards the components o f the matrix
gas. Therefore, they are available for the desired decomposition and removal o f the
pollutants. One important exception is the H atom, which readily adds to molecular
oxygen to form the H 0 2 radical. H 0 2 in turn reacts selectively and quickly with NO
to yield N 0 2 and OH. The oxygen atom is added comparatively slowly to molecular
oxygen to form ozone, which is consumed for the oxidation of NO and other pollu
tants. The general reaction scheme is summarized in Fig. 1.

3.

NOx AND SO, REM OVAL FROM COAL FIRED FLUE GAS

The OH radical plays a key role in the simultaneous removal o f NOx and S 0 2
from flue gas, since it is necessary for the formation o f nitric and sulphuric acids
and, hence, for the initiation o f aerosol formation. Because of its high reactivity, the
four major trace components o f the flue gas compete for OH:
NO +

OH +

M-

H N 0 2 + M k\ [M]

« 4x

cm 3/s

(1)

N 0 2 + OH +

M-

H N 0 3 + M к2 [M]

« 9 X 10~ 1 2 cm 3/s

(2)

S 0 2 + OH +

M—

HSO 3 + M fc3 [M]

* 7 X 10 ~ 1 3 cm 3/s

(3)

* 3 X К Г 1 3 cm 3/s

(4)

NH 3 + OH

- NH 2 + H20

kA

10'

12

The rate constants hold for P * 1 b a r1, T « 350 K. The competition is effective
because the difference of the rate constants is complemented by the difference in the
opposite direction o f the reactant concentrations: e.g. k4 has the smallest value, blit
ammonia usually has the highest concentration, etc. Some important features o f this
competition are:
(a)

(b)
(c)

Reaction (1) is only partially effective for NOx removal, since substantial
amounts o f the nitrous acid are liable to undergo heterogeneous decomposition
into NO and N 0 2.
Reaction (2) is the most important source o f nitric acid and, hence, o f ammo
nium nitrate.
Reaction (3) is followed by the fast reaction H S 0 3 + 0 2 — S 0 3 + H 0 2 and
initiates directly the nucléation o f sulphuric acid in the presence o f water. This
reaction sequence replaces OH by H 0 2, which is needed for NO oxidation
and shows the ‘favourable’ importance o f S 0 2 for the removal o f NOx.

1

1 bar = 1.00 x 10s Pa.
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Reaction (4) replaces an oxidizing OH radical by the N H 2 radical which has
reductive properties with regard to NOx.

W hile S 0 2 can be removed only via oxidation in the electron beam treatment
o f flue gas, NOx removal is brought about by both oxidative and reductive mechan
isms. Both N atoms and NH 2 radicals can reduce NOx to stable gaseous products,
molecular nitrogen and nitrous oxide:
NO
NO
N 02
N 02

+ N
— N2 + О
+ NH 2
- N 2 + H20
+ N
- N20 + О
+ NH 2 N20 + H20

(5)
(6 )
(7)
(8 )

Since reaction ( 8 ) is much more important for the formation of N 20 than
reaction (7), N20 emission can be controlled by the proper injection o f ammonia.
The nitrogen formation is difficult to measure and, therefore, the experimental
N balance usually shows a deficit o f nitrogen, which may be as high as 20% o f the
input NO depending on the operating conditions. Usually, this apparent gap in the
nitrogen balance can only be explained by the comparison of experiments and model
calculations. Recently, it was found that the formation o f molecular nitrogen could
be proved directly by using 15N labelled NO and mass spectrometric product analy
sis [3, 11, 12].
The removal pathways described above for NOx are partially counteracted by
the decomposition o f intermediate species. The most important reaction o f this kind
is:
N 02 + О -

NO + 0 2

(9)

Reaction (9) effectively converts NOz back into NO. Using sensitivity analysis of
the model calculations, this reaction was found to cause the non-linearity o f NOx
removal versus dose. It was therefore proposed that the intermediate NOx concen
trations be minimized by stepwise (double) irradiation with heterogeneous gas scrub
bing between the irradiation steps [13]. This idea was implemented recently and, as
a result, the energy efficiency o f NOx removal was increased by 40% in a double
irradiation experiment [10]. Figure 2 shows that the experimental result can be
recalculated with the AGATE code. In the calculations, it is assumed that 40 ppm
N 0 2 are scrubbed heterogeneously at the intermediate filter.
Another important intermediate is nitrous acid, H N 0 2, which is predicted to
occur at concentration levels o f between 10 and 20% o f the initial NO. First
experimental evidence o f H N 0 2 formation in the EBDS process has recently been
obtained by M àtzing et al. [14]. Experimental information about its chemical
behaviour under EBDS conditions is scarce, but very likely it has no efficient sinks
in the homogeneous gas phase. Therefore, in the AGATE code the nitrous acid is
assumed to decompose at the aerosol surface, mainly into NO and N 0 2. The trans-

IAEA-SM-325/186

121

Dose (kGy)

FIG. 2. Comparison o f measured (----- ) and calculated (— ) values for double irradiation
([NO]0: 310 ppm; [SO2]0: 720 ppm; [NH3]0: 1225 ppm; temperature: 75°C; relative humid
ity: 50%).

fer rate to the particles is calculated from the gas kinetic velocity and the aerosol sur
face and the reaction probability has been fitted according to the experimental
results [3]. An alternative possibility is that parts o f the nitrous acid might survive
the way to the product filter and undergo heterogeneous reactions at this later stage.
In this case, the nitrous acid would be available for heterogeneous gas scrubbing and
hence it would possibly contribute to the benefit o f intermediate filtration in the
double irradiation experiment discussed above.
Similar multiple irradiation experiments have recently been performed by
Namba et al. [15], who irradiated simulated mixtures o f coal fired flue gases in two
and three stages in a laboratory scale flow reactor. The initial concentrations were
somewhat different from those in Fig. 1. The authors found that the energy effi
ciency o f NOx removal increased from single to double and triple irradiation even
without the installation o f an intermediate filter. Their results cannot yet be explained
by model calculations, which simulate a pulsed irradiation without product removal.
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In this case, the model predicts the same NOx removal efficiencies for one to three
pulses.
According to the discussion above, more investigations are needed concerning
the mechanism o f multiple irradiation. The contribution o f N 0 2, H N 0 2 and perhaps
some other intermediate products in benefitting multiple irradiation needs to be
clarified.

4.

REM OVAL OF VOCs FROM INDUSTRIAL OFF-GAS

It was outlined above that the irradiation o f air-like gas mixtures by electron
beams produces OH and other radicals which can attack and destroy gaseous pollu
tants. O f course, this does not hold only for NOx and S 0 2 traces, but also for a
variety o f other substances which react quickly enough with, say, OH. This leads
to the conclusion that the electron beam process should also be applicable to the
removal of VOCs from industrial (or other) off-gases. Examples are solvent emis
sions from car or aeroplane painting, smelly emissions from chemical production
processes, volatile dioxins and furans from waste incinerators and off-gas from
automobile tunnels. A common feature o f these emissions is that they often contain
only small concentrations o f pollutants, while the total volume flow may be very
large. Under such circumstances, conventional cleaning methods (such as adsorp
tion, combustion, etc.) may become very expensive. Using electron beam treatment,
the above trace components can be removed without enrichment o f the pollutants,
possible dust loadings o f the emissions can be tolerated and the process works at both
low temperatures (for cold off-gases) and at elevated temperatures (e.g. incinerator
off-gas).
In a first prelim inary study, it was shown that traces o f benzene and toluene
can be removed efficiently from air at room temperature [16]. The removal effi
ciency increases with dose and with decreasing initial concentration, and for toluene
it is higher than for benzene. This study was recently extended by use o f a commer
cial solvent mixture which contained solvent naphtha, butylacetate, xylene, dipentene and glycolic acid butyrate. The removal efficiencies were found to be higher
than those o f the pure aromatics and reached 90% at 3 kGy, with input concentra
tions of around 30 mg C /m 3 [10]. M ore than 50% of the VOCs can be converted
into aerosols and approximately one third ends up as CO and C 0 2. The experiments
were recalculated with the AGATE code employing the simple assumption that all
hydrocarbons are removed by a reaction HC + OH — product with the same rate
constant, kHC. The effective rate constant was fitted to &Hc = 8 x 10 “ 1 3 cm 3 /s,
which gives a reasonable model response, especially at the upper end o f the inves
tigated dose range, as shown in Fig. 3. This value is a factor o f five to ten lower
than literature data o f the OH reaction rate constants for the individual hydrocarbons.
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FIG. 3. Comparison o f measured (----- ) and calculated (— ) VOC removal.

Thus, obviously, the initial OH reaction is not the rate limiting step in the removal
of hydrocarbons from air by electron beam treatment. Further insights can be
obtained with a more detailed calculation.

5.

CONCLUSIONS

Model studies o f the electron beam process have contributed to the understand
ing o f its chemistry and to the improvement o f its energy efficiency. The general
understanding o f the process has promoted the extension o f its range o f applicability
from the removal o f NOx and S 0 2 in flue gas to a variety o f other hazardous com
ponents in industrial off-gas. Its wide range o f applicability shows the potential of
this new technique in becoming an important tool for environmental protection.
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Abstract
REMOVAL OF TOXIC GASES BY CORONA DISCHARGE PROCESSING.
In the DeNOx-DeSOx process by gas energization, normally a certain quantity of
ammonia ‘slip’ is present. In order to overcome this inconvenience, hydrogen peroxide is
injected into the flue gas and the residual S 0 2 present in the flue is converted into sulphuric
acid and then into neutral ammonium sulphate. As a result, a quantity of ammonia less than
1 ppmv and a S 0 2 removal efficiency of up to 99% may be obtained.

1.

PHYSICAL ASPECTS OF TH E DeNOx-D eSO x PROCESS

It is well known that if a gas containing water vapour, oxygen, sulphur dioxide,
nitrogen oxides and other gases produced by the combustion of coal, mixtures of
water and coal, oil, solid urban wastes, etc., interacts with electrons with energy in
the range from 5 to 20 eV, this leads to the transformation o f the sulphur dioxide
and nitrogen oxides, mainly into sulphuric acid and nitric acid. The above reactions
are made possible by the presence of O, OH, H 0 2 and NH 2 radicals that have been
formed mainly due to the interaction o f the electrons with the water vapour, oxygen
and ammonia present in the gas to be treated. If ammonia is added to the gas, the
sulphuric acid, nitric acid and ammonia are transformed into ammonium salts; as
these salts are in the form of solid particulates, they may be removed by means of
an electrostatic precipitator or bag filter. The presence of a bag filter coated with par
ticles with a large surface area, like diatomaceous earth, increases the NOx removal
efficiency.
An electron ‘population’ with an energy between 5 and 20 eV may be obtained
either by irradiating the gases with high energy electrons (300-1000 keV) produced
by an external accelerator, or by applying an electric field to the gas of about
150 kV/cm; in the latter case, an electron population with an energy of 5-20 eV is
produced in the gas itself. The former system (external accelerator) is not related to
the oxide removal technology dealt with in this paper.
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O f course, it is not possible to generate uniform electric fields with an intensity
o f 150 kV/cm in the gas. By using ‘stressed’ electrode geometries (wire plate or wire
cylinder), the trend o f the electric field in the gas changes considerably depending
on the polarity o f the voltage applied to the wire. If a positive polarity with average
electric fields of around 8 kV /cm is applied to the wire, cold discharges (streamers)
are generated in the gas which spread from the wire to the plate. During propagation,
fields o f around 150 kV/cm are produced in proximity to the head o f the streamers.
With this technique all the gas between the wire and the plate is subjected to
high electric wave fields, as a result o f which electrons with suitable energy are
produced. Thus, as the active radicals produced are ‘diluted’ in the gas, there is less
likelihood o f their recombination.
A fundamental aspect of the process is that the voltage applied to the wire has
to be removed after about 1 ¿is, otherwise a hot discharge between the wire and the
plate will be generated owing to the thermalization o f the streamers. This effect must
be avoided because nitrogen oxides may be generated in the gas.
In order to use a reasonable emitting w ire length, it is necessary to transfer in
the gas at least 1 J per pulse per metre of emitting wire. This specific energy
increases as the voltage o f the pulse increases and as the pulse voltage rise time
decreases. Regarding the rise time o f the pulse, the following considerations apply:
(a)

(b)

If the rise time is too fast, i.e. less than 100 ns, owing to the higher energy
associated with the early streamers,the wire thermalizes in a shorter period
o f time. Consequently in order to avoid sparks, it is necessary to reduce the
width of the voltage pulse and, owing to the higher space charge left in the gas,
the total corona current duration decreases.
If the rise tim e is too slow, i.e. more than 500 ns, it is necessary to increase
the length o f the emitting wire to transfer the needed energy in the gas; in this
case, a higher capacitive current occurs and increases the energy stored on the
electrode structure at the end of the corona current.

The production o f pulse generators with a high repetition rate (up to
300 pulses/S), a pulse duration o f less than 1 /¿s, voltage on the load o f around
100 kV, power around 100 kW and a high efficiency (> 7 5 % ) was one of the main
activities within the scope o f the RIACE project being undertaken by the Ente Nazi
onale per Г Energia Elletrica (ENEL).

2.

FUNDAM ENTAL CHEM ICAL ASPECTS

The removal o f S 0 2 and NOx from flue gas is influenced by the amounts of
H 2 0 , NH 3 and 0 2 present in the gases treated, as well as by the energy that is
transmitted to the gases for the formation o f ions and active radicals.
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2.1. Removal of S 0 2
The removal o f S 0 2 occurs by means o f two different mechanisms:
(1)

Radical reactions that take place in the presence o f the transfer of energy to
the gases, in which case S 0 2 is transformed into ammonium sulphate accord
ing to the following reactions:
5 0 2 + OH - H 0 S 0 2
H 0 S 0 2 + 0 2 - H 0 2+ S 0 3
5 0 3 + H20 + 2 N H 3 - (NH 4 )2 S 0 4

(2)

In this way about 30% o f the S 0 2 present in the gases is removed.
Thermochemical reactions that develop even in the absence o f the transfer of
energy to the gases and which lead to the formation o f neutral and acid
sulphates and sulphites:
-

NH 4 H S 0 3
(NH 4 )2 S 0 3

-

n h 4h so 4
(NH 4 ) 2 S 0 4

S 0 2, H 2 0 , 0 2, NH 3 —■

In particular, in the process o f S 0 2 removal, the reactions that produce acid
sulphates and sulphites proved to be m ore important from the point o f view o f quan
tity. By reducing the temperature o f the gases it is possible to increase the efficiency
o f the spontaneous removal of S 0 2. As mentioned above, this leads to the formation
o f acid salts and therefore to a considerable emission o f NH3.
Reducing the amount o f NH 3 to be added to the gases does not necessarily
solve the critical situation described above, since a reduced concentration o f N H 3
reduces the efficiency o f the removal o f S 0 2 and NOx and increases the percentage
o f acid salts; the final by-product containing acid sulphates cannot be used for
agriculture.
A new aspect o f the process developed within the scope of the RIACE project
is the inhibition o f the thermochemical reactions o f S 0 2 with NH 3 by keeping the
average gas temperature in the energizing stages at high levels (around 100°C), and
converting the S 0 2 left in the flue gases, after the energizing stages, into sulphuric
acid by the injection o f hydrogen peroxide into the flue gas:
S 0 2 + H20 - H 2 S 0 3
H 2 S 0 3 -f- H 2 0 2 * H 2 S 0 4 4* H20
The sulphuric acid is converted in neutral ammonium sulphate by the ammonia
present in the flue gas. This technique has made it possible to remove up to 99%
o f S 0 2 and has drastically reduced the concentration o f NH 3 at the output o f the
process (less than 1 ppmv).
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2.2. Removal of NOx
The reactions in the gaseous phase, and the most important from the point of
view o f mass in explaining the mechanism o f the removal o f nitrogen oxides, are the
following:
NO + 0 3 -> N 0 2 + О
NO + О
N 02
N 0 2 + OH - HNO 3
N 0 2 + NH 2 - NH 2 N 0 2
HNO 3 + NH 3 - NH 4 N 0 3

(1)
(2)
(3)
(4)
(5)

Reactions (1) and (2) are oxidation reactions in the gaseous phase and they occur at
high speeds. Reactions (3) and (4) do not remove all of the N 0 2 produced by
reactions ( 1 ) and (2 ).
It is believed that the removal o f N 0 2 is facilitated by reactions in the
heterogeneous phase (for example, while the gas is passing through a bag filter).
During the second half o f 1991, the necessary experiments and research were carried
out to assess the increase in efficiency and the chemical and physical aspects
underlying this effect.

3.

THE TR-100 EXPERIM ENTAL PLANT

A 100 N m 3/h experimental plant at the M arghera thermoelectrical power
plant is made up o f a series o f ten cylinders, 2 0 0 mm in diameter and 1500 mm in
length (Fig. 1). The flue gas to be processed is drawn off downstream of the plant
electrostatic precipitator. A heat exchanger then reduces the flue gas temperature to
about 80°C , and the ammonia required for the process is injected at the outlet of the
heat exchanger. Next, the flue gas passes through the first two cylinders, where the
gas is energized by a positive pulsed voltage applied to the wires on the cylinder axis.
The third cylinder works as an electrostatic precipitator and, consequently, a nega
tive voltage is applied to the wire. Its electrode structure is the same as that o f the
first two cylinders.
During these phases the S 0 2 is partially converted to ammonium sulphate
(about 30%) and the NO partially converted to ammonium nitrate and N 0 2. Part of
the salt particles and the fly ash in the flue gas are collected during the first two ener
gizing stages and after the electrostatic precipitator.
The gas temperature at the end o f the third stage is about 115°C. The fourth
cylinder is available, but not required (the results reported here refer to experiments
carried out without the fourth stage).
In the fifth stage, H 2 0 2 is added to the gas and its contact with the S 0 2 and
NH 3 produces a chemical reaction which turns the S 0 2 into ammonium sulphate.
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TABLE I. S 0 2 REMOVAL EFFICIENCY AND THE PRESENCE OF AMMO
NIA WITH GAS ENERGIZATION

h 2o 2/ s o 2

(%)

NH3
slip
(ppmv)

<4

> 99

<1

0.79

459

34

93

<1

0.68

452

<4

>99

<1

0.81

478

<4

>99

<1

0.80

659

<4

> 99

<1

0.83

637

<4

> 99

<1

0.82

645

<4

> 99

<1

0.78

Initial
concentration
(ppmv)

Outlet
concentration
(ppmv)

S02
removal efficiency

443

The ammonium sulphate which has been produced, and the part of ammonium nitrate
which had not been collected during the first three stages, are gathered in the last
five stages, which work as electrostatic precipitators.

4.

S 0 2 AND NOx REMOVAL EFFICIENCY

Figures 2(a) and 2(b) show the S 0 2 removal efficiency and ammonia present
versus the stoichiometric ratio, H 2 0 2 /S 0 2. These results have been obtained from
the TR-100 experimental plant (see Fig. 1) and without gas energization. With
H 2 0 2 /S 0 2 values greater than 1, an H 2 0 2 ‘slip’ was found in the flue gas.
Table I gives the S 0 2 removal efficiency and the ammonia present when the
energy transferred to the gas is about 12 W -h/Nm 3 . 1 A S 0 2 removal efficiency of
about 99% was achieved with a NH 3 slip stream o f a few ppmv. The S 0 2 removal
efficiency was improved and the quantity o f ammonia present was reduced after
utilizing gas energization.
NOx removal ranged from 40 to 50%. Higher NOx reductions were observed
in conjunction with higher NH 3 concentrations measured at the plant output. During
these tests, about 12-13 W -h/N m 3 o f energy is supplied to the gas. No reductions
in NOx concentrations were observed during the tests carried out without the gas
energizing process.
1 W -h: watt hour.
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FIG. 3. By-product composition sampled up stream o f H20 2 injection (weight percentage).

FIG. 4. By-product composition sampled down stream
percentage).

o f H20 2 injection

(weight
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The material collected from the two energizing stages and the first collection
stage (both coming before H 2 0 2 injection) contained about 6 % o f the total amount
of the collected salts. The material is a m ixture o f fly ash (50% ), ammonium
sulphate, ammonium nitrate and chlorine (probably as ammonium chloride). Figure
3 gives the percentages o f the compositions by weight o f the measured ionic species.
Figure 4 shows the percentages o f the compositions by weight o f the ionic species
o f the material collected in the electrostatic precipitator, after H 2 0 2 injection. The
collected product is made up almost totally o f ammonium sulphate of such high
purity as to be suitable for putting on the market.

5.

ECONOM IC EVALUATION

The economic evaluation presented below refers to a coal thermoelectric plant
with a nominal power o f 320 MW(e):

T herm oelectric p lan t d ata
Nominal power
Working hours per year
Electric energy produced per year
Flue gas flow rate
S 0 2 concentration
NOx concentration

320 MW(e)
6000 h/year
1.92 x 1 0 9 kW •h/year
1 .1
x 1 0 6 N m 3/h
500 ppmv
250 ppmv

D ow nstream concentrations (req u ired values)
S 0 2 concentration (result achieved by the test rig plant)
NOx concentration (performance to be reached)
Particulate concentration (result achieved by
the test rig plant)
(a)

Investm ent costs
Pulse generator
NH 3 storage and injection systems
Electrostatic precipitator structure modification
Unexpected events

Total
Annual depreciation cost (40 X 10 9 Lire X 0.08) =

<

<

33
0.5
2.5
4

x
x
x
x

M aintenance costs
Annual maintenance cost

1 0

mg/Nm 3

1 0 9

Lire
Lire
Lire
Lire

40 x

1 0 6

Lire

3.2 x

1 0 9

Lire/year

In crem en t over th e prod u ced energy cost
(b)

< 2 5 ppmv
ppmv
1 0 0

1 0 9
1 0 9
1 0 9

1.67 Lire/kW -h

1.5 x

1 0 9

Lire/year
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Increment over the produced energy cost
(c)

0.78 Lire/kW -h

Running costs

(i) Plant derating
Thermoelectric plant cost per nominal kW(e)
Derating power
Derating cost (2 X 10 6 Lire/kW(e)
x 2 2 x 1 0 3 kW(e))
Annual derating cost (44 x 109 Lire x 0.08)
Increment over the produced energy cost
(ii)

(iii)

Fuel costs to supply the electrical energy required
Coal price
Calorific power
Heat consumption
Fuel cost per supplied kW -h
Fuel cost (22.5 L ire/kW -h X 22 X 10 3 kW -h)
Increment over the produced energy cost
Additive costs
Increment over the produced energy cost

Total running costs

2

x 10 6 Lire/kW(e)
22 MW(e)

44 X 109 Lire
3.52 X 10 9 Lire/year
1.83 Lire/kW -h

60 Lire/kg
6000 kcal/kg
2250 kcal/kW •h
22.5 Lire/kW -h
0.5 x 10 6 Lire/h
1.6 Lire/kW -h

5.1 Lire/kW -h
8.3 Lire/kW -h

Summary o f costs
Investment costs
Maintenance costs
Running costs

10.75 Lire/kW -h

Total

6

.

1.67 Lire/kW -h
0.78 Lire/kW -h
8.3 Lire/kW -h

HETEROGENEOUS PHASE REACTION

The NOx removal efficiency increases if the energized flue gas plus NH 3 pass
through a bag filter coated with diatomaceous earth. The steps of the chemical reac
tion are unknown, but experimental results show that the efficiency increases as the
relative humidity increases. Up until now it has been quite difficult to transfer this
technique to an industrial plant because o f problems with the lifetime o f the bag
filter, with the cost o f the diatomaceous earth and with the high concentration of
diatomaceous earth required in the gas (up to 3 g/N m 3). Further tests and research
are planned in order to solve these problems or to find alternative solutions in order
to remove the N 0 2 formed during the process.
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FURTHER ACTIVITIES PLANNED UNTIL 1992
The following activities are planned:

(a)
(b)
(c)
(d)

Study o f the reactions in the heterogeneous phase which lead to the removal
o f N 0 2.
Experiments to remove N 0 2 in the heterogeneous phase.
Planning and construction o f a 200 kW pulse generator.
Retrofitting o f a traditional electrostatic precipitator
able to treat
10 000 N m 3/h at the M arghera power plant into a system capable o f remov
ing fly ash, NOx and S 0 2 from flue gas.
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EXPERIMENTAL EVIDENCE OF NITROUS ACID
FORMATION IN THE ELECTRON BEAM
TREATMENT OF FLUE GAS
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Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe,
Germany
H. NAMBA, O. TOKUNAGA
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Nitrogen oxides (NOx) and sulphur dioxide (S 0 2) emitted by fossil fuel burn
ing power plants can be reduced efficiently by irradiation with accelerated
(300-800 keV) electrons. M ore than 99% o f the incident electron energy is absorbed
by the matrix gas (i.e. by N2, 0 2, H20 and C 0 2), which leads to ionization and
fragmentation o f the parent molecules. Subsequent ion-molecule reactions produce
large amounts o f radicals which are available for reactions with the trace components
NOx and S 0 2. The radicals convert the NOx into nitric acid and the S 0 2 into
sulphuric acid. By injecting ammonia, these acids are transformed into particulate
ammonium sulphate and nitrate. The powdery product can be filtered and sold as a
fertilizer. The major advantages o f this electron beam dry scrubbing (EBDS) process
are its low space requirement, its high energy efficiency and the avoidance of
wastewater.
At the Kernforschungszentrum Karlsruhe, the AGATE code was developed in
order to understand the basic reaction kinetics o f the EBDS process, to interpret the
experimental results and to predict economic alternatives as well as novel applica
tions (other than for NOx and S 0 2). As input, the code uses literature data concern
ing primary species formation due to irradiation, and the subsequent chemical
reactions. Different dose rate versus time profiles can be preset to calculate the tem
poral behaviour o f species concentrations and to obtain an idea o f the dependence
o f removal efficiencies on the dose or other relevant parameters.
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TABLE I. COMPARISON OF MEASURED AND CALCULATED RESULTS
ppm N 0 2

ppm

hno2

T
(K)

Dose
(kGy)

Measured

Calculated

Measured

Calculated

313

9.4

125

124

21

90

343

9.4

125

132

23

88

175

172

26

107

343

15

One prominent result o f the model calculations is that they predict large
amounts (10-20% o f initial NO) o f intermediate nitrous acid, H N 0 2, which has no
efficient sinks in the homogeneous gas phase. In the AGATE code, heterogeneous
decomposition of H N 0 2 into NO and N 0 2 is assumed. This corresponds, at least
partly, to the assumption o f OH destruction, i.e. waste o f absorbed energy. So far,
there has been no experimental proof o f nitrous acid formation (and decay) during
the electron beam treatment o f flue gas. Therefore, we have undertaken an
experimental study to investigate the possible formation o f nitrous acid in irradiated
gases. The paper describes the experimental procedure and the results.
A mixture o f 400 ppm NO in synthetic air was introduced into a laboratory
scale flow reactor [1] and irradiated with 1.5 MeV electrons at doses o f 9.4 and
15 kGy and at temperatures o f 40 and 70°C. The gas composition was much simpler
than that o f real flue gas, since the goal was to avoid aerosol formation and to
minimize the possible heterogeneous destruction of nitrous acid. The irradiated gas
was passed through thermostatted stainless steel pipes into a second order derivative
UV spectrometer (Yanagimoto UO-IOOO H, Yanaco) with an optical path length of
50 cm and a resolution o f 0.1 nm. The baseline and sample spectrum intensities were
recorded in the wavelength range of 345-375 nm. In this range, both N 0 2 and
H N 0 2 have comparatively small (< 3 % ) and broad absorption bands under present
conditions. N 0 2 calibration spectra were used for subtraction from the sample spec
tra. This allowed determination o f the concentration of N 0 2 in the samples. The
remaining absorption bands could clearly be assigned to nitrous acid. From the band
intensities and a recent literature tabulation [2 ], the concentration of nitrous acid
could be derived.
Table I gives a comparison o f measured and calculated N 0 2 and H N 0 2 con
centrations. In the case o f N 0 2, these agree quite well, but the measured H N 0 2
concentrations are lower than the model prediction. The discrepancy may have
several reasons. W e emphasize the first experimental detection o f H N 0 2 formation
in irradiated N O -air mixtures and the need to clarify the importance o f H N 0 2 for
mation in the EBDS process.

POSTER PRESENTATION

139

REFERENCES
[1]

[2]

NAMBA, H., TOKUNAGA, O., SUZUKI, R., AOKI, S., Material balance of nitro
gen and sulphur components in simulated flue gas treated by an electron beam, Appl.
Radiat. Isot. 41 (1990) 569-573.
BONGARTZ, A., KAMES, J., WELTER, F ., SCHURATH, U., “ Absorption crosssections of gaseous nitrous acid in the 300-400 nm range” , Proc. Symp. EUROTRAC
’90 (BORRELL, P., et al., Eds), SPB Academic Publishing, The Hague (1991)
299-302.

RADIATION PROCESSING OF LIQUID
AND SOLID WASTES
C h airm an
H .-R . PA U R
Germany

IAEA-SM-325/200

Invited Paper
IRRADIATION TREATMENT OF WATER AND WASTES
A report o f the activities o f the
American Society o f Civil Engineers
T.D . W AITE*
University o f Miami,
Coral Gables, Florida
P. KRUGER*
Stanford University,
Stanford, California
E. BRYAN*
National Science Foundation,
Washington, D .C.
United States o f America
J.F . SWINWOOD*
Waste Treatment Applications,
Nordion International, Inc.,
Kanata, Ontario,
Canada

A b stract
IRRADIATION TREATMENT OF WATER AND WASTES: A REPORT OF THE
ACTIVITIES OF THE AMERICAN SOCIETY OF CIVIL ENGINEERS.
Radiation energy can be an important resource in the treatment of water, wastewater
and sludge, both directly and in combination with other processes. Results are being compiled
from many operating facilities and research programmes worldwide. Important technical, eco
nomic, regulatory and social problems exist. The paper provides an overview of a state of the
art American Society of Civil Engineers Task Committee report on radiation energy in the
treatment of water, wastewater and sludge.

*
Members, Task Committee on Radiation Energy Treatment of Water, Wastewater
and Sludge, Environmental Engineering Division, American Society of Civil Engineers.

143

144
1.

WAITE et al.

INTRODUCTION

Ionizing radiation is a technologically advanced form of energy, available for
societal use, but feared by many as an environmentally dangerous pollutant and
health hazard. This polarization o f potential benefit and perceived risk has con
strained development o f the technology. Radiation energy treatment for a clean water
supply and for wastewater treatment is under study in many technologically
advanced countries. The development has been slow and the economics appear to be
uncertain owing to technical as well as societal problems. Greater application of radi
ation energy treatment o f water, wastewater and sludge by municipalities and indus
try may rest not only on the development o f improved technical processes, but also
on greater public acceptance o f radiation energy technology as environmental
engineering needs grow and health hazard fears subside.
The Task Committee on Radiation Energy Treatment o f W ater, Wastewater,
and Sludge o f the American Society o f Civil Engineers is compiling a state o f the
art report [ 1 ] on the potential, progress and problems involved in the use of radiation
energy as a treatment technology in environmental engineering. The objective is to
provide an unbiased summary o f the current state o f operations and research, to
assist in identifying some o f the technical and economic problems, and to note key
issues affecting long term development.

2.

RADIATION TREATM ENT

Radiation treatment may be defined as the application o f ionizing radiation
energy to produce a useful change in a material, such as disinfection. The amount
o f radiation energy absorbed in a material depends on both the chemical and physical
state o f the material and the type and energy distribution o f the radiation. Radiation
dose units are the ra d 1 (100 ergs/g, centimetre gram second ) 2 and the gray (1 Gy
= 1 J/kg, SI). For biological comparisons, the respective units are the rem 3 and the
sievert (Sv), the physical dose unit multiplied by a radiation quality factor (QF). For
biological effectiveness, the yield may be expressed as a D value, where D 1 0 is the
dose needed to reduce a population by a factor o f ten.
A m ajor review o f advances in radiation treatment as o f 1975 was published
by the International Atomic Energy Agency [2]. The application o f radiation energy
to water and wastewater treatment needs to achieve a sufficient dose absorbed uni
formly at a given flow rate at an economic yield. The factors involved include the
type o f radiation, its energy distribution, the penetrability into the water stream, the
1 1 rad = 1.00 x 10’2 Gy.
2 1 erg = 1.00 x 10'7 J.
3 1 rem = 1.00 X 10"2 Sv.
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geometry o f the radiation-w ater interaction volume and the ‘thickness’ o f water nor
mal to the radiation flux. In treatment for disinfection, a major problem is the radio
sensitivity o f various types o f pathogens. For Escherichia coli, used frequently as
an indicator of treatment efficacy, the experimental dose for a D m kill is about
20 krad. For spore forming bacteria, the doses are o f the order o f 500 krad, whereas
total sterilization may require doses o f about 3 -4 Mrad.

3.

REVIEW OF TYPES OF RADIATION

The types of radiation useful for water treatment are gamma rays, high energy
electrons, X rays, and ultraviolet light.

3.1. Gamma radiation
Gamma rays, emitted during the decay of radioactive atoms, have relatively
high penetrating power. The two radioisotopes used most often for industrial applica
tions are “ Co and 1 3 7 Cs. Cobalt-60 emits two gamma rays with energies o f 1.17
and 1.33 MeV per decay. The 60Co source decays with a half-life o f 5.26 years.
Caesium-137 emits one gamma ray of 0.66 MeV per decay, but the source has a
half-life o f 30 years, thereby requiring less frequent replacement. The intensity of
a gamma ray source determines the exposure time for a given dosage. Some factors
are the source-to-water geometry, the per cent of solids in the water affecting the
bulk density and irradiator design. For sludge treatment, the amount of wet sludge
to be irradiated depends on the per cent solids to which the water is dewatered.

3.2. Electron beam radiation
Energetic electrons with energy from 1 to 10 MeV are produced in high vol
tage machines. The irradiation power (kW) of an electron accelerator is the product
o f the electron beam current (mA) and the accelerating voltage (V). Penetration is
high, the beam passing through a thinly dispersed flow rate can be reflected back
in the fluid, and the machine can be turned off when not in use. A review o f electron
beam technology for municipal sludge treatment was given by Trump [3].

3.3. X rays
X rays are produced by accelerating electrons onto a metal target. Conversion
into X rays results in increased penetrating power o f the radiation, but the conver
sion efficiency is only of the order o f 5-10% . Although X ray use is well established
in areas such as medical diagnosis, cancer therapy and non-destructive testing, X ray
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energy has not been applied to the treatment o f water and wastewater. The applica
tion for X rays which appears most competitive for water treatment, taking advan
tage o f its greater penetrating power compared with electrons, is the irradiation of
dewatered sludge for disinfection. A comparatively smaller fluid volume is involved,
and thus the higher cost of X rays would be less disadvantageous in this application.

3.4. Ultraviolet radiation
Ultraviolet (UV) radiation in the electromagnetic radiation spectrum falls
between visible light and X rays with radiation energy expressed in wavelengths
from about 180 to 280 nm. Ultraviolet radiation is normally generated by low pres
sure mercury vapour lamps at a wavelength of 253.7 nm.
The sun is the most important natural source of UV energy, much o f it with
longer wavelengths above 295 nm. Ultraviolet radiation in the energy band between
200 and 310 nm has high efficiency as a microbiocide, With a maximum at about
260 nm for practically all microorganisms. Many municipalities in the United States
o f America and elsewhere adopted UV radiation for water treatment between 1916
and 1928, but most abandoned it owing to high costs and the advent o f chlorination
as a m ore efficient and reliable process. The use o f UV energy as an alternative to
chlorine in the disinfection o f wastewater has increased significantly. In 1988, nearly
three hundred operating wastewater treatment plants were using UV disinfection.
Many are small plants, with less than 1.0 million gallons/d . 4 However, larger sys
tems are coming into operation with design flows between 1 and 1 0 million gallons/d
and greater. The largest operating plant has a design peak over 100 million gallons/d.

3.5. Combined processes
The beneficial effects o f radiation treatment may be obtained at a lower dose
in combination with other processes. Oxyradiation is a treatment with irradiation and
oxygenation, where air or oxygen is dispersed in the material during irradiation.
Ozone-plus-irradiation is a treatment with irradiation and ozone, where oxygen con
taining ozone is used. Thermoradiation is the heating o f a material immediately prior
to or following irradiation. Irradiation preceded by aerobic or anaerobic digestion
can be used to disinfect sludge for reuse. Irradiation plus organism seeding is the
use o f specific microorganisms as seeds for fast and efficient degradation prior to
irradiation. Further details o f these combined processes are given in Ref. [1].
Several combined process studies have been published. Waite [4] reported on
electron irradiation in oxygenated secondary wastewater. Takehisa et al. [5] evalu
ated the use o f radiation-oxidation in the presence o f ozone as a method to remove
humic and fulvic acids, the precursors o f carcinogenic trihalomethane (THM),
4 1 gallon (US) = 3.785 x 10'3 m 3.
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formed during chlorine treatment of city water. Unnikrishnan et al. [6 ] also inves
tigated the use o f ozone and radiation for aqueous solutions: Sandia National Labora^
tories [7] reported on the biological effects o f thermoradiation at the Albuquerque
W astewater Treatment Plant. Hashimoto et al. [8 ] used electron beam irradiation
with seeding with innocuous bacteria to pasteurize sludge.
4.

REVIEW OF APPLICATIONS

Industrial operations and many research studies on the irradiation treatment of
water, wastewater and sludge are under way around the world. Table I [9-21] lists
some o f the larger irradiation facilities for radioisotopes (“ Co and 1 3 7 Cs) and elec
tron accelerators. For more detailed descriptions, the references in the table should
be consulted. The only currently operating full scale sludge irradiation facility is at
Geiselbullach, Germany. The plant was designed to irradiate liquid sewage sludge,
containing 4% solids and biologically contaminated following anaerobic digestion,
for disposal as a soil conditioner and fertilizer on agricultural land in an area with
a population o f 240 000 people. The facility is now an integral part o f the sewage
treatment and disposal system. In Germany, ^ C o sources were installed in 760
deep drilled wells used for drinking and industrial water.
The effective life o f the wells was limited by the buildup o f hydrated iron and
manganese oxides on filters as a result o f biological and chemical action. Doses of
250-400 Gy reduced the deposits by killing the bacteria.
A status review o f the electron disinfection o f municipal sludge was issued by
the United States National Science Foundation [22]. The treatment of domestic
wastewater with high energy electrons was initiated in 1980 at a large scale electron
beam unit at the D eer Island W astewater Treatment Plant in Boston, Massachusetts.
The unit processed 100 000 gal/d o f sludge containing 5% solids irradiated at a dose
o f 400 krad. The results o f sludge treatment and virus inactivation reported by
Trump [23] were used in the design o f the irradiation facility at M iam i-Dade
County, Florida, whose characteristics are listed in Table I. For water treatment,
M errill [24] examined the use o f electron beam irradiation to destroy trace amounts
o f polychlorinated biphenyls in the presence o f polymers.
At the Japan Atomic Energy Research Institute in Takasaki, five major studies
are under way on: ( 1 ) decomposition o f refractory organics in industrial wastewater;
(2) development of electron beam radiation treatment; (3) combined radiation and
conventional treatment to improve economics; (4) synergistic use o f ozone and radia
tion; and (5) radiation disinfection in place o f chlorine. Electron beam decomposition
uses a dose o f 4 kGy in 3000 m 3/d o f supernatant from a wastewater treatment
plant serving 600 000 people [17]. The “ Co irradiator administers a dose of
2 Mrad to sterilize sludge cake (20% solids) for composting research [16]. Electron
beams are also used to disinfect sludge cake (2 0 % solids) at a dose of 600 krad for
seeding and composting [8 ].

TABLE I. MAJOR HIGH ENERGY IRRADIATION FACILITIES IN WATER, WASTEW ATER AND SLUDGE TREATMENT

Type

Material

Austrian Research Centre

E beamb

Drinking
water

University of Vienna,
Austria

Co-60

Water with
phenols

Ontario, Canada

Co-60

Dewatered
sludge (25% S)

Nuclear Research Institute,
Czechoslovakia

Co-60
Cs-137

Drinking water

Geiselbullach,
Germany

Co-60

Liquid sludge
(3-5% S)

760 wells,
Germany

Co-60

Water

BARC, India

Co-60

Wastewater
sludge (3 % S)

Takasaki, Japan

Co-60

Sludge cake
(20% S)
Sludge cake
Wastewater

2.0 MeV
2.0 MeV
Tokyo, Japan

Co-60
+ O2
E beamb

Power
(kW/kCi)a

Capacity
(m 3 /d)

Dose
(Gy)

Ref.

Chemical
treatment

[9]

Chemical
treatment

[1 0 ]

Pasteur

[И]

800
/h

Disinfected
biocide

[1 2 ]

3000

Disinfected
fertilizer

[13]

biocide

[14]

Disinfected

[15}

Compost

[16]

Compost
Disinfected

[8 ]
[17]

Disinfected

[18]

225
—

1 0

6000-12

—
—

—

Landfill
leachate

End use

1 0 0

—

500

2

150
Varies

400

240-400
3000

1 1 0

—

2 0

3000

0 0 0

0 0 0

6000
4000
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Location

4b.
OO

Type

Material

Institute of Water Resources,
Norway

Gamma
E beamb

Sludge +
effluent

Johannesburg,
South Africa

3 MeV
E beamb

Sludge

Florida, USA

1.5 MeV
E beamb

Water and
wastewater
(0.5% S)

Power
(kW/kCi)a

Capacity
(m3 /d)

1 2 0

75

Dose
(Gy)

1 0 - 2 0

2 2

4000

End use

Ref.

Combined
treatment

[19]

Pasteur
For sale

[2 0 ]

Research

[2 1 ]
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a 1 curie (Ci) = 3.70 x 10ю Bq.
b E beam: electron beam.
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The work at the Metropolitan Isotope Research Centre in Tokyo, Japan, has
been focused since 1983 on the irradiation o f landfill leachate to reduce microorgan
isms and degrade toxic organic pollutants. The process uses a combination o f radia
tion with oxygen or nitrogen. At the Nuclear Research Institute in Rez,
Czechoslovakia, irradiation o f drinking water has been a research project since 1986.
A dose o f 800 Gy is used as a chlorine replacement to disinfect drinking water, and
a dose rate o f 2 Gy/h is used for regenerating biologically clogged water wells. The
Bhabha Atomic Research Centre in India has a 500 kCi ^ C o pilot plant used for
wastewater/sludge irradiation at the Gajerawadi Sewage Treatment Plant in
Baroda . 5
In Canada, research projects were initiated in 1989 on the irradiation o f dewa
tered sludge (25% solids) to pasteurize and degrade toxic organic pollutants, and
quick-cure them for bagging, sale and distribution. Results have been obtained for
irradiation doses o f 600, 900 and 1200 krad. The design o f a demonstration sludge
disinfection system is under way [ 1 1 ].
The Austrian Research Centre has, since 1987, been studying the removal of
chlorinated ethylenes (such as perchloroethylene and trichloroethylene) from drink
ing water by electron beam irradiation. At the University o f Vienna, research is
under way since 1987 on the decomposition o f chlorinated phenols in water. In
Johannesburg, South Africa, a private company is producing and selling irradiatedpasteurized chicken litter and sewage sludge as a pathogen free ruminant feed.
Combined treatment studies have begun at the Norwegian Institute for Water
Research [19].

5.

CONCLUSIONS

Much research activity is under way on the development of radiation energy
for water, wastewater and sludge treatment. Many of the problems are technical:
how to ensure that the proper dosage is delivered uniformly to the material at a price
which is competitive with other methods. Many problems are regulatory: how to
ensure safety both in the irradiation facility and in the environment. And many
problems are societal: how to attain public acceptance of the use o f ionizing radiation
in general, and o f the use of irradiated materials in the market place. It is possible
that the resolution o f these problems will proceed in parallel.

5 1 curie (Ci) = 3.70 x 1010 Bq.
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A bstract
RADIATION PROCESSING OF LIQUID AND SOLID INDUSTRIAL WASTES.
As a consequence of world population growth and increased industrial production, a
heavy burden on the global environment is observed. The radiation processing of liquid and
solid wastes can contribute in an important way to solving this problem. After a short
description of radiation sources and water radiolysis, the present state of the art concerning
the radiation induced decomposition of biologically resistant pollutants in wastewater is
described. The possibility of using radiation for the disinfection of hospital wastes and garbage
from international airports and seaports is also discussed. The final point dealt with is the
recycling of solid wastes (used tyres and plastics) by their irradiation induced degradation into
various products, which can be used as starting material for synthesis.

1.

INTRODUCTION

The rapid growth in the world population and, in conjunction, the intensive
development o f various industries all over the world are leading to very basic
environmental problems. The worldwide application o f fertilizers, pesticides, etc.,
in modern agriculture and the disposal of large amounts o f chemical waste materials
in rivers, seas and oceans has led to heavy pollution of water resources. The disinfec
tion o f drinking water (containing humic substances) by chlorination has contributed
further in this respect by causing the formation o f mono-, di- and trihalomethanes,
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as well as halogenated phenols, etc. [1-3]. In addition, the reduction due to
chlorination o f microorganisms in wastewater treatment plants was found to be
insufficient [4]. The discharge o f solid waste materials, as well as the combustion
gases, into the atmosphere is currently the major environmental problem o f crucial
importance. In most cases, conventional methods are not in a position to satisfac
torily solve these problems. On the basis o f present knowledge, however, the
radiation processing (electron beam or gamma radiation) o f waste liquids and solids
appears to be the most promising and efficient technique for solving the environmen
tal problems mentioned above.
This paper reviews the current state o f the art concerning the radiation induced
degradation o f various compounds in industrial wastewaters, as well as o f solid
wastes. The radiation processing of these materials covers the following areas:
(a)
(b)
(c)
(d)
(e)

Decomposition of biologically resistant halogenated organic compounds,
dyestuffs, poisonous substances, etc., in industrial wastewaters;
Disinfection o f wastewater originating from municipal sewage plants;
Biomedical wastes;
Garbage from industrial airports and seaports;
Recycling o f plastic and rubber wastes.

2.

IRRADIATION SOURCES

As irradiation sources for radiation processing o f wastes gamma rays can be
used ( 6 0 Co, half-life Ti/2 = 5.26 years, energy: Ey = 1.17 and 1.33 MeV; 1 3 7 Cs,
Tin = 30 years, E = 0.66 MeV), as well as high energy electrons. In the latter
case, preferentially electrons with energies greater than 2-10 MeV were used in
order to achieve deeper penetration in the material.
The depth dose distribution for “ Co gamma rays and 2 MeV electrons in
water is presented in Fig. 1. Obviously, the gamma rays can penetrate deeper into
the water than the 2 MeV electrons. However, modern accelerators are very
powerful (10-200 kW or more) and therefore they can be used efficiently for this
purpose. Figure 2 shows the depth dose distribution in water for 3, 8 , 10 and 12 MeV
electrons. Such machines can treat rather large quantities of wastewaters.
The irradiation system can be on-line with the waste treatment facility or
placed separately. In the latter case, the waste material has to be delivered to the
irradiation unit in an appropriate manner. However, in both cases the irradiation
facility should be designed to operate continuously (if possible three shifts per day),
with automatic or manual loading and unloading alternatives. The operation o f such
an irradiation system requires, o f course, a number o f regulations with respect to the
staff and public safety according to the laws o f the individual state (see, for example,
Refs [5, 6 ]).
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FIG. 1. Depth dose (D (%)) as a function o f the water depth (cm) o f (A) 60Co gamma rays;
and (B) 2 M eV electrons.

Penetration depth in water (cm)
FIG. 2. Depth dose (D (%)) distribution in water at different electron energies (in MeV)
(A: 3 MeV; B: 8 MeV; C: 10 MeV; D: 12 MeV).

156
3.

GETOFF

RADIATION INDUCED DEGRADATION OF POLLUTANTS
IN WASTEWATERS

3.1. Water radiolysis
For the sake o f completeness, it should first be mentioned that by irradiating
water some molecules are excited and others are ionized. Both processes result in
the formation of radical and molecular primary products of water. The simplified
reaction steps are given in Table I [7-9]. The primary radiolytic products o f air free
water (reaction 15 in Table I) or, in the presence o f oxygen, where H and е~щ are
converted into H 0 2 and O f, respectively (Table I, reactions 16-18), are the reactive
species which react with the wastewater pollutants. The H 0 2 and 0 2 are much less
powerful reactants than are H and е~щ . Hence, in aerated wastewater the most
important reaction is the attack o f OH radicals on the individual substances and the
subsequent addition o f oxygen to the resulting radical (formation o f peroxy radicals).
The consecutive reaction steps so initiated lead to the decomposition o f the
corresponding compound. Some o f these processes will be discussed later through
examples.

3.2. Degradation of halomethanes, halothanes
and halogenated aromatic compounds in water
The studies concerning the possible application o f gamma or electron irradia
tion for the purification o f wastewaters can be divided into two major groups, as dis
cussed below.
3.2.1.

Fundamental research

These studies concern the decomposition o f individual chlorinated compounds
or mixtures o f them in distilled water with the aim o f elucidating the radiation
induced mechanisms. The results obtained are very useful as a basis for the develop
ment of a pollutant process in water. F or this purpose, pulse radiolysis, as well as
irradiation under steady state conditions combined with product analysis, were per
formed. A relatively large number o f experiments on the radiolysis o f halomethanes,
halothanes and halogenated aromatic compounds in the absence as well as in the
presence o f oxygen have been published (see, for example, Refs [10-29]). By means
o f pulse radiolysis, valuable spectroscopic and kinetic characteristics o f transients
were obtained. These data contributed greatly to a deeper understanding o f the rather
complicated consecutive reaction steps leading to pollutant degradation. The absorp
tion maxima o f the CH3, C 2 H5, C 3 H 7 and C 4 H 9 radicals, as well as o f the cor
responding peroxy species, are below 260 nm [27, 28]. As expected the absorption
bands o f the peroxy radicals are shifted slightly to the longer wavelength range with

157

IAEA-SM-325/167

TABLE I. RADIOLYSIS OF WATER AND SOME PRIMARY REACTIONS
Primary reactions
h 2o —

H2o * — H + OH

(D

(2)

1— ► н 2о + + e
e~— e t‘h + nH 20 —- e¡q (solvated electron)

(3)

H20 + + H20 — OH + H a+q

(4)

H + H — H2 (k = 1 X 1010 dm3-m o r '-s '')

(5)

H + OH — H20 (k = 2.5 x 1010 dm3 -т о Г 1 - s ' 1)

(6)

H + ещ — H2 + OH;q (k = 2 x 1010 dn^-m ol"1- s '1)

(7)

OH + OH — H20 2 (k = 6 x 109 dm3-m o r ’ -s‘ l)

(8)

OH + е~щ — OH¡q (к = 2.5 x ÎO10 dm3- m o r '- s '1)

(9)

— H2 + 2 OHa-q (k = 3 x 1 0 10 dm 3-m o r ‘ -s’ 1)

^a"q +

(Ю)

e¡q + H a+q ~ * H (fe = 2.3 x 10ш dm3• mol"1• s -1)

(11)

H + OH¡q —►e~q (k = 2.5 x 107 dm3- m o r '- s '1)

(12)

Ha; + 6 a-q (pK = 11.9)

OH ^
H20 2 -

(13)

Ha+q + H 0 2aq (pK = 11.65)

(14)

Gross reaction at pH7 (the G values* are given in parentheses)
H20 ----- ✓ w - * - вщ,

H,

OH,

H2,

(2.7) (0.6) (2.8) (0.45)

H20 2,

H +,

OH¡q

(0.7)

(3.2)

(0.5)

(15)

In the presence of oxygen
0 2 + H —* H 0 2 (iк = 1.9 x 1010 dm3-m ol'1-s’ 1)

(16)

¿ 2* (к = 2.0 X 1 0 10 dm3-m ol-1-s*1)

(17)

° 2

+ e¡q

HÓ2 ^

H + + Ó2 (pK = 4.8)

(18)

* G value: number of changed molecules per 100 eV (1.60 x 10“ 1 7 J) absorbed energy. For
conversion into SI units: multiply the G value by 0.10364 to obtain G(x) in ^mol/J.

respect to their precursors. The absorption spectra o f H 0 2 and 0 2 are also studied
(Ref. [18] and references therein).
In the absence o f air, е щ and, in most cases, the H atoms also specifically
attack the Cl atoms in the halogenated compound, resulting in the formation o f a
С Г ion. The rate constants (к ) o f the e~q attack are of the order of
10 8 - 1 0 1 0 dm 3 - m o r 1-s ', whereas those for the corresponding H reactions are
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much lower, namely 10 5 —109 dm 3 - т о Г 1 -s - 1 [30]. The OH radicals usually
abstract an H atom from aliphatic compounds, but add to С = С double bonds, e.g.
o f chlorinated ethylenes. The к values o f such reactions range from 10 7 to
10 1 0 dm 3 - т о Г 1 - s '1. The OH radical addition products o f vinylchloride and
1,1-dichloroethylene do not eliminate HCl and the maxima of the transient absorp
tion spectra are below 260 nm [ 1 1 ].
In the presence o f oxygen, e¡q and H atoms are converted into H 0 2 and 0 2
(Table I); hence the OH species remain as the main reactive agents. The resulting
transients subsequently add an 0 2 molecule (к ~ 1 0 8 d ir^-m ol" 1 -s_1), leading to
the corresponding peroxy radicals which initiate the decomposition process. To illus
trate the reaction mechanisms, the radiolysis o f 1 ,2 -dichloroethylene in the presence
o f air is presented (Ref. [29] and references therein):
C1HC = CHC1 + O H ----------------- ------► C lH C -C H C l.O H

(la)

( k¡ = 3.8 x 109 d m ^ m o r 1 -s_1) *— ► C1C = CHC1 + H20
(less probable)

(lb)

The C1HC—CHCl.OH transients undergo multiple hydrolysis [11, 27, 29], e.g.:
C lH C -C H C l.O H + H20 — C 1H C -C O O H + 2С Г + 2 H +

(2)

C 1H C -C O O H + H 20 — COOH + HCHO + С Г + H +

(3)

COOH ^

CO¿ + H + p K = 1.4 (Ref. [31])

2 C 0 2 —* (CO ¡ ) 2 (oxalate) (fc4 = 1.3 x 10 9 dm 3 -m o r ' -s_1)

(4)

and/or:
CO; + 0 2 — C 02 +

(k5 = 4

X

109 dm 3 -m ol - 1 - s '1)

(5)

Simultaneously with these reactions the following pathway is also possible:
C lH C -C H C l.O H — C IH C -C H O + С Г + H +

(6 )

C 1H C -C H O + 0 2 — C1HC(Ó2 ) - C H 0 — CIÓ + (H C 0 2)
(glyoxal)

(7)

The rearrangement o f the peroxy radicals results in the formation o f short lived
tetraoxides, which disappear through the creation o f various final products:
2 C1HC(Ó2) —CHO

(tetroxides) — products

(8 )
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FIG. 3. Transient absorption spectra resulting from pulse radiolysis o f 5 X 10~4 mol/dm3
4-Cl-phenol (pH8) saturated with oxygen at (1)2 us, and (2) 100 ¡is after a 0.4 ¡xs pulse (opti
cal density (OD) values are normalized to 10 Gy). Insets: Transient kinetics at 315 nm using
5 X 10"4 mol/dm3 4-Cl-phenol (pH7.6) in the presence o f 1.25 X 10 3 mol/dm3 0 2. (a) For
mation and decay o f OH adducts; (b) beginning o f 0 2 addition on the OH adducts, competing
with the water splitting process; (c) decay o f the peroxy radical; (d) transient decay and reac
tion o f the 0~2 species with the substrate [24].

and/or:
C lH C -C H C l.O H + 0

2

— C1HC(0 2 )-C H C 1 .0 H
— СЮ + (HCO ) 2 + С Г + H +

(9)

and:
2C1HC(0 2 )-C H C 1 .0 H ^

(tetroxides) — products

(10)

As is known, CIO and related species are strong oxidizing agents and can directly
attack the pollutants, e.g. [20, 32-36]:
CIÓ + C1HC = CHC1 — C lH C -C H C l.O C l + 2H20
— COOH + HCHO + ЗС Г + 3 H +

(11)
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The peroxy radicals, HÓ 2 /Ó 2 resulting from eaq and H atoms in oxygenated
wastewater can react with the pollutants in a similar way as the OH species
(e.g. Refs [20, 21, 27]).
It should be mentioned that within the framework o f the decomposition of
C H CI 3 and C CI 4 in aerated water, the formation o f phosgene (OCCl2) can occur.
However, it is unstable and undergoes hydrolysis (e.g. Refs (10, 27]):
OCCl 2 + H20 — C 0 2 + 2С Г + 2 H +

(12)

For the sake o f completeness, it should be mentioned that chlorinated aromatic
compounds in aerated water can be involved in similar radiation induced degradation
processes [22, 24]. This can be demonstrated on 4-Cl-phenol [24]. The total transient
absorption spectrum obtained by pulse radiolysis of 5 x 10 " 4 m ol/dm 3 4-Cl-phenol
in the presence o f 1.25 x 10 ~ 3 m ol/dm 3 0 2 (pH ~ 8 ) is shown in Fig. 3 with a
major maximum at 305 nm (OH-adduct). After a 100 /¿s pulse, a large increase at
315 nm is observed, indicating the formation o f peroxy radicals. The fate of the
buildup and decay o f these species is illustrated by the kinetic traces at 315 nm for
various times after the 0.4 ¡ms pulse (Fig. 3, insets a-d). The explanation is given
in the caption to Fig. 3.
The following final radiolytic products o f oxygenated aqueous 4-Cl-phenol,
studied after irradiation under steady state conditions at medium dose, were found:
С Г ions, phenol, pyrocatechol, hydroquinone, hydroxyhydroquinone, aldehydes
and carboxylic acids (the majority of them chlorinated). At higher doses (depending
on the substrate concentration), all these products can be decomposed to C 0 2 and
H2 0 .
It has been observed that the presence of relatively small amounts o f ozone in
oxygenated water leads to a drastic reduction in the dose . 1 The effect of the
combined action o f oxygen and ozone with respect to the dose reduction for
4-Cl-phenol degradation is given in Fig. 4. Obviously, the decomposition o f the
secondary products, e.g. aldehydes, is essentially facilitated in the presence also of
ozone [24]. On the basis o f the results obtained probable reaction mechanisms have
been postulated [24].
In addition to the above investigations, model solutions o f pollutants dissolved
in drinking or river water were also irradiated. The studies were concerned with the
effect o f inorganic and organic compounds present with respect to the decomposition
o f chlorinated aliphatic, olefinic and aromatic compounds [37-43]. In this case, part
o f the primary species of water radiolysis is consumed by the carbonates, phos
phates, nitrates, humic compounds, etc., available in the water [37-43]. It should

1 The absorbed dose is usually given in Gy: 1 Gy = 1 J/kg = 1 W -s/kg = 100 rad;
1 rad = 1.00 x 10‘2 Gy.
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FIG. 4. Radiation induced decomposition o f 10~4 mol/dm3 4-Cl-phenol at pH6.5 (A), form a
tion o f СГ ions (B), and aldehyde (C) as a Junction o f dose ¡24]. The solutions are saturated
with (1) air: 0.25 X 10 3 mol/dm3 0 2; (2) 1.25 x 10 3 mol/dm3 0 2; and (3) a mixture o f
1.25 x 1 0 3 mol/dm3 0 2 and 1.1 X 1 0 '5 mol/dm3 0 3.

be mentioned that owing to the simultaneous effect o f radiation and ozone, a much
higher decomposition efficiency has been observed (e.g. Refs [24, 41, 43-47]).
3.2.2.

Processing o f wastewaters

Investigations on the degradation o f chlorinated compounds [21, 22, 37, 38,
45, 48], phenols and related substances [23, 37, 44, 48-51], polychlorinated
biphenyls [52-54], dyes [37, 42, 55-60], cyanides [48], detergents [44, 45, 61-63],
pesticides [37], lignin and the wastewater o f the paper industry [48, 64-68] have
been performed. The relatively large number o f papers dealing with the radiation
processing of liquid wastes demonstrates not only the interest o f scientists, but also
the increased need for efficient techniques. This has been supported over the last few
years by the development o f appropriate and powerful radiation sources.
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T o river/sea

FIG. 5. Scheme o f the possible treatment steps o f industrial wastewaters, including radiation
processes.

Generally, it must be stated that owing to the relatively large variety of pollu
tants in liquid wastes, the necessary dose for their decomposition is much higher than
that applied in fundamental studies. In this respect, the type and concentration of
each individual pollutant in the wastewater is the determining factor. Since radiation
energy is still expensive, various combined methods were suggested. The simultane
ous effect o f ozone and radiation mentioned above is the most efficient. In some
cases, suitable coagulants, e.g. Fe 2 (S 0 4)3, were recommended in order to remove
precipitable components [44, 48, 61]. The most promising pathway to obtain finan
cial acceptance o f the radiation processing o f liquid wastes seems to be a combination
o f irradiation treatment (decomposition o f biologically resistant pollutants) and,
subsequently, applying an appropriate biological purification process. Figure 5
presents such a treatment schematically. In many cases, it is not required to achieve
complete radiation induced degradation, but only to obtain a certain degree of
decomposition in order to allow microbiological processing.

3.3. Disinfection of liquid wastes
Effluent municipal wastewaters, as well as those from livestock farms, etc.,
contain a high concentration o f pathogenic microorganisms which represent a hazard
for the public health. It is well established (e.g. Refs [48, 68-70] and references
therein) that using relatively small doses (0.25-1 kGy), about 90% of the usual
bacteria (e.g. Escherichia coli, Salmonella, etc.) are killed, whereas by using a dose
o f 10 kGy all bacteria are eliminated. In addition, most viruses that might also be
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FIG. 6. Inactivation curves fo r various microorganisms [71].

present in liquid wastes are inactivated at such a dose. In Fig. 6 , the inactivation
curves for some microorganisms are shown for illustration.
The efficiency o f disinfection by electron irradiation depends on the electron
penetration in the water (see Figs 1 and 2). The survival curves o f bacteria exposed
to irradiation in flow systems due to the intense mixing o f the liquid is much more
effective than those irradiated under stationary conditions [69]. Simultaneously with
the killing o f the microorganisms, the usual brownish colour o f the liquid wastes also
disappears and the water becomes odourless, and the chemical oxygen demand
(COD) value is greatly reduced.

3.4. Cost analysis
Several authors have presented calculations o f the costs of irradiating
wastewaters. However, acurate costs for such treatment cannot be given in a straight
forward manner because the pollutant and/or bacteria content is different for each
kind of waste. The costs involved in using powerful electron accelerators for the
processing o f liquid wastes have been estimated to be about US $0.1 per litre per
kGy [6 8 , 71, 72].
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RADIATION PROCESSING OF SOLID WASTES

Solid waste material can be subdivided into two major groups [5]: (1) wastes
requiring radiation induced disinfection, such as biomedical wastes, garbage from
international airports and seaports and municipal sewage sludge (the last topic will
be not discussed in this paper); and (2 ) recycling o f waste rubber, plastic, etc ., based
on radiation processing.
4.1. B iom edical wastes
Such wastes originate from hospitals, research and diagnostic laboratories,
etc., and are considered to be a source for potential infections, thereby representing
a hazard to public health. To this group also belong anatomical wastes: animal tissue
and body parts. According to estimations made by Gay et al. [5], about 85% of
hospital wastes are non-infectious refuse, but the rest can be considered as
biomedical wastes. Some hospitals treat the majority or all o f their wastes as such.
In North America it is currently not permitted to deposit biomedical wastes in
landfill sites without appropriate treatment, e.g. by combustion. However, hospital
wastes can contain about 2 0 % by weight plastics (polyethylene, polypropylene, polyvinylchloride, etc.), which results in toxic combustion gas by-products. These now
have to be removed from stack emissions.
On the other hand, biomedical wastes can be sterilized by radiation in order
to eliminate the hazard o f infection during handling for disposal. In such a case, the
governmental authorities should accept and regulate the radiation procedure in order
to provide a clean environment. In doing so there are several precursors and
limitations, which are discussed elsewhere [5].
4.2. W astes from in tern atio n al airp o rts an d seaports
Wastes o f this type (food leftovers, plastics, cellulosis, etc.) can represent a
potential source o f infection from animal viruses (e.g. hoof and mouth disease, swine
vesicular disease, African swine fever, etc.). Hence, in most countries special regu
lations exist concerning the processing o f ‘international wastes’. In Canada, such
material is sterilized by heating above 100°С for at least 30 min, or it is removed
by incineration. According to the regulations, the containers used for storage and
transportation o f the wastes should be cleaned and disinfected before reuse [5].
A possible alternative to the sterilization of international wastes is the use of
radiation (gamma rays or electrons). The irradiation system can be situated in the
airport area and can work automatically and continuously. Such a concept is reliable,
economic and satisfies the modern requirement for a clean environment. Naturally,
the radiation disinfection o f both biomedical wastes and garbage from international
airports and seaports can, if appropriate, be managed by one irradiation facility.
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4.3. Recycling of rubber and plastic wastes
4.3.1.

Radiation treatment o f rubber

The reclaiming o f rubber from used tyres by applying radiation is a method
that is known (Ref. [73] and references therein). The material obtained has valuable
processing properties and it is therefore added as a component in the fabrication of
new tyres in order to improve their durability.
The procedure o f rubber reclaiming includes first cutting the old tyres into
small pieces and then irradiating with gamma rays or high energy electrons. Decom
position o f the macromolecular network structure occurs as a result. However, a
cross-linking process also takes place. As a consequence of these processes, a change
in the mechanical properties of the rubber is observed. Hence, much less energy
(30-55 %) is required for the grinding which follows o f the material. After separation
o f the broken fibres, the material can be mixed with the other components used in
the production o f new tyres.
It should be mentioned that some further radiation effects are also observed,
e.g. with increasing the dose the modulus value, the hardness and the weight o f the
carcass are also increased, but the abrasion resistance decreases.
4.3.2.

Radiation treatment o f plastics

The earlier studies on radiation induced degradation o f plastics were performed
with respect to their application in nuclear technology in the 1950s and 1960s by
several research groups. In general, the macromolecules o f the plastics, similar to
those o f rubber, are decomposed by cleavage o f the С —С bonds. As a result o f this,
small molecules as gaseous, liquid and solid products were obtained, which can be
used as raw material for appropriate syntheses. As an example, the radiation induced
degradation o f polytetrafluoroethylene (PTFE) is briefly discussed (Ref. [74] and
references therein).
The degradation o f PTFE by irradiation with electrons (dose up to 7.5 kGy)
results in G = 41.2, whereas by gamma rays the value is G = 12.8 [74]. The radia
tion induced process can be controlled by the applied dose, dose rate and temperature
during irradiation in order to obtain product fractions of the desired molecular size.
The various degradation products have a broad spectrum o f application. Taking one
group of them, e.g. perfluoroolefins, they can be converted into fluorosurfactants
with special properties, or they can be oxidized to perfluorocarboxylic acids for par
ticular applications [74]. The perfluoroparaffms, also occurring as by-products, can
be used as higher quality dielectrics, solvents or lubricants for special requiremens.
Finally, they can also be used as starting compounds for synthesis. For further
applications of PTFE degradation products, the reader is directed to Ref. [74] and
references therein.
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CONCLUSIONS

The irradiation processing o f industrial wastewaters, disinfection o f biomedi
cal wastes and wastes from international airports, seaports, etc., offers a new alter
native with respect to preserving a clean environment and eliminating a potential
hazard to public health. M oreover, in the case o f waste rubber and plastics, irradia
tion treatment offers a useful recycling o f the material. The degradation products
obtained can be used for new synthesis.
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HIGH ENERGY ELECTRONS: INNOVATIVE TREATMENT FOR DETOXIFYING
WASTE STREAMS AND CONTAMINATED INDUSTRIAL SITES.
Research has been under way for the past three years to evaluate the effectiveness of
electron beam irradiation for detoxifying aqueous streams at full scale. The work, funded by
several agencies in the United States of America, is being carried out in Miami, Florida, USA,
utilizing a refurbished 75 kW electron accelerator. The facility is designed to deliver a variable
dose (up to 800 krad (1 rad = 1.00 X 10'2 Gy)) to liquid streams flowing at 550 L/min. The
facility has available: streams of secondary effluents, potable water and digested sludge. In
addition, a secured area constructed next to the plant accommodates tankers with a capacity
of up to 40 000 L, so that any wastes can be transported to the plant for testing. Recent work
at the facility has focused on destroying toxic organics and determining the effects on the
removal efficiency of variable water quality (radical scavengers). Extensive testing has been
done on compounds considered to be hazardous in the USA, such as trichloroethylene, tetrachloroethylene, chloroform and phenol. These studies, undertaken at full scale, have evaluated
the destruction efficiency (dose/concentration relationships), the effects of scavengers (both
OH and ещ, and the determination of breakdown products.

1.

INTRODUCTION

The use of high energy electrons for detoxifying contaminated aqueous streams
is being studied in many parts of the world. Because high energy electrons can
initiate many beneficial reactions in aqueous streams, they are being studied in con
junction with many proposed unit treatment processes. For example, an extensive
amount of work has been performed at the Japan Atomic Energy Research Institute
(JAERI) and this work has been summarized by Machi and Arai [1]. They have
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investigated a wide spectrum of irradiation effects on domestic wastewaters and
sludges. They have also compared electron beam treatment to gamma irradiation for
selected treatments. Recent work at JAERI has focused on irradiating domestic
wastewater sludges for composting. Hashimoto et al. [2] have described studies
utilizing large batches o f sludge and showed that efficient composting could be
achieved. They also showed that the cost of electron beam irradiated sludge compost
ing would be lower than that of conventional processes when the capacity of a treat
ment plan exceeded 50 t/d.
Recent studies have also shown that irradiation of water is capable o f destroy
ing toxic organic compounds. Proksch et al. [3] studied the decomposition o f perchloroethylene (PCE) in water and showed that when PCE was present in
concentrations below 1 part per million (ppm) nearly 1 0 0 % of the organic chlorine
could be degraded to chloride. Not only will irradiation destroy toxic organics, in
many instances toxic organics can be made more biodegradable by irradiation.
Haberl et al. [4] investigated the possibility of enhancing the biodegradability
of pulp bleaching effluents. They studied the effect of ozonation and ozonation plus
irradiation on the concentration o f selected parameters in bleach mill effluents.
Irradiation in the presence of ozone was able to destroy up to 30% o f the chemical
oxygen demand (COD) and 30% of the biochemical oxygen demand (BOD). The
total concentration of absorbable oxidants was reduced by at least 60% when both
oxidants were present. The result was that the biodegradability of the effluent was
enhanced, probably due to the destruction of the toxic or chlorinated organics.
Full scale electron beam treatment of wastewater residuals and effluents has
been under way at the electron beam research facility (EBRF) in Miami, Florida,
USA, for the past four years. Extensive testing has been undertaken on different
wastewater streams for disinfection and toxic materials destruction. It has been
shown that electron beam irradiation can easily detoxify wastewater containing toxic
organics, such as benzene, toluene and zylene, or contaminated groundwater
systems. The effect of radiation on many toxic organic compounds, as well as
scavenger effects from components in the water, have been evaluated at the EBRF.
The results to date show the electron beam to be highly efficient at detoxifying many
different waste streams even in the presence of high concentrations of suspended
solids [5-7].
Recent concerns about the hazardous waste contamination o f industrial sites
has accelerated research efforts in detoxifying contaminated groundwater and sedi
ments. Full scale testing o f waters containing toxic organic compounds is now under
way at the EBRF. This paper will present the preliminary results of those studies.
2.

RADIATION CHEMISTRY OF NATURAL WATERS

The irradiation of pure water with fast electrons has been well studied. Fast
electrons can be generated either by ^ C o or by electron accelerators. It is thought
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that the initial radiation process ( 1 0 1 6 to 1 0 - 1 4 s) results in the formation o f the
excited molecules H 2 0 * , H 2 0 + •, and <?'. As these excited state molecules and elec
trons interact and transfer their energy, several secondary reactive species are
formed:
H 2 0 ^ w ^ ¡ q (2.6), H -(0.55), O H -(2.7), H 2 (0.45), H 2 0
H 3 0 + (2.7)

2

(0.71),
(1)

The efficiency o f the conversion of energy from ionizing radiation to chemical
energy is described by G values. G is defined as the number of radicals, excited
states or other products, formed (or lost) in a system absorbing 100 eV of energy.
The G values for the formation o f the secondary products o f irradiation are indicated
in parentheses in Eq. (1).
The three free radicals formed are the most reactive species. The e~q and H •
are reducing radicals and the OH • is an oxidizing radical. O f these, the aqueous elec
tron and hydroxyl radical account for greater than 90% o f the reactive species. Thus,
the chemistry of primary interest in this process is that of these two species.
However, it is possible that the presence of H 2 0 2 may also contribute to the
removal of organic toxic and hazardous wastes.

2.1. Aqueous electrons
The e lq is a powerful reducing reagent with an
E° (ещ + H — H2)
o f 2.77. The reactions o f е~щ are a single electron transfer, the general form of
which is:
e l4 + SN ~ S N - \

(2)

e aq reacts with numerous organic chemicals and, of particular interest to the field of
toxic and hazardous wastes, are the reactions with halogenated compounds. A gener
alized reaction is shown below:
e aq + ЛС1 —• R ' + Cl

(3)

Thus, reactions involving е~щ may result in the dechlorination of organohalogen
compounds. Further reaction of the organic radical formed could result in the com
plete destruction of the compound, and specific examples are given below. The e¡q
also reacts with other organic compounds and contributes to the removal of these
compounds from aqueous solutions.
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2.2. Hydrogen radicals
The reactions o f H • with organic and inorganic compounds have also been
summarized. The hydrogen atom accounts for approximately 10% o f the total free
radical concentration in irradiated water. H • undergoes two general types o f reaction
with organic compounds, hydrogen addition and hydrogen abstraction.
An example of a typical addition reaction with an organic solute is that of
benzene:
H- + C 6 H 6 -

C 6 H 7-

(4)

The second general reaction involving H- is hydrogen abstraction:
H - + CH3OH -

H 2 + -CH 2 0 H

(5)

Since most natural waters likely to be encountered will be oxygenated, the
predominating reaction will be:
H- + 0 2 -

H 0 2-

(6 )

Therefore, it is assumed that H - is of minimal importance in the removal of
toxic and hazardous organic compounds from oxygenated aqueous solutions.

2.3. Hydroxyl radicals
OH • can undergo several types of reactions with chemicals in aqueous solu
tion. The types o f reactions that are likely to occur are addition, hydrogen abstrac
tion, electron transfer and radical-radical recombination.
Addition reactions occur readily with aromatic and unsaturated aliphatic com
pounds. The resulting compounds are hydroxylated radicals:
OH- + CH 2 = C H 2 -

HOCH 2 - C H 2-

(7)

Hydrogen abstraction occurs with saturated and many unsaturated molecules,
e.g. aldehydes and ketones:
O H - + CH 3 - C O - C H

2

-

-CH 2 COCH 3 + H 20

(8 )

Inorganic electron transfer reactions are also common and will occur when
aqueous solutions are irradiated with high energy electrons. Reactions involving
halogen ions (X“) may also be significant:
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ОН- + X - -* X- + О Н '
X • + X- -

X~r

175
(9)
(10)

The X j- can further react with organic molecules, possibly forming halogenated
organic compounds. The halogens of most interest are Cl" and Br .
Another inorganic radical likely to be involved is С О з-. The importance of
the carbonate radical is as yet unknown, but because o f its somewhat low reactivity
it will probably play a relatively unimportant role in the removal o f most organic
compounds. The presence of high concentrations of CO 3 2 may have a positive
effect on the effective concentration of e~q. That is, by removing OH- from the
solution the effective concentration of е~щ may be higher (no reaction between e¡q
and OH •). This would result in an increased removal efficiency of compounds which
primarily react with е~щ. Another possibly important inorganic compound is H 2 S,
with a rate constant of 1.83 X 10 1 0 M " 1 -s_1. Reactions involving H2S may lead to
the formation of sulphur containing organic compounds.

2.4. Hydrogen peroxide
In oxygenated aqueous solutions, the reactions of 0 2 with e aq and H- occur
and compete for the reactive intermediates formed in Eq. (1). Both o f these reactions
result in the formation o f reduced oxygen:
£¡q + O2 — O r

(11)

H- + 0 2 -

(12)

H 0 2-

The products of Eqs (11) and (12)are in equilibrium, with a pK a = 4.5. These
products also lead to the formation o f additional H 2 0 2:

3.

2 0 ¡- + 2H + -

H2 0

2 H 0 2- -

+ 0

H2 0

2

2

+ 02

2

(13)
(14)

DESCRIPTION OF TH E EBRF PLANT

The EBRF is located at the Virginia Key (central district) W astewater Treat
ment Plant. It was originally installed as a substitute technology for heat treatment
disinfection o f sludge and was declared operational on 25 September, 1984. The
actual project construction costs at that time were approximately US $1.7 million.
The accelerator was manufactured by Vivirad High Voltage Corporation and is a
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horizontal 1.5 MeV electron beam, rated at 50 Ma. The beam current is continuously
variable from 0 to 50 mA, providing doses of 0-850 krad . 1
The research facility was designed to treat 460 L/min (120 gallons/min
(gal/min)). However, experiments have been conducted using flows o f up to
610 L/min (160 gal/min). The minimum flow is approximately 380 L/min
(100 gal/min). Originally designed to disinfect digested sludge, 2-8% solids, the
present configuration allows for several influent streams. The influent streams
directly connected to the plant are potable (drinking) water, a secondary wastewater
effluent and anaerobically digested sewage sludge. The secondary wastewater is the
effluent of an extended (pure oxygen) aeration process. The effluent is chlorinated
immediately (0.5-1 min) prior to the intake of the electron beam.
In addition to the three flow streams described above, the plant has the capacity
to conduct large scale (22 400 L (6000 gal)) batch experiments using tank trucks.
Batch experiments may be used for groundwater and any other source of contami
nated water for which treatment studies are desired. The minimum batch experiment
is 7600 L (2000 gal).
The EBRF has been instrumented to continuously monitor and record various
operating parameters: accelerating voltage, beam current, water flow and absorbed
dose. The absorbed dose is measured using five resistance temperature devices
(RTDs). The five RTDs are mounted in the influent (two sensors) and effluent (three
sensors) streams immediately before and after the beam. All of the variables are con
nected via an interface board (Strawberry, Inc.) to a portable computer (Compaq,
Inc.) which continuously reads and records temperatures.

4.

RESULTS AND DISCUSSION

Experimental work is currently under way to evaluate the electron beam treat
ment efficiency of contaminated groundwaters. The basic experimentation investi
gates several toxic organics in the presence o f radical scavengers. In addition, the
effects of added suspended solids (clay) are being investigated.
For example, the destruction of phenol has been studied as a function of car
bonate concentration. It is well known that phenol reacts rapidly with the hydroxyl
radical (reaction rate constant = 6 . 6 X 10 9 M _ 1 - s ' 1), and that the hydroxyl radical
is scavenged by carbonate. Figure 1 shows a comparison of the decomposition
kinetics of phenol as a function of adsorbed dose at pH5 and pH7. While at pH5 very
little carbonate and only a small amount o f bicarbonate is present, it can be seen that
equivalent destruction of the phenol occurs, i.e. similar reductions in initial phenol

11

rad = 1.00 X 10~2 Gy.
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Phenol (jiM)

Absorbed dose (krad)

FIG. 1. Comparison o f the decomposition kinetics o f phenol as a function o f absorbed dose
at (a) pH 5 and (b) pH 7 ( о : influent; • : effluent).
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Trichloroethylene
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A b so rb ed d o se (krad)

FIG. 2. Comparison o f the destruction kinetics o f trichloroethylene as a Junction o f absorbed
dose by electron beam irradiation a t p H 7 with (a) no clay and (b) 3% clay ( о : influent;
• : effluent).
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(рМ )
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A bsorbed dose (krad)

(b)

A bsorbed d ose (krad)

FIG. 3. Comparison o f the destruction kinetics o f chloroform as a function o f absorbed dose
at pH 5 with (a) 3% clay and (b) no clay ( о : influent; • : effluent).
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concentrations are achieved at similar doses regardless of the pH. Thus, while car
bonate is an effective scavenger o f the hydroxyl radical, it does not appear to affect
the removal efficiency of phenol by electron irradiation to any great extent.
Figure 2 compares the destruction kinetics of trichloroethylene (TCE) by elec
tron beam irradiation at pH7 in the presence o f 3% clay as compared with the same
system with clay absent. In the case of TCE, the reaction is predominantly with the
hydroxyl radical (reaction rate constant = 4.2 X 10 9 M " 1 -s_1). It can be seen that
the compound is readily destroyed even at low absorbed doses. It is also clear that
even in the presence o f 3% suspended solids (added as kaolin clay), the decomposi
tion is still rapid and very efficient. In both cases it can be seen that basically all of
the TCE is removed at doses less than 50 krad, regardless of the concentration of
suspended solids; therefore, the use of electron beam irradiation for detoxifying
streams containing high concentrations of suspended solids, such as contaminated
sediments, seems to be feasible.
Figure 3 shows a comparison of the destruction kinetics of chloroform at pH5
with and without clay. Chloroform reacts rapidly with the aqueous electron (reaction
rate constant = 30 x 10 9 M " 1 - s ' 1), and therefore should not be affected apprecia
bly by naturally occurring scavengers. W hile initial conditions were slightly different
in these two experiments, i.e. the concentration was slightly more when clay was
present, it is apparent when removal kinetics are not hampered by the presence of
clay. W hile chloroform is not as readily decomposed by the electron beam, it is
efficiently destroyed, with a substantial amount being removed at just 300 krad total
adsorbed dose. Once again, clay had little or no effect on the removal kinetics and,
therefore, it is apparent that even compounds such as chloroform could be removed
in the presence of high concentrations of suspended solids.

5.

CONCLUSIONS

Ongoing work at the EBRF in Miami has shown the electron beam process to
be efficient at destroying many different toxic organic compounds. Because the
process generates both hydroxyl radicals and electrons, most organic compounds
will readily react with at least one type o f radical. Research has shown that while
scavengers do affect decomposition kinetics, the effects appear to be minimal and
do not hamper the overall ability of generated radicals to react with the toxic
organics. It is also observed that these decomposition kinetics are not altered in the
presence of suspended solids as high as 3% . Experiments run in the presence of 3%
solutions of kaolinite clay showed almost identical decomposition kinetics to those
experiments run without clay. It appears that electron beam technology can, there
fore, be utilized for detoxifying sediments or even soils once they are slurried and
presented to an electron beam.
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A b stract
STERILIZATION OF HOSPITAL WASTES WITH AN ELECTRON BEAM
ACCELERATOR.
Irradiation is one of the many solutions to the specific problem of the treatment and
recycling of hospital wastes. In spite of the high cost of the initial investment, irradiation
presents many advantages: the energy is safe, it is rapid and total sterility is assured. It does
not generate any pollution and may allow recycling of this kind of dangerous waste. The aim
of the study is to evaluate the antimicrobial efficiency (bacteria and viruses) of treatment by
ionizing electron beams of wastes from the Centre hospitalier universitaire in Strasbourg,
France, and to determine the optimal dose that assures proper waste sterility.

1.

INTRODUCTION

According to the dictionary, a waste is simply that which is lost by using
matter. In hospital surroundings, the daily production of wastes varies from 3 to 6 kg
per bed per day, which represents 1 to 2 t per bed per year. Thus, it should be
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realized that French hospital waste production is close to 700 000 t/year. Such large
quantities of wastes can be explained by the use o f specific materials for the medical
care of patients and also to one-way use materials.
Hospital wastes contain virulent germs resistant to antibiotics, antiseptics, dis
infectants and chemical agents. They can also be infected by the HIV and HBV
viruses. In this way, they can be the origin of industrial injuries.
French legislation [1] related to the elimination of wastes and reprocessing of
materials stipulates that every producer or holder of wastes should eliminate these
wastes in a proper manner in order to avoid adversely affecting human health and
the environment. With regard to dangerous hospital wastes, they should be inciner
ated. However, hospital incineration is an expensive process (between 1700 and
2200 French Francs per tonne o f wastes). Hence it will become increasingly difficult
to apply this method o f disposal in hospital surroundings, especially with new Euro
pean regulations coming into effect. The actual options are sterilization of hospital
wastes already infected or likely to be infected and incorporating them in the house
hold refuse circuit. Thus, new processing systems have found use, employing micro
waves, disinfectants and irradiation.
The aim of this study is to evaluate the sterilization efficiency of an ionizing
treatment (electron beams) o f hospital wastes. Standard wastes, artificially contami
nated by bacteria from the Association français de normalisation (AFNOR) and
hospitals (Bacillus pumilus, Escherichia coli, Staphylococcus aureus, Pseudomonas
aeruginosa and Enterococcus faecium ) and viruses (HIV), have been used in order
to determine, under the most unfavourable conditions (e.g. density o f the materials,
humidity, contamination rate), the optimal dose assuring proper waste sterility.

2.

MATERIALS AND METHODS

2.1.

S ta n d a rd m odel w astes

A standard model refuse bin constituted with dry and clean materials (see
Table I), is manually crushed and packaged into Petri dishes (diameter: 10 cm,
thickness: 2.0 cm, internal volume: 108 cm 3). Each Petri dish contains 22.2 g of
dry and clean crushed materials. The humidity was raised to 60% by adding 58.5 g
o f agar agar (13 g/L). The density obtained of the sample to be treated is 0.75 kg/L,
corresponding to the average medical material density.
This type o f packaging permits use o f a 2.2 MeV electron beam, with a
good guarantee of homogeneity of the absorbed dose in the treated product. The
standard model hospital wastes are contaminated by monobacterial inocula
(10 5 -1 0 8 C F U '/g ). This concentration represents the average biological burden of
1CFU:

colony forming units.
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TABLE I. COMPOSITION
OF
A
STANDARD
M ODEL
HOSPITAL
W ASTE BIN

Perfusion set
Four perfusion tubes
Ten metres of PVC tubing
Twenty syringes of different kinds
Twelve three-way taps
Two bags of one litre each
One bag for blood
Four cartridges of haemodialysers
Four latex gloves
One surgery mask
Twenty towels
Twenty-five gauze compresses
Twenty sacks for sterilization
Five union nut joints

a refuse bin o f the Centre hospitalier universitaire in Strasbourg after storage for
24 hours during the summer time [2]. The bacteria studied, provided by AFNOR
and taken from hospital strains, are:
— Escherichia coli: ATCC 10536,
— Staphylococcus aureus: ATCC 9144,
— Pseudomonas aeruginosa: CIP 53154,
— Enterococcus faecium : ATCC 10541,
— Bacillus pumilus: E 601.
Each inoculum is mixed with liquefied agar before being poured into the Petri dish.
The dishes are irradiated at doses o f 25, 35, 50 and 100 kGy.
The antibacterial action o f the accelerated electrons is studied on Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa and Enterococcus faecium
because o f their pathogenic power and their presence in high concentrations in the
biological burden o f the hospital wastes [2]. After irradiation, the contents o f each
dish are mixed in a nutrient broth (brain-earth infusion). The whole mixture is kept
at 37° С for 48-72 h. The media is observed visually in order to detect bacterial
growth.
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An ordinary sample o f gauze is used as support for the viral study. It is double
packed in a thermosealed plastic envelope and transported to the irradiation facility
in a stainless steel box. A sample o f wastes is contaminated with a viral HIV inocu
lum (LAV-Bm strain). Two millilitres o f the viral suspension (2 x 10 4 SFU ) 2
poured on the gauze are treated with a 50 kGy irradiation dose.
Evaluation o f the inactivation of the HIV virus shows that the viral infection
particles persist even after irradiation. The way to detect the infectious virus is to
use an ‘infectivity test’. This involves bringing the studied sample into contact with
cells, allowing replication o f the virus (line CEM-SS (lymphocyte T4)). Thus, if
viral replication proceeds, the phenomenon can be observed through the:
— Microscopic observation o f fusing cells building up Syncitia,
— Detection in the supernatant o f the cell culture of the viral protein P24 (by the
enzyme linked immunosorbent assay (ELISA) technique) and determination of
the activity o f the reverse transcriptase (associated with the free virus).
If the cell culture is negative, microscopic observations and detection tests will
follow in four weeks.

2.2. Irradiation
Irradiation was carried out with a Van de G raaff accelerator. The maximum
electron beam energy is 2.5 MeV with a power o f 300 W. The absorbed dose is
evaluated by the measurement o f the physical parameters o f the experimental set-up
(intensity and energy of the beam, width o f the scanning system, velocity of the con
veyor) and controlled by the use o f Far-W est Technology dosimeters (FWT 60-00)
calibrated through a standard reference source (^ C o ) connected by alanine
dosimeters to the French standard.

3.

RESULTS AND DISCUSSION

The decimal reduction doses (DRDs) o f the bacteria inoculated in the standard
wastes are given in Table П. These DRDs have been determinated in various irradia
tion media, different from the medium used in this study. However, whatever the
proposed medium, two inoculated bacteria appear to be radioresistant [3-5].
First, a dose o f 25 kGy (approximately twelve times the DRD for Bacillus
pum ilus in a liquid medium, i.e. the theoretical dose for complete sterilization) was
unsuccessfully applied. At moderate initial contamination (10 5 CFU /g), 60% o f the
samples containing Enterococcus faecium (AFNOR strain) were not sterilized. The
results were obviously less satisfactory when the initial contamination was higher
2 SFU:

Syncitia forming units.
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TABLE II. DECIM AL REDUCTION DOSE (DRD) OF BACTERIA INOCU
LATED IN STANDARD WASTES
Bacterial strains

DRD (kGy)

Irradiation media

Bacillus pumilus

3

Dry

Bacillus pumilus

1.7

Liquid

Enterococcus faecium

2.8

Dry

Staphylococcus aureus

0.2

Liquid buffer

Escherichia coli

0.09

Liquid buffer

Pseudomonas sp.

0.03-0.06

Liquid buffer

(10 7 CFU/g): only samples containing Staphilococcus aureus and Pseudomonas
aeruginosa w ere sterilized.
The use o f higher doses (35 kGy) associated with a more significant level of
initial contamination (10® C FU /g), i.e. the approximate limit o f contamination o f
hospital wastes under unfavourable storage conditions [4], did not succeed in
sterilizing any samples, except for Pseudomonas aeruginosa (hospital strain)
(Figs 1(a) and 2(a)).
At 50 kGy, destruction o f the radioresistant bacteria was noted, but, very sur
prisingly, this dose was not sufficient to sterilize the samples containing Escherichia
coli (Figs 1(b) and 2(b)). The abnormal behaviour o f this bacterium (indeed the
irradiation dose is 500 times as high as the DRD) needs further investigation.
At 100 kGy, complete sterilization o f the different samples was observed
(Figs 1(c) and 2(c)). Then, the complete sterilization dose was roughly over 50 kGy.
The antiviral action o f accelerated electrons was estimated on isolated HIV
virus implanted on gauze. A fter a 50 kGy irradiation, the virus is totally inactive.
This inactivity was established by the lack, over a one month period, o f any activity
o f the reverse transcriptase and o f the viral P24 protein.

4.

CONCLUSIONS

Irradiation by accelerated electrons is an efficient physical way to destroy bac
teria and viruses, as long as the radiation param eters delivered are correctly suited
to the application. Under our experimental conditions, the optimal dose is slightly
over 50 kGy even though at this value the irradiation efficiency for Escherichia coli
is, surprisingly, not completely satisfactory. Further studies have to be undertaken
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FIG. 1. Failure rate o f sterilization (hatched areas) o f standard wastes contaminated
(10s CFU/g) by (1) Escherichia coli; (2) Pseudomonas aeruginosa; (3) Staphylococcus
aureus; (4) Enterococcus faecium; and (5) Bacillus pumilus (AFNOR strains). Irradiation
dose: (a) 35 kGy, (b) 50 kGy and (c) 100 kGy.

FIG. 2. Failure rate o f sterilization (hatched areas) o f standard wastes contaminated
(10s CFU/g) by (1) Escherichia coli; (2) Pseudomonas aeruginosa; (3) Staphylococcus
aureus; and (4) Enterococcus faecium (hospital strains). Irradiation dose: (a) 35 kGy,
(b) 50 kGy and (c) 100 kGy.
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in order to clear up this last point. Thus, for large scale treatment, density and thick
ness variations related to grinding and compactness could, o f course, influence the
optimal dose.
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SLUDGE IRRADIATION ACTIVITY
IN THAILAND
S. PIADANG
Biological Science Division,
Office o f Atomic Energy for Peace,
Bangkok,
Thailand

An investigation of intestinal parasites in sewage sludge from wastewater
treatment plants o f provincial hospitals and communities was conducted during
1988-1989 [1]. The sludge from 162 samples had a moisture content in the range
o f 5.23 to 94.65% . It was found that intestinal parasite contamination was 5.55% .
The species with the highest percentage found was Ascaris lumbricoides (40.12% ).
Others were hookworm, Trichuris trichiura, Taenia species, Hymenolepsis nana and
Opisthorchis viverini at 19.14% , 17.90%, 3.70% , 3.80% and 0.61% , respectively.
Ascaris lumbricoides is the largest contaminant and is recorded as being the most
resistant species. A study of the effect o f radiation on A. suum, an alternative species
of A. lumbricoides, at one cell and at the infective stage egg in 4% solid and dry
sewage sludge was carried out. Some results showed that radiation at 2 kGy affects
the development o f many stages o f A. suum. The D 1 0 value and the optimum killing
dose o f gamma radiation on A. suum will be reported later.
A study o f contamination by salmonella in sewage sludge samples from food
factories, hospitals and a National Housing Authority (NHA) residential area was
carried out during 1987-1988 [2]. One hundred and thirty-five samples were used,
o f which 83 were from hospitals, 27 from food factories and 25 from an NHA
residential area. The results showed that total contamination was 72.59% . Sewage
sludge samples from hospitals ranked as the m ost contaminated, at 80.70% . The
others were an NHA residential area and food factories at 68.00% and 51.85% ,
respectively.
A preliminary study o f the effect o f gamma radiation on microbial flora was
carried out. Sludge samples from a brewery (B), soft drink (C) and dairy product
(F) factories, the Huay Kwang community, an NHA residential area (HK) and Siriraj
(S) and Vachira (V) Hospitals were collected. The dose used was planned for total
viable count (TVC) and coliform count (CC) in the range of 0 -5 kGy. Nutrient agar
and MacConkey agar were used for TVC and C C, respectively, and incubated at
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TABLE I. GAMM A RADIATION EFFECT ON TOTAL VIABLE COUNT
(TVC) (LOG) IN SEWAGE SLUDGE SAMPLES

Dose
(kGy)

TVC (log)
В

С

F

HK

s

V

0

4-8

5-8

7-8

6-8

5-6

7-10

1

4-5

6

6

6-7

5

8

2

4-5

4-5

5-6

3-5

5

5

3

3-5

5-6

5

4-5

4

3-5

3-5
a

5-6

4

4

5

5

2-4

3

5

3

4

5-6

4-6

a No data.

T A B L E II. G A M M A R A D IA T IO N E F F E C T O N C O L IFO R M C O U N T (LOG)
IN SE W A G E S L U D G E SA M PLES

Dose
(kGy)

Coliform count (log)
В

с

F

HK

S

V

1-4

2-4

5-6

5

3-4

2-4

0.5

3

0-2

3-5

2

2

2

1.0

0-2

0-2

3-4

2

0

1

1.5

0

0

1

1

0

0

2.0

0

0

0

0

0

0

0

36 ± 1°C for 48 h. The pour plate method was used to determine the survival bac
teria after irradiation. The result is shown in Table I. The largest population of
microbes in sewage sludge samples was from Vachira Hospital, at 7-1 0 log cycles.
The other samples from the household and the dairy product factory were at 6 - 8 log
cycles. The last samples were from the brewery, the soft drink factory and Siriraj
Hospital, which showed 4 -8 log cycles. After treatment by radiation at 3-4 kGy, the
bacterial load from all sources was reduced to 3 -6 log cycles. At a 5 kGy dose, all
populations were at 2 -6 log cycles. The data showed that a radiation dose at 3-5 kGy
reduced the bacterial load at the same level. Therefore, 3 kGy should be used to save
energy, which will be more profitable for the facility.
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Table II shows that the coliform count was highest in the sample from the dairy
product factory, at 5 -6 log cycles. Radiation at 1.5 kGy could eliminate all coliform
from samples from the brewery, the soft drink factory and Siriraj and Vachira Hospi
tals, but samples from the dairy product factory and household needed a 2 kGy radia
tion dose to eliminate all coliform. A study o f the radioresistance o f some pathogens
in various media is shown in Table III.
Comparing the data in Table III, it is seen that the most resistance to radiation
was from S. typhimurium, which has a D 1 0 value in PB o f 0.4979 kGy. It will be
tested for radioresistance in 4% solid and dry sludge. The D l0 values in sludge will
be used for further calculation o f the pasteurization dose o f sewage sludge in various
forms.
The recycling of irradiated sludge as a fertilizer was studied from July to
August 1983 [3]. Morning glory, an edible leafy plant popular with the Thai people,
was grown on Korat soil and Kui Pai commercial soil set. Chemical analysis of the
sewage sludge samples from HK showed the following: pH: 6.13, moisture content:
0.144% , total nitrogen: 3.70% , total P 2 O 5 : 2.17% , total K2 0 : 0.20% , organic mat
ter: 50.24% and the C/N ratio, 13.7:1. The yield o f morning glory increased after
planting on these two soil sets for one month in terms o f height ( > 1 0 0 %): top, fresh
weight (247% and 165%); and top, dry weight (162% and 101%).

TABLE III. RADIORESISTANCE OF SOME PATHOGENS IN
PHOSPHATE BUFFER (PB) AND 4% SOLID SLUDGE (4SS)
D l0 value (kGy)
PB

4SS

A. hydrophila

0.0223

0.0381

E. coli, 4 (30)

0.1800

0.2900

E. coli

0.1556

0.2075

L. monocytogenes

0.2091

0.4190

S. typhimurium

0.4979

—

S. isangi

0.3751

S. meleagidis

0.3510

S. Stanley

0.3514

S. urbana

0.3454

S. ohio

0.1475

Organism

E. enterotoxigenic
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TREATMENT OF INDUSTRIAL
WASTEWATER BY ELECTRON BEAMS
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Instituto de Pesquisas Energéticas e Nucleares (IPEN),
Comissâo Nacional de Energía Nuclear
D .M . MORITA
Escola Politécnica da Universidade de Sâo Paulo
Sâo Paulo,
Brazil

The paper presents some o f the results o f viability studies on using high energy
electron beams to clean industrial wastewater [ 1 , 2 ].
Samples were collected from the publicly owned wastewater treatment plant
which contains most o f the industrial residues from Sâo Paulo. They were irradiated
by a batch system using Pyrex glass vessels (500 mL) at 20°С with doses from 0.5
to 100 kGy.
Electron irradiation was carried out using a Radiation Dynamics accelerator,
at 1.5 MeV and currents in the range of 0.1 to 25 mA, to reach the desired doses,
which were then measured with a cellulose triacetate film dosimeter.
The ‘thickness’ o f the water layer (4 mm) and the mat velocity (6.72 m/min)
were kept constant during irradiation. Using standard methods (APHA, AWWA and
W PCF) for the examination of water and wastewater, the following analyses were
performed before and after irradiation: apparent colour, true colour, total suspended
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TABLE I. EFFECTS OF DOSE ON APPARENT AND TR U Ea COLOUR OF
INDUSTRIAL W ASTEW ATER

TABLE П. EFFECTS
PARAMETERS

a Irradiated samples.

OF

A

DOSE

OF

20 kGy

ON

CONVENTIONAL
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solids, turbidity, biochemical oxygen demand (BOD) and chemical oxygen demand
(COD).
From the measured values given in Table I, we observed an important reduc
tion in the apparent and true colour in samples without any treatment, after primary
treatment and in the effluent from biological treatment. It should be noted that after
5 kGy there is an increase in colour values o f the primary and secondary effluents.
Table II gives the values o f conventional parameters for the same points at a
20 kGy dose. It should be noted that there is a reduction in apparent and true colour
at three points, and for effluents from biological treatment these values were 90%
higher.
With regard to BOD, this value decreased by about 50% for the first and
second parts o f the treatment and increased in the last one, probably due to the
presence o f biodegradable subproducts. The same was observed for other
parameters, such as total suspended solids and turbidity. When the effluents from
biological treatment received different doses, the values for the apparent and true
colour decreased as a function o f the increased dose. The opposite was noted for tur
bidity and total suspended solids.
The studies perform ed with industrial wastewater effluents which contain solu
ble cutting fluid show that aeration at the same dose was reduced about 87 % for oil
and grease, suggesting that polar compounds were formed. It is important to note
that the wastewater treatment plants do not remove mineral oil from these effluents.
The treatment process for industrial wastewater with high energy electron
beams has great potential and additional research is required to improve this
technique.
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MODIFICATION OF THE RADIATION RESPONSES
OF MICROORGANISMS WITH RESPECT
TO WASTEWATER TREATMENT
L.G. GAZSÓ
National Research Institute for Radiobiology and Radiohygiene,
Budapest,
Hungary

The responses o f microorganisms to a given dose can be altered in different
ways. This is possible because the response depends on physical factors (temperature
and the quality o f radiation), on chemical factors (sensitizing and protecting agents)
and on the biological or physiological factors (growth phase and amount o f DNA).
The treatment of wastewater by irradiation can be optimized to enhance the synergis
tic inactivation o f microorganisms. The main factors, other than the genotype of the
microorganisms, influencing radiosensitivity are the following:
— Oxygen has received the greatest attention o f all chemical agents to modify
radiation damage in cells. It has been found to increasé the sensitivity to radia
tion of almost all types o f cellular systems and this phenomenon has been
generally known as the ‘oxygen effect’. The synergistic effect o f combining
oxygen and irradiation has been successfully used in wastewater treatment by
radiation.
— Chemicals present in the wastewater, including sensitizing agents and protec
tive agents, can enhance or reduce the lethal effect of radiation. Various classes
of chemical agents have been found which influence the efficiency o f radiation
induced cellular damage. These include inorganic and organic chemicals with
various properties (specific organic pollutants, pesticides, toxic materials, syn
thetic detergents. Dyes and organic solvents will be reviewed).
— Temperature is an important factor in radiation biology. The combination of
heat and ionizing radiation may offer advantages as a wastewater treatment.
A properly chosen combination treatment inactivates both heat and radiolabile
organisms rapidly. Because there are radioresistant organisms that are rela
tively heat labile, and heat resistant organisms that are relatively radiosensi
tive, this itself can offer considerable advantages.
The effect of radiation on microorganisms can be modified not only by agents
present during irradiation, but also by biochemical processes occurring over a much
longer period o f time. Profound changes in the radiation response may attend the
progress o f cells through different phases and stages of growth. These may be
associated with changes in the intercellular environment. Proper pretreatment of
wastewater prior to irradiation offers advantages in maximizing the lethal effect.
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RADIATION INDUCED DECOMPOSITION
OF PHENOL AND CHLORINATED
PHENOLS IN WATER
N. GETOFF
Institut fur Theoretische Chemie
und Strahlenchemie,
Universitat Wien
and
Ludwig Boltzmann Institut fur Strahlenchemie
und Strahlenbiologie
Vienna,
Austria

Ionizing irradiation (electrons and gamma rays) represents a powerful tool for
destroying biologically resistant pollutants and microbes, including pathogens and
viruses in water. This very efficient technique can contribute essentially to the con
servation o f the environment. Radiation processing covers the following areas of

Dose (kGy)

FIG. 1. Décomposition o f (A) 10~4M phenol in the presence o f 1.25 x I O'1 mol-dm~3 0 2,
as well as the formation o f (a) pyrocatechol; (b) hydroquinone; and (c) hydroxyhydroquinone
as a function o f absorbed dose. Decomposition o f (B) 10'3M phenol (pH — 6 to 7; dose rate:
3 kGy/h). (For curve A: G, (-PhOH) = 3.1; G¡ (PyCa) = 0.9; G¡ (HQ) = 0.6; G¡ (HyHQ)
= 0.08.)
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treatment: industrial wastewater, municipal sewage sludge, biomedical wastes from
hospitals, garbage at airports and seaports and other materials. The goal is to
eliminate their potential for causing diseases.
The paper is focused on the radiation induced decomposition o f chlorinated
phenols and phenol in water. A review of published data as well as new data, includ
ing reaction mechanisms, are presented. As an example, radiation induced decompo
sition o f phenol in an aerated neutral solution and the formation of secondary
products are shown in Fig. 1. Obviously, the extent o f the substrate decrease
depends strongly on its concentration and the dose applied (see curves A and В in
Fig. 1). The higher the pollutant concentration, the higher is the dose needed for its
elimination. The degradation yield for 10~4M phenol is G = 3.1 and that o f the
10 “3M substrate is 19.
In the presence o f oxygen H, e aq and the OH adduct are converted into the
corresponding peroxyradicals:

OH

OH
1+ OH - >

O'
+ H20

-OH

(-7 0 % )

( 1)

(-3 0 % )

( 2)

+ H 02

(3a)

+ H°2

(3b)

(o, m, p and ipsopositions)

OH

OH

2 [ f j - O H —►C6H5OH +

+ H20

(pyrocatechol)

OH
H + °2
OH

OH

о

Ol
OH

Ô

OH

I

0

(muconaldehyde)

The H 0 2 / 0 2- species react in a similar manner to the OH radicals. As a result
o f the combination and disproportional reaction o f the transients, a complex mixture
o f products is formed. Some o f the major products resulting from phenol and their
G values are given in Fig. 1.
A similar degradation course of the chlorinated phenols takes place under
comparable conditions. Figure 2 shows the degradation o f 10 " 4 (A) and 10"3M
4-Cl-phenol (B) in aerated aqueous solutions as a function o f dose. The initial
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0

0.5
Dose (kGy)

1

FIG. 2. Radiation induced decomposition o f (A) 10 4M and (B) 10 3M 4-Cl-phenol in an
aerated aqueous solution (pH: 6.5, 0.25 M 0 2) as a function o f dose.

G values (G,) for the corresponding 4-Cl-phenol decomposition and the C l“ yields
are given as insets in Fig. 2. The degradation reactions are largely similar to those
o f phenol. Some transient spectra and kinetics, as well as the effect of ozone, will
be presented and discussed.
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COMMERCIAL APPLICATIONS OF IRRADIATION
Waste recycling and treatment processes
J.F . SWINW OOD, B.K. WILSON
Nordion International Inc.,
Kanata, Ontario,
Canada
Presented by J. Kotler

Two market development initiatives are discussed:
— The involvement o f Nordion International, Inc., in plans to install and operate
a sludge recycling facility in Canada;
— N ordion’s efforts to establish a commercial biomedical waste sterilization plant
in North America.
The sludge recycling facility will be built on a 6 acre* site next to a municipal
sewage sludge lagoon. Sludge at 25% solids minimum will be dredged from the
lagoons, disinfected to a dose o f 6 kGy (0.6 M ra d ),+ and put through a short air
drying process. The resulting product (Bio-Rich) is a dry, soil-like material with the
following properties:
—
—
—
—
—
—

Bulk density o f 40 lbs/ft3;§
50% organic matter;
60% solids content/40 % moisture;
96% o f nitrogen is in the organic form, so it will not burn plants;
Nitrogen/phosphorus/potassium levels are 2% /3% /0.5% ;
Copper, zinc and manganese are at sufficient levels to correct soil deficiencies,
but are not excessive even if used as a straight growing medium;

— Many m ajor and minor elements are found very near what would be considered
to be optimum if this were a straight growing medium;
— All heavy metals found are in trace amounts and are well below regulatory
levels;
— H alf saturation is 6 8 %.

1 acre = 0.405 hectares.
+ 1 rad = 1.00 x 10-2 Gy.
§ 1 lb = 0.4536 kg;
1 ft = 0.3048 m.
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TABLE I. ANALYSIS OF HEAVY METALS AND SOME TOXIC ORGANICS
TO DETERM INE ACCEPTABLE APPLICATION RATES OF A BAGGED
SLUDGE PRODUCT

Metal
(mg/kg
dry weight)

Arsenic

Proposed
guidelines
(1991)

Ontario guidelines
for dried and
dewatered
sludges
(1986)

Agriculture Canada
regulations for
sludge products
sold in Canada
(1981)

Average levels from
27 samples and
12 plants — 9 in
Ontario
(1990-1991)

10

170

75

7.86

Cadmium

3

34

20

12.23

Chromium

50

2800

Cobalt

25

340

Copper

60

1700

—

729.63

150

1100

500

172.20

Lead

277.45
150

5.95

Mercury

0.15

11

5

4.31

Molybdenum

2

94

20

12.47

60

420

180

42.20

2

34

14

1.30

500

4200

1850

820.88

Nickel
Selenium
Zinc

Tests to determine the level o f pathogen kill in irradiation disinfected sludge
(at a dose of 6 kGy) have yielded the following results [1]:
(1)

(2)
(3)
(4)

Protozoa and helminths: The samples contained pollen but no identifiable para
sites. They also contained large numbers o f bacteria and free living protozoa
which were motile and apparently growing. Samples also contained many dead
Giardia cysts visible tinder immunofluorescence as misshapen cell wall rem 
nants, or ‘ghosts’. None o f these were viable and most could only be tenta
tively identified. No Cryptosporidium oocysts were found, which probably
reflects their absence in the initial wastewater rather than their inability to sur
vive the treatment process.
Viruses: The sludge samples were examined for the presence o f cytopathic
viruses by cell culture. None were detected.
Salmonella: < 2 /1 0 0 g o f dried product.
Faecal coliforms and faecal streptococci: < 1 colony forming unit/5 g.

An analysis o f heavy metals and some toxic organics was also carried out to
determine acceptable application rates of a bagged sludge product, with the results
shown in Table I.
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N ordion’s biomedical waste irradiation development efforts have focused, in
part, on the problem of dose measurement/assurance in randomly non-homogeneous
products, such as boxes or bags o f hospital wastes. It was found [2] that, for a facility
which is dedicated to the treatment o f randomly distributed non-homogeneous
products (such as biomedical wastes), dose assurance should be investigated by
assuming worst case product distribution using a computer model, as well as
absorbed dose measurements in phantom material.
Given an unknown product distribution within a known volume and containing
a known mass, the minimum absorbed dose must be assured. Data will be presented
which show the absorbed dose distribution in uniform, worst case and random nonhomogeneous product configurations. If a non-homogeneous product is processed,
assuming worst case product geometry, the required minimum absorbed dose will
always be achieved. This, combined with confirmation that the critical process
parameters have remained within the predefined limits for the duration of the irradia
tion run, should provide an acceptable treatment o f biomedical wastes.
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CLEANUP OF POLLUTED GROUNDWATER
BY RADIATION INDUCED OXIDATION
P. GEHRINGER, E. PROKSCH,
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Forschungszentrum Seibersdorf GmbH,
Seibersdorf,
Austria

In water purification techniques oxidation processes attract special attention
because of their ability to mineralize organic pollutants. Mineralization o f dissolved
chlorinated ethylenes, such as trichloroethylene (TCE) or perchloroethylene (PCE),
would imply that the entire problem, i.e. water purification and pollutant detoxifica
tion, is settled in one single step. With regard to the technical scale, TCE and PCE,
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FIG. 1. Nitrite formation in natural water as a function o f the nitrate content by different
irradiation treatments ( • : gamma irradiation — 1.3 Gy/s; о : electron beam irradiation —
380 Gy/s).

when contained as micropollutants in water, may be effectively oxidized by OH radi
cals only.
W ater radiolysis is a potential OH radical source, but in natural water the
reducing species simultaneously generated lead to the formation o f nitrite. As can
be seen from Fig. 1, the nitrite formation is independent o f the dose rate.
However, in natural water with common nitrate concentrations of about
30 ppm, the limit concentration o f 0.1 ppm for nitrite in drinking water is already
reached at doses as low as 100 Gy. M oreover, at that dose also the amount o f H 2 0 2
formed during water radiolysis exceeds by far the limit concentration o f 0 . 1 ppm.
It is obvious that groundwater purification for subsequent use as drinking water can
never be perform ed on the basis o f water radiolysis alone.

POSTER PRESENTATIONS

205

The presence o f sufficient ozone during irradiation eliminates the nitrite
problem by back-oxidation to nitrate and removes the H 2 0 2 through the formation
o f OH radicals. M oreover, the reducing species formed during water radiolysis now
become promoters for ozone decomposition into OH radicals. Under these circum 
stances, almost all o f the radiation energy deposited in water is used for OH radical
production. The combination of ozone with ionizing radiation therefore makes acces
sible the simultaneous use o f two OH radical sources — water radiolysis and ozone
decomposition — for water purification. No other process o f OH radical production
can compete with that process concerning the OH radical concentration.
After comprehensive, bench scale experiments concerning radiation induced
oxidation of TCE and PCE in various groundwaters [1-3], a prototype plant with a
capacity of 3 m 3/h has now been set up in Seibersdorf. This prototype should
demonstrate the feasibility of the process on a technical scale, clarify the problems
of providing sufficient ozone in the water during irradiation and solve the questions
concerning optimal flow conditions in the irradiation chamber. Startup has been
scheduled for May 1992.
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ENVIRONMENTALLY SAFE CURING
AND CROSS-LINKING OF SURFACE COATINGS
AND ADHESIVES WITH LOW ENERGY ELECTRONS
P. HOLL, E. FÓLL
Polymer-Physik GmbH KG,
Tübingen,
Germany

Abstract
ENVIRONMENTALLY SAFE CURING AND CROSS-LINKING OF SURFACE
COATINGS AND ADHESIVES WITH LOW ENERGY ELECTRONS.
Solvent free, fast, controlled through-curing, as well as immediate stacking and subse
quent treatment, are the main arguments in favour of the industrial application of electron
beam curing (EBC) in the board industry for wood and similar substrates. The Federal
Ministry for Research and Technology (BMFT) of Germany has announced that projects to
reduce emissions of volatile organic compounds (VOCs) will be supported. The concern here
is with solvents which are used when lacquering, printing and treating adhesives. This target
of reducing VOC emissions will be reached by further development of environmentally harm
less coating systems, such as powder coating technology and EBC. In the printing and adhe
sive sectors, solvents should be replaced completely by other procedures or by ecologically
safe solvents. The German Government sponsors research and development (F + E) projects
using EBC to avoid the use of solvents and the production of wastes.

1.

INTRODUCTION

Solvent free, fast, controlled through-curing, as well as immediate stacking
and subsequent treatm ent, are the main arguments in favour o f the industrial appli
cation o f electron beam curing (EBC) in the board industry for wood and similar
substrates. The Federal M inistry for Research and Technology (BMFT) of Germany
has announced that projects to reduce emissions o f volatile organic compounds
(VOCs) will be supported [1].

2.

ULTRAVIOLET/ELECTRON BEAM CURING

Ultraviolet (UV) radiation can be used without any problems for curing and
vulcanization in those places that can receive UV light, i.e. the layers through which
the radiation must pass should be transparent at the appropriate wavelengths. This
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FIG. 1. Schematic o f the PPG electron beam accelerator.

means that care must be taken with pigmentations and the application o f strongly
absorbing filling materials.
There are two exceptional instances where the UV/EBC or EBC/UV
combination may be used:
(a)

In flexo-printing, where UV intercuring after each inking system leads to
uncertain cross-linking, particularly with regard to the contamination o f food.
Here, at the end o f a printing process all colour layers and the top coat applied
last can be cured through by an electron beam (EB) accelerator. The photo
initiator will be inactivated at the same time [2 ].
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FIG. 2. Electron accelerator with flanged turbomolecular pump and cover fo r cathode
replacement, high vacuum and rough vacuum gauge heads, and sliding valves fo r separating
the accelerator/scanner.

(b)

In the wood and board industry, where the ‘Dual C ure’ process [3], patented
by Polymer-Physik GmbH (PPG), is gaining acceptance. Here, fully pig
mented lacquer layers are at first cured with electron beams at depth under a
controlled 0 2 atmosphere. The liquid layer, which is approximately 5-10 цт
thick, is then cured under an inert gas atmosphere using UV radiation. This
creates a deep matting effect.

If curing is desired without the photo initiator in the layer, then the second
curing can also be carried out with electron beams under an inert gas atmosphere.
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FIG. 4. Water cooled supporting structure fo r the EB exit window.
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FIG. 5. Range o f low energy electron beams.

3.

THE LOW VOLTAGE ELECTRON BEAM ACCELERATOR

The PPG EB system consists of a single stage, vacuum insulated electron
accelerator (Figs 1 and 2) with the following features:
— The accelerators operate using a spiral cathode and an electromagnetic
deflection system for the accelerated electrons.
— The acceleration voltage is between 150 and 250 kV, up to 280 kV, depending
on the application.
— Absolutely linear current signals control the beam deflection in two perpen
dicular directions.
— The frequencies are over 800 cycles.
— The EB exit window is designed so as to have a large surface area (Figs 3
and 4).
— Cooling is effected by means o f water and convection through a supporting
copper plate. No additional window cooling from the outside by blowing either
air or inert gas is necessary. This considerably simplifies window cooling and
the supply o f inert gas.
— The accelerators emit corpuscular radiation with a clearly defined depth of
penetration, depending on the acceleration voltage, ranging from 83 g/m 2
effective depth o f penetration at 150 kV acceleration voltage to 308 g/m 2
effective range at an acceleration voltage of 250 kV (Fig. 5).
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FIG. 7. Excitation o f electrons in air, UB = 230 kV.
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4.

LATEST APPLICATIONS OF THE LOW ENERGY
EB ACCELERATOR

4.1. T he w ood in d u stry
The use o f EBC in the wood industry has increased for the following reasons:
— Legal regulations for environmental protection.
— Fast, controlled through-curing is possible, also for pigmented
layers.
— It is possible to immediately stack the boards and to treat the cured layers
further.
— There is hardly any adhesion o f dust owing to short path lengths from lacquer
application to the curing zone.
— High use value of the layers cross-linked with EBC.
— Only with EBC is a high throughput possible.
— Coating materials o f various formulations are available.
— Edge coating and curing is possible.
4.1.1.

Curing o f edges by scattered electrons [4]

Electrons are generated in a vacuum and accelerated; they then proceed
through a titanium foil from vacuum to normal atmosphere and penetrate into the
material with a range o f up to r0 (Fig. 6 ). How electrons propagate in gas is shown
in Fig. 7.
It is possible to observe the excitation o f air molecules by secondary and backscattered electrons generated by primary electrons. In applications not only is it
important that the electron beam spread straight ahead to the primary beam, but also

--------250--------------------- ►)
- 1 0 0 - Electrons radiating out
■
1

Electron beam exit window (width)

5

С
С

Measuring top

11
Wood

/

\
)

i

Measuring side
1 0 - 1 1 0 mm

Steel sheet

L

V

Conveyor
FIG. 8. Arrangement fo r the measurement o f the relative dose at depth on the edges (along
a plane parallel to the electron beam); UB = 250 kV (unit o f measurement: mm).
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FIG. 9. Relative edge and surface doses fo r 250 kV electrons.

that there is relatively large back and sidescattering as a result o f reflections at gas
molecules. This scattering is responsible for the complete curing o f the edges o f sheet
shaped material and three dimensional parts. In order to achieve reproducible curing
results, exact knowledge o f dosage and penetration of electrons must be acquired
(Fig. 5).
Figure 8 shows the trial arrangement developed by the authors. A wooden
object with an edge height o f 116 mm is transported on a conveyor facility made of
a steel sheet. The object is arranged in such a way that radiation out over the sides
up to 250 mm (100 mm) is possible.
The distance between the EB exit window and the object is 33 mm. M easure
ment was carried out with an acceleration voltage o f 250 kV. As dosimeter film we
used 47.5 /xm thick foils, corresponding to approximately 50 g/m 2, arranged in
staples. The measurement points were on the surface of the object as well as on the
vertical sides at a distance o f 1 0 - 1 1 0 mm each from the upper edges.
Figure 9 shows the relative dose at depth measured with single foils in the individual
staples.
4.1.1.1. Results
The results o f our trials were as follows:
— On the surface the relative dose after irradiation of 300 g/m 2 still amounted
to 63%.
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— At the edges the dose value was 27 % (100 mm radiation out over the side) after
irradiation of 100 g/m 2, surprisingly independent of the edge height of
between 10 and 100 mm.
— If irradiation over the sides o f 250 mm is allowed, the dose value rose at the
edges up to 40% after irradiation of 100 g/m 2.
— Edges which are at the front or back o f a plate (referring here to the direction
o f transport), have a higher dose than do edges which are parallel to the
direction o f transport.
— If the plates are coated at the front and back and are electron beam cured, the
edges are irradiated twice. This means that with a double surface dose per side
and irradiation, the edges, at a coating thickness o f 100 g/m 2, will be
completely cured.
— W hen planning for the installation o f electron beam equipment at a production
plant, irradiation at the edge zone o f 250 mm should be chosen so that counting
with lower currents and a m ore even dose distribution at depth and on the
surface o f the coating on the object are possible.
4.1.2.

Plants fo r curing lacquer on boards, doors
and medium density fibreboard

4.1.2.1 . W ood-cem ent boards
F or m ore than fifteen years, PPG has handled the coating o f asbestos cement
sheeting used in construction facades (Fig. 10) for covering roofs and in erecting
partitions when completing interiors [5]. Owing to the high production speed of
15-30 m /min and the need to turn the board over immediately after irradiation
(curing) of the first side, curing by electron beams is recommended especially for
w ood-cem ent boards [6]. The surface quality achieved today is comparable with the
surface texture o f plastic laminated sheetings, but with the additional advantage that
the lacquered surface creates a warm and cozy atmosphere.
The EB hardened surfaces of these boards are:
—
—
—
—
—

Stable in ageing,
W eather resistant,
Scratch-proof,
Colour-fast,
Resistant to organic solvents and to a wide range o f chemicals.

Both sides o f the boards are coated. The edges are also sprayed and cured up to a
maximum height o f 40 mm.
The thickness o f the coating per side is 100 g /m 2 basic lacquer and 100 g/m 2
finish lacquer. Application is by means of 16 spray pistols. Figure 11 shows a partial
view o f the installation with two EB units.

FIG. 11. Electron beam equipment to harden coated sheet material (two EB guns at 250 kV,
with a maximum power o f 150 mA, a working width maximum o f 1350 mm, 30 m/min).
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The possibilities of board conveyance for X ray shielding include:
—
—
—
—

Forwarding o f the boards in an Í2 shaped sleeve,
Angle transfer,
Board conveyance in two levels,
Curved board conveyance, the Taubert system [7].

4.1.3. Plants fo r curing lacquers on profiles [8]
The procedures for curing lacquers on profiles are as follows:
— Milling of the profiles made o f medium density fibreboard material,
— UV base coating with Vacumat,
— UV curing,
— Intermediate sanding,
— EBC coating,
— Electron beam curing: two EB accelerators with a maximum power of
200 kV, 30 mA (Fig. 12),
— Application o f the ‘Dual C ure’ procedure (EBC + UV).

FIG. 12. Arrangement o f EB accelerators fo r profile curing (1 : plug guide; 2: accelerator;
3: access fo r cathode exchange; 4: deflection facility; 5: turbomolecular pump;
6; scanner; 7: electron beam exit window; 8; direction o f conveyor).
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The maximum line speed is 50 m/min. Two profiles can be treated in parallel. All
around curing of the coating is achieved and the production rate is 30 000 m/d.
4.2.

Cross-linking and vulcanization of adhesive material

In addition to systems based on water and solvents, electron beam curable,
pressure sensitive adhesives (PSAs) have gained acceptance. Manufacturers o f raw
materials and formulations have contributed to this through the supply o f the
corresponding and suitable new oligomers [9-12].
The arguments in favour o f the electron beam vulcanization o f PSAs, as well
as observations made over the course of some years o f operating time, are as follows:
— Increase in cohesive strength as a factor o f dose.
— Reduction o f thermoplasticity and, connected with this, constant cohesive
strengths at higher temperatures.
— Higher chemical resistance.
— Electron beam vulcanization adhesives are resistant to chemical plasticizers as
these adhesives may, for instance, escape from PVC carrier material.
— The irradiation has no influence on tack or peel strength.
— High reproducibility o f vulcanization, even when starting up and shutting down
the installation. This results in low material loss.
— Exact conformity to the conditions necessary for vulcanization by virtue o f the
great precision in dosing for the entire working width and depth, as well as
for the production time.
— N o emission of solvents.
— No elevation in temperature. Thus, there is no risk that the adhesive m ixture’s
components have a low boiling point.
— A significant increase in production speed in comparison with heat
vulcanization.
— Low energy consumption.
— The vulcanization installation requires little space.
Today, PSAs cross-linked by EBC are used in the following sectors:
— Industrial double adhesive tapes, and also in the automobile industry.
— Removable and non-removable labels and locking systems in the packaging
industry.
— Medical technology.
— W herever conventional hot melt PSAs cannot be used owing to their extremely
high thermoplasticity.
In particular, adhesives with extremely good cohesive characteristics at room
temperature lose them at temperatures higher than + 6 0 °C . The PSAs are usually
coated and cured from roll to roll.
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FIG. 13. High performance EB equipment. The acceleration voltage maximum is
250/280 kV, the maximum penetration o f electrons is 320 g/m 2 at an ionization rate o f 80%;
the dose capacity is 800 m/min, and there is a 10 kGy dose accuracy over the working width
better than ±5% . (1: Accelerator with two cathodes; 2; high voltage cable connection;
3: scanning system; 4: pumping system; 5; electron beam exit window, inert gas zone,
disconnection point fo r maintenance work with locking system; 6: drum fo r material supply;
7: material inlet/outlet; 8; radiation shielding.)

FIG. 14. Electron beam unit fo r irradiation o f material from roll to roll.
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Installations fo r material forwarded from one roll to another

Figure 13 shows a schematic representation of an installation for material being
forwarded from one roll to another. The EB is positioned horizontally, the beam is
aimed towards a drum and the drum can be cooled or heated.
The drum serves to guide the material during the hardening or vulcanization
process and is indispensable for hardening of the lacquer (especially on thin, highly
flexible substrates) (see Fig. 14). Using a drum permits the process zone to be made
inert and X ray protection to be provided easily and economically.
Such installations operate in production lines 24 hours a day. Material with a
working width o f 1300 mm is forwarded at a speed of up to 120 m/min (according
to the dosage required) [13].
5.

CONCLUSIONS

Electron beam cured or vulcanized lacquer and adhesive layers today meet all
environmental protection requirements and at the same time improve considerably
the quality o f the product. This technology is o f use in industrial scale manufacturing
as well as small scale production.
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Abstract
RADIATION CURABLE COMPOSITES: ENVIRONMENTAL ADVANTAGES.
The electron beam (EB) processing o f composites involves using electrons to initiate
polymerization or cross-linking reactions in suitable polymer substrates. The environmental
benefits o f EB processing, as compared with thermal curing methods, include increased
energy efficiency and greatly reduced volatile emissions. Electron beam curing requires only
8-13% o f the energy needed by thermal curing for the typical products studied. For a given
production rate, large autoclaves use 10 to 20 times the energy to cure composites as compared
with large EB accelerators (50 kW). Volatiles released by epoxy diacrylate resins could not
be detected at temperatures o f 2 5-50°C , doses o f 50-100 kGy and gamma or EB treatment.
A polyvinyl ester/styrene resin lost about 3 mg o f styrene per gram o f polymer during a
catalyst curing process. A medium temperature epoxy released 3.45 mg/g o f mostly unsatu
rated hydrocarbons and styrene, whereas a high temperature polyimide released 3.72 mg/g
o f mostly unsaturated hydrocarbons. The reduction in volatiles is the result o f curing at near
ambient temperatures at a greatly increased cure speed. Some o f the volatiles generated during
thermal curing are toxic and must be diluted with 3 .5 -4 .9 m 3 o f air for each kilogram of
composite cured (35% resin) to meet typical safety standards. Electron beam curing reduces
or eliminates this safety concern.

* AECL: Atomic Energy o f Canada Limited.
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INTRODUCTION

A preliminary examination of the environmental benefits o f radiation process
ing for a number o f applications indicates that radiation processing tends to be more
energy efficient and avoids the emissions, particularly atmospheric emissions,
associated with thermal processing methods [1]. These advantages appear to be
based on the ability to carry out the processing at near-ambient temperatures and to
substitute radiation generated free radicals for heat or reactive chemicals. This paper
compares the energy efficiency and potential for atmospheric emissions o f heat and
radiation based curing o f advanced composite materials.
Advanced composites, specifically carbon fibre reinforced epoxies, are used
extensively for a variety o f demanding structural applications, primarily because of
their high strength to weight and stiffness to weight ratios, corrosion resistance and
damage tolerance characteristics. These composites are used in the aircraft, aero
space and sporting goods industries, and are starting to be used in the automotive
industry. The composites are normally cured under high temperatures and pressures
in ovens or autoclaves, but an industrial facility using electron beam (EB) curing is
now being built [2 ].
The electron beam processing o f composites involves using electrons as a
source o f ionizing radiation to initiate polymerization or cross-linking reactions in
suitable substrates, thereby enhancing specific physical and chemical properties. The
industrial advantages o f EB processing include curing at ambient temperature,
reduced curing times, better pre-cure resin stability and improved material handling.
W ork is under way to further develop EB compatible processing methods and matrix
resins [3].

2.

ENERGY CONSERVATION

Conventional curing methods for advanced composites involve the application
o f heat and pressure in an oven or autoclave. Ovens normally use only vacuum pres
sure, while an autoclave uses high pressure gas against a vacuum bagged part to
apply pressure. The power required to heat the structure, the tool and the part can
be significant when a part is oven cured. The comparable cost when EB curing a part
is the cost of the electricity to operate the electron accelerator.
We calculated the energy required to thermally or EB cure sample parts
(Table I). The examples were selected to represent a wide range o f part sizes,
materials and process types. The first example, a hatch cover, is a graphite epoxy
prepreg that required an autoclave cure. The energy utilization for vacuum pumps
and blowers was not included in the estimate for this part since the same vacuum
pumps and blowers would also be required for EB curing. The cylinder is a filament
wound glass-epoxy structure given an oven cure. The sports equipment is filament
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TABLE I. ENERGY REQUIRED TO CURE SELECTED PARTS USING CON
VENTIONAL AND EB TECHNOLOGY

Product
description

Material

Hatch cover

Graphite/
epoxy

Sports
equipment

Graphite/
epoxy

Cylinder wall,
1.5 mm thick

0.3

Oven,
post-cure

Glass/
epoxy

Cylinder wall,
5.1 mm thick

2.0

Oven

Filament
wound tube

Mass

Nominal size
(cm)

(kg)

122 cm x 244 cm, 15.8
3.3 mm thick

Energy required
(kW •h/part)

Thermal
process

Thermal

Autoclave

35

0.24

■

13.5

EB
4.12

0.02

1.73

TABLE II. ENERGY REQUIREM ENT BASED ON SPECIFIC AUTOCLAVE
AND EB PROCESSES

Equipment

Specification

Autoclave

Dose
(kGy)

Energy
efficiency
(kW-h/kg)

Total energy2
(kW-h)

Capacityb
(kg/h)

12.2 m length,
2.44 m dia.

480

273

Autoclave

15.2 m length,
7.62 m dia.

7660

2730

—

2.86

IMPELA'

50 kW

400

3600

50

0.11

IMPELA

1.76

50 kW

400

1800

100

0.22

I-1 0 /ld

1 kW

18

50

50

0.36

1-10/1

1 kW

18

25

100

0.72

a 177°C (350°F) cure cycle; 2 h heat up with 15% energy losses and 2h at temperature with
30% losses; energy for blowers, vacuum and controls are not included for either the ther
mal or EB processes.
b The capacity o f the autoclave is equal to the maximum load divided by the cure cycle (4 h);
the EB capacity is based on 70% beam utilization.
c IMPELA: Industrial Materials Processing Linear Accelerator.
d 1-10/1: Industrial 10 MeV, 1 kW linear accelerator.
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TABLE Ш. RESIN
PROGRAMME

Supplier No.

DESCRIPTIONS

FOR

General polymer
type

THE

EXPERIM ENTAL

Description

Craynor CN-104

Epoxy diacrylate

100% oligomer;
specific gravity at 20°C: 1.15; viscosity at
25°C: - 5 0 Pa/s

Craynor CN-114

Epoxy diacrylate

Dow Derakane
470-36

Polyvinyl ester/
styrene blend

100% oligomer;
specific gravity at 20°C: 1.15; viscosity at
25 °C: - 3 0 Pa/s
30-50% styrene;
50-70% vinyl ester resin; specific gravity at
20°C: 1.04-1.1; typical initiators:
methylethy 1-ketone peroxide, cobalt
naphthanate

Hysol RE-2039

Medium temperature 15% hardener; 85% resin;
specific gravity at 20°C: 1.1; viscosity at
(130°C) epoxy
20°C: 4 Pa/s

PMR-15

High temperature
polyimide

Monomethyl ester o f nadie anhydride (NE);
4,4'-methylene dianiline (MDA); diethyl
ester o f 3,3',4,4'-benzo-phenone tetracarboxylic acid anhydride (BTDA); molar ratio:
2,00 NE, 3.087 M DA, 2.087 BTDE;
specific gravity at 20°C: 1.32; resin was
pre-imidized at 120°C; molecular weight:
-1 5 0 0

wound graphite-epoxy and is given a В-stage heat cure followed by post-cure. A
В-stage cure is a partial cure so that a given part will maintain its shape outside of
a mould. The energy required for the В-stage cure is not included in the estimates.
Electron beam curing required only 8-13% o f the energy required by thermal curing
for these examples,
The electrical energy required to cure 1 kg o f given composite material
(Table П) with autoclaves and electron accelerators of various sizes, has also been
estimated. According to these calculations, large autoclaves are somewhat less
energy efficient than smaller ones, whereas large electron accelerators are more effi
cient than smaller accelerators. Thus, from an energy point of view, EB curing gains
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an advantage with larger parts and longer production rùns. The large autoclaves use
10-20 times the energy to cure composites as compared with a large EB accelerator
(50 kW). Table П also shows that, as expected, the energy required to EB cure a
part is proportional to the dose required.

3.

VOLATILES

Thermal curing leads to the production o f volatile organic compounds because
some o f the resins break down under these conditions, and some o f the starting com
pounds making up the resins have low vapour pressures. Volatile compounds are less
likely to be produced under the near ambient conditions o f EB curing. Preliminary
experiments were conducted to study these emissions by curing representative
monomers and oligomers by radiation and thermal methods under a constant stream
o f nitrogen (30 m L/min). Table E l gives descriptions o f the resins used in this study.
Irradiations were carried out on a Gamma Cell 220 (dose rate: 8.2 kGy/h) or
on the Industrial 10 MeV, 1 kW (1-10/1) linear accelerator (average dose rate:
1500 kGy/h). The exit gases were collected during curing on a small charcoal filter
(Supelco’s ORBO-32). The volatiles were eluted from the charcoal by desorption for
15 min with 300 /xL o f chloroform containing pentadecane (internal standard) at a
concentration o f 1 /xL/mL. The solutions were analysed on a HP-5 methylsilicone
capillary column in an HP-5890 gas chromatograph with a flame ionization detector
(FID) and mass selective detector (MSD). The peaks from the resulting chromato
gram were integrated with the sum o f the volatile peaks and then compared with the
size o f the pentadecane peak. The amount o f volatiles was calculated from the ratio
o f the volatile peaks to the area o f the pentadecane peak (0.769 mg/juL), assuming
that the detector response was similar for all o f the volatiles collected. Identification
o f the eluted peaks was based on the interpretation of their mass spectra and on
library searches.

3.1. Volatiles released
A release o f volatiles from the epoxy diacrylate resins (CN-104; CN-114) was
not detected at temperatures o f 25 -5 0 °C , doses o f 50-100 kGy and gamma or EB
treatment (Table IV). In the case o f Derakane 470-36, releases from the radiation
cured material were detected. The emission rate was about 0.15 m g - g ' 1 -m in-1,
regardless o f whether the material was untreated, EB cured or catalyst cured, sug
gesting that, in this case, the emission was more related to the volatility of the start
ing materials, in this instance styrene (Table V).
The medium tem perature epoxy, Hysol Epoxy RE-2039, released 3.45 mg of
volatile materials per gram o f polym er during a 2 h thermal cure at 150°C
(Table IV). The volatiles included unsaturated hydrocarbons, styrene, aromatic
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TABLE IV. AMOUNT OF VOLATILES RELEASED
MATRIX POLYMERS DURING CURING

FROM

SELECTED

Materialb

Cure cycle

Amount o f volatiles
(mg/g o f polymer)'

EB

CN-104

25°C; 50-100 kGy

< 0.005 d

Gamma

CN-104

25 °C; 50 kGy

< 0 .0 0 5

Gamma

CN-104

50°C; 50 kGy

< 0 .0 0 5

EB

CN-114

25°C; 50-100 kGy

< 0 .0 0 5

EB

Derakane 470-36

25°C; 50 kGye;
5 min blank at 25 °C

0.75
0.78

Catalyst

Derakane 470-36

2% MEKP; 3% CoNapf
20 min at 25° С

3.00

Thermal

Hysol Epoxy
RE-2039

2 h at 150°C

3.45

Thermal

PMR-15

3 h at 300°C

1.38

Thermal

PMR-15

3°/m in up to 176°C;
60 min at 176°C
3°/m in up to 250°C;
60 min at 250°C
3°/m in up to 302°C;
180 min at 302°C

Method of
cure3

3.72

a Average EB dose rate: 1500 kGy/h; gamma dose rate: 8.2 kGy/h.
b CN-104: epoxy diacrylate;
CN-114: epoxy diacrylate;
Derakane 470-36: 30-50% styrene, 50-70 polyvinyl ester,
Hysol RE-2039: typical medium temperature (130°C) epoxy;
PMR-15: high temperature polyimide (pre-imidized).
c Assumption: detector response is similar for all o f the volatiles collected.
d Detection limit: 20 mg/L or 6 fig/g o f resin dissolved in 300 /¿L o f solvent.
e Volatiles were collected for 5 min prior to EB treatment.
f MEKP: methylethylketone peroxide; CoNap: cobalt naphthanate.

ketones, benzaldehyde and siloxanes (Table V; Fig. 1). A high temperature polyi
mide, PMR-15, released 1.38 mg/g with a 3 h cure at 300°C and 3.72 mg/g with
the recommended 5 h plus cure cycle for this resin [4] (Table IV). The increased
amount o f volatiles can be attributed to the lower heating rate and the greatly
increased overall curing rate. Unsaturated hydrocarbons, ketones and siloxanes were
identified (Table V; Fig. 2) as volatiles from the PMR-15 resin.

TABLE V. VOLATILES RELEASED FROM SELECTED MATRIX POLYMERS DURING CURING
Dilution d
Cure cycle5

Volatiles released

Toxicity

Derakane 470-36

EB at 25°C;
50 kGy'

Styrene

Carcinogenic

213

1.4

Derakane 470-36

2% MEKP;
3% CoNapf;
20 min at 25 °C

Styrene

Carcinogenic

213

4.9

2 h at 150°C

Unsaturated hydrocarbons
Styrene
Aromatic ketones
Benzaldehyde
Siloxanes

Teratogenic
Carcinogenic
Carcinogenic
Low toxicity
Low toxicity

-3 0 0
213
100

Unsaturated hydrocarbons
Ketones

Teratogenic
Low toxicity
Low toxicity

-3 0 0
>590

^
(

>229

)

Hysol Epoxy
RE-2039

PMR-15

1 h at 176°C
1 h at 250°C
1 h at 302°C
Heating rate:
3°/min

Siloxanes

TW AC
(mg/ш 3)

(m3/kg)
composite

/
>

3.5
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a Derakane 470-36: 30-50% styrene, 50-70% polyvinyl ester; Hysol RE-2039: typical medium temperature (130°C) epoxy; PMR-15: high tem
perature polyimide (pre-imidized).
b Average EB dose rate: 1500 kGy/h.
c TWA threshold weight average: average exposure per day: m g/m 3 o f air.
d Estimated volume o f air per kilogram o f composite cured, to meet the TWA of the major volatile compounds; 35 % polymer, 65 % carbon fabric.
e Volatiles were collected for 5 min prior to EB treatment.
f MEKP: methylethylketone peroxide; CoNap: cobalt naphthanate.
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FIG. 1. Typical chromatogram o f the volatiles released from Нуsol Epoxy RE-2039 resin dur
ing curing (*: internal standard).

Tim e (min)

FIG. 2. Typical chromatogram o f the volatiles released from PMR-15 polyimide resin during
curing (pre-imidized at 120°C) (*: internal standard).
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These results suggest that radiation curing, either gamma or EB, should signifi
cantly reduce both the mass (Table IV) and the number [1] o f volatiles generated
during composite manufacturing. This reduction is primarily the result o f curing at
near ambient temperatures at a greatly increased cure speed. Low molecular weight
materials cannot vaporize before they are polymerized and no thermal degradation
products are generated. As expected, greater quantities o f volatiles were released as
the molecular weight o f the starting material (multifunctional monomers as compared
with oligomers) was decreased.

3.2. Volatile toxicity
Table V lists the major volatiles identified for each polymer, using a mass
selective detector, along with their toxicity and exposure limits, quoted as the thresh
old weight average (TWA) [5]. Styrene is the only identifiable volatile from
the Derakane resin. Unsaturated hydrocarbons and styrene dominated the Hysol
epoxy volatiles, while the unsaturated hydrocarbons were the major gases generated
from the PMR-15 polyimide resin during curing.
All resins emitted compounds with toxic properties (Table V). Assuming that
the effects of the toxic compounds are independent, the dilution factor can also be
estimated to meet the required TW A. The styrene that evaporated from the Derakane
resin prior to EB treatment must be mixed with about 1.4 m 3 o f air per kilogram
o f composite (35% polymer) to meet the TWA. The volatiles generated during ther
mal curing must be diluted with 3 .5 -4 .9 m 3 of air, for each kilogram o f composite
cured, to meet the safety standards. Electron beam curing reduces or eliminates this
safety concern.

4.

CONCLUSIONS

Using advanced composites as an example, this study clearly shows that EB
processing has environmental advantages compared with traditional methods. These
advantages, combined with cost and process benefits, are expected to contribute to
the increasing industrial use o f this type o f processing.
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Abstract
ENVIRONMENTALLY FRIENDLY RADIATION VULCANIZATION TECHNOLOGY.
A new technology using radiation to vulcanize natural rubber latex has been developed
through an IAEA/United Nations Development Programme Regional Co-operative Agree
ment (RCA) project. The process consists o f mixing natural rubber latex with 5 parts per
hundred rubber n-butyl acrylate, and gamma ray irradiation o f this mixture at 15 kGy. The
resulting radiation vulcanized natural rubber latex can be processed using dipping techniques
for the manufacture o f latex products. The advantage o f radiation technology is that vulcaniza
tion is achieved without sulphur and dithiocarbamates, which are commonly used in conven
tional sulphur vulcanization. Radiation vulcanized latex products can be disposed o f into the
environment by incineration without emission o f sulphur oxides owing to the absence o f sul
phur. During regular vulcanization, small quantities o f the dithiocarbamates transform into
carcinogenic nitrosamines, causing contamination o f the environment and latex products,
whereas radiation vulcanization is a completely nitrosamine free process. The absence of
dithiocarbamates, which also function as antioxidants and cytotoxins, facilitates easy degrada
tion o f the products in the environment. Toy/advertising balloons made from radiation vul
canized latex degrade rapidly on the ground.

1.

INTRODUCTION

Approximately 700 000 t of natural rubber latex are produced annually in the
world and the quantity is increasing steadily. The major consumer o f this latex is the
dipped goods industry, with around 70% being used for the production of dipped
goods, such as examination, household and surgeon’s gloves, balloons, condoms,
bladders, catheters, etc. Vulcanization (cross-linking o f natural rubber) is the key
process for the production o f any kind o f dipped product. At present, vulcanizing
agents consisting o f sulphur, accelerator and zinc oxide are used to vulcanize natural
rubber latex. The accelerators mainly used are dithiocarbamates, which also function
as powerful antioxidants in latex products. Currently, there is great concern over the
hazards that dithiocarbamates pose to the environment, workers and consumers. A
new technology using radiation to vulcanize natural rubber latex has been
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developed through an IAEA/United Nations Development Programme Regional Co
operative Agreement (RCA) project [1]. This type o f vulcanization may be more
environmentally friendly than conventional vulcanization because the dithiocarbamates are excluded. In this paper the radiation vulcanization o f natural rubber latex
is discussed, with special emphasis on the safety o f this process, and the products
involved, with regard to the environment.
2.

THE RADIATION VULCANIZATION PROCESS

For the preparation o f radiation vulcanization natural rubber latex, the latex
is mixed with a sensitizer, followed by irradiation with gamma rays, as shown in
Fig. 1. The physical properties o f the dipped products depend on the origins o f the

NR l a t e x
M i x i n g
S e n s itiz e r

I r r a d ia t io n

—♦

RV

NR

latex

-

D i p p i n g

H

Glove;

] -

D ry in g

-

Leaching

-

D r y in g

FIG. 1. Flow sheet fo r the production o f rubber gloves by radiation vulcanization (NR:
natural rubber, RV: radiation vulcanization).

latex, sensitizer and the dipping process, including the selection o f antioxidants, the
conditions o f leaching and drying o f the dipped products. At an early stage o f the
RCA project, carbon tetrachloride (CC14) was used as a sensitizer. However,
environmental concerns inhibited its use because it destroys the stratospheric ozone
layer. Great efforts were made to find a safer sensitizer in the project, with n-butyl
acrylate (n-BA) finally being selected [2]. Its sensitizing efficiency is higher than that
o f CC14. The dose for vulcanization is around 15 kGy with 5 parts per hundred
rubber o f n-BA. No residual n-BA is found in the final products.

3.

NITROS AMINE FREE PROCESS AND PRODUCTS

The presence of carcinogens (nitrosamines) in rubber products is one of the
most serious concerns in the rubber industry. Limits on nitrosamines are specified
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by several countries for baby soothers and bottle nipples. A workplace environmen
tal guideline for the manufacturing industry o f 2.5 /ng of nitrosam ines/m 3 of air has
been introduced in Germany. Nitrosamine originates from dithiocarbamate during
the vulcanization and dipping processes through decomposition to secondary amines
and its reaction with N O ;. It is very difficult to avoid the formation o f nitrosamines
during sulphur vulcanization, whereas none were detected in radiation vulcanization
natural rubber latex products [3]. Nitrosamine free vulcanization can thus contribute
to the occupational and environmental safety and health o f users.

4.

LESS S 0 2 ON COMBUSTION

The absence of sulphur in radiation vulcanization natural rubber products
means that oxides of sulphur will not be produced on combustion. The incineration
of such products is environmentally more acceptable than the combustion of sulphur
vulcanized products. A reduction o f m ore than 6000 t o f S 0 2 per year can be
achieved if most disposable latex products could produced from radiation vulcaniza
tion natural rubber latex. Another promising application of this type of latex, in
terms o f the low evolution of S 0 2, is in the manufacture o f protective rubber gloves
for radioactive contamination. Usually, used protective gloves are stored in a waste
treatment facility for a long period o f time as low level radioactive wastes and their
disposal in an incinerator is not permitted because S 0 2 and ashes damage the
incinerator. However, the results o f combustion analysis of gloves made from radia
tion vulcanization natural rubber latex show that there is no detectable quantity of
S 0 2 from the gloves [4], whereas 19 mg/g of S 0 2 is produced from commercial
sulphur vulcanized gloves. The quantity of ash from radiation vulcanization latex
gloves is about one fourth o f that from commercially produced gloves. The mechani
cal properties, tensile strength, elongation at break, permanent set, tensile strength
after ageing and tensile strength after leaching in NaOH and HCl o f radiation vul
canization latex gloves are either comparable or superior to those o f commercial
gloves. Thus, the protective gloves made from this latex will contribute to the reduc
tion in the volume of low level radioactive wastes by incineration and, therefore, in
the cost of nuclear power generation.

5.

RAPID DEGRADATION

In general, latex products are washed in ammonia solution to leach out water
soluble non-rubber components for the prevention o f adhesion and to increase trans
parency. The ageing properties of radiation vulcanization products are reduced dur
ing this leaching process. This is due to the elution o f naturally occurring
antioxidants in natural rubber during the leaching process o f the products. The age
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ing properties can be improved somewhat by the immobilization o f these natural
antioxidants with alcohol [5].
Another reason for the poor ageing properties is the absence of dithiocarba
mates, which function as antioxidants. The addition o f proper synthetic antioxidants
is effective in improving ageing properties. Thus, the rate of degradation o f radiation
vulcanization natural rubber latex products can be modified over a wide range after
irradiation. The extremely low cytotoxicity o f radiation vulcanization products [6 ]
could facilitate the biodégradation of these radiation vulcanization natural rubber
latex products. This may actually be advantageous in the manufacture o f environ
mentally friendly balloons. Toy/advertising balloons which are not degradable might
be harmful to the environment when they return to the earth because wild animals
might eat them, whereas balloons made from radiation vulcanization natural rubber
latex are susceptible to degradation upon exposure to air and light. They will be more
environmentally acceptable than conventional sulphur vulcanized natural rubber
latex.
6

.

CONCLUSIONS

The technology o f radiation vulcanization natural rubber latex has progressed
recently through the international co-operation organized by the IAEA/UNDP/RCA
programme. The advantages o f this type o f latex are the absence o f nitrosamines and
sulphur. Thus radiation vulcanization natural rubber latex will be more environmen
tally acceptable than the conventional sulphur vulcanized natural rubber latex.
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Abstract
RADIOTRACER APPLICATIONS IN WASTEWATER TREATMENT.
The equalization o f the concentration o f pollutants, the process o f biological activation
and the settling process o f sludge were analysed by means o f the stimulus response method
using radioisotopes as tracers, with special software for data treatment. The information
obtained was used for process optimization.

1.

INTRODUCTION

W ater treatment plants for municipal or industrial wastewater are making use
o f the so-called activation process, which is the usual method for the biological aero
bic purification o f wastewaters.
In biological aerobic treatment, organic compounds are removed from polluted
water by the use o f a mixed culture o f microorganisms in the presence o f a sufficient
quantity o f oxygen. In such a case, a number o f successive physicochemical and
biochemical aerobic reactions take place. The composition o f this mixed culture,
activated sludge, depends first o f all on the composition o f the substrate on which
the given culture has been cultivated, and also on the parameters used for this cultiva
tion process (residence time, loading and age o f the sludge, etc.). The result o f these
reactions depends on the character o f the sludge, the reaction conditions, and also
on the composition and concentration o f impurities in the wastewaters. A sudden
change in the concentration o f pollutants can destroy the sludge reaction activity. The
flow rate o f wastewaters and the concentration of pollutants fed into the treatment
plant are not steady; they fluctuate over time (days, weeks, months or years) .Thus,
in front of units in which these processes take place so-called equalization tanks are
fixed, which should equalize short-time changes in the flow volume of wastewaters
and should suitably dampen changes in the concentration o f pollutants.
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Another very valuable property of activated sludge is its ability to be separated
from the liquid phase by simple sedimentation. This property is the result o f many
factors which are given by the character o f treated wastewater and also by process
param eters, such as the residence time o f sludge in the activated tank. The thickening
ability of the sludge and also the size of the floe o f activated sludge change according
to the residence time, and thus also the sludge’s sedimentation properties. The
sedimentation process itself depends also on the character o f the flow in the sedimen
tation tank. Intensive mixing, the formation of swirls or recycling clearly hinder the
sedimentation process.
Thus the processes o f equalization o f the concentration o f pollutants, activation
and sedimentation o f sludge are affected by the flow characteristics o f the sludge or
by the treated water inside the respective unit. The characteristics o f the flow can
be judged by the distribution function o f the residence tim e, or residence time distri
bution (RTD), of the sludge or o f the treated water, which can be determined by the
stimulus response method.
The radioisotopes 82Br and 198Au are frequently used as tracers for water and
sludge, respectively, in the application o f this method in wastewater treatment
plants [1-7].
Applications o f RTD in increasing the efficiency of equalization, activation or
sedimentation processes are demonstrated in the following sections.

2.

EQUALIZATION OF VARIATIONS IN IMPURITIES

The equalization, or smoothing, o f fluctuations in the pollutant concentration
depends not only on the type o f equipment and the structure o f the flow inside the
unit, but also on the form and character o f changes in the concentration of water
entering the unit.
For steady conditions, this dependence is expressed by the convolution
integral [6 ]:

( 1)

where Cin, Cou, are time changes of the concentrations at the inlet and outlet,
respectively, and E( t ) is the RTD of the unit used for equalization of changes in the
concentration.
The relation given can be used, for example, for modelling a catastrophic situa
tion in which a pollutant is fed suddenly into the system for a short period of time.
The graphical dependence is given in Figs 1(a) and 1(b), which was evaluated for
dimensionless RTDs. From the diagrams it is possible to find the dependence of
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(a)

— e
(b)

— e
FIG. 1. Change in pollutant concentration in the outlet flo w in response to the rectangular
form o f the pollutant concentration in the input flo w in (a) perfectly mixed tank; (b) tank with
a small amount o f mixing. (W; dimensionless time o f increased pollutant concentration in the
input flow).

Cout as a response to the rectangular shape o f the change in the input pollutant
concentration. The param eter o f the inlet function is length, W, corresponding to
different times related to the mean residence time. In Fig. 1(a), cases are given where
a pond or vessel is perfectly mixed, while in Fig. 1(b) a case with partial mixing only
is given.
The disturbance attenuation capability (DAC) is used for the evaluation o f the
damping effect of real vessels o f known RTD:
D(t )

=

max. [ Í
Osr«sOO V J r

E(T)dr\

(2)

/

which represents the maximum value of the output response for the input disturbance
function, which is a unit step function with length, t [6 ].

242

THYN et al.

The variance, о 1, of the RTD is a reciprocal o f the mixing index, n, of the
system, i.e. n = \ l a 2. Dimensionless RTDs with the mixing index as parameter are
presented in the upper part o f Fig. 2(a). The lower part corresponds to the
dependence o f DAC. From this dependence it is clear that the best damping effect
has a perfect mixed system for which n = 1 .
Under normal conditions, the frequencies o f the concentrations of pollutants
and impurities in municipal or industrial waters have a periodic character. If a har
monic periodic function is assumed, then under steady state conditions the response
is also a periodic function, but with a lower amplitude.
The efficiency, 1 7 , o f the equalization units is, in this case, determined by the
ratio o f amplitudes, A/B:
->7

= 1 — A/B

The dependence o f the efficiency o f equalization on the frequency o f the harmonic
function, v, calculated again for different distribution functions characterized by the
mixing index is presented in the lower part o f Fig. 3(a).
Similar dependences can also be derived for the case when the fluctuations of
concentrations are not periodic and have a stochastic character. In this case, it is
assumed that the stochastic character of the input pollutant concentration is described
by an exponential autocorrelation function:
= exp - a\t\
where 1la is the so-called correlation time. In this case, the efficiency o f equalization
is given by the ratio o f the variation in concentration:
V ~

1

— ^out^in

(for evaluations o f the variance ratio, see Refs [8 , 9]). The results obtained are dem
onstrated in Fig. 3(b), where the parameter o f RTD is used again as the mixing
index.
Bypassing can occur in a real system, which means that part o f the inlet stream
passes quickly through the system. The RTDs have a characteristic shape which can
be described by the value o f the param eter n < 1. The RTDs and DAC of the system
with bypassing are presented in Fig. 2(b).
The efficiency o f equalization in such a system is shown in the upper part of
Fig. 3(a) for periodic and in Fig. 3(b) for stochastic concentration changes.
On the basis o f these results, it is evident that the most effective system for
the damping o f any fluctuations is the perfectly mixed system. Perfect mixing o f the
whole volume o f the vessel or the tank may be very energy intensive. Thus, arrange
ments o f the actual system are being devised so that an acceptable equalization effect

IAEA-SM-325/129

243

is obtained at minimal energy consumption. It should be remembered that an accept
able smoothing effect can be obtained, e.g. by recycling the inlet flow, or by a
suitable arrangem ent o f the input flow into several parallel flow s [ 1 0 , 1 1 ].
The orientation for the optimization o f real systems can be accomplished on
the basis o f flo w modelling. The diagrams in Figs 2(c) and 2(b) are examples of the
results of such a procedure: the DAC of the system with recycling and the system
with a splitting o f the input flow into two parallel input flows.
The individual treatment steps o f the experimental results o f the stimulus
response method with radiotracers in the equalization tank o f the water treatment
plant for industrial wastes are shown in Fig. 4(a). The circular cylindrical vessel has
three inlet pipes located at the circumferences o f the vessel at different heights.
Experimental data are first corrected for the radiation decay and in the next step the
tail o f the response is calculated by exponential regression. The distribution and
intensity functions o f the RTD (E , F and X functions; for a definition, see
Refs [6 , 12]) are given as well in Fig. 4(a). The DAC and the calculated amplitude
ratio are presented in Fig. 4(b). Diagrams o f the distribution functions indicate that
a perfectly mixed system has good equalization abilities for a time period of less than
1 0 0
min.

3.

BIOLOGICAL ACTIVATION PROCESS

In the activation tanks complex biological reactions take place, resulting in the
removal of dissolved organic compounds from the solution, which is the result of
the actions o f microorganisms in the activated sludge. The degree o f conversion
depends first o f all on the residence times, the initial concentration o f the sludge and
the concentration o f pollutants, and also on the activity o f the microorganisms o f the
mixed culture. For a very rough idea o f conversion in the activation process as a
result of mixing, it is possible to use the published graphical dependences derived
for conversion in chemical reactors for the first or second order o f chemical reactions
[12]. The param eter characterizing the RTD is again the index o f mixing, N. Exact
calculation of the conversion in the activation process is complex and, with regard
to the specific properties o f individual sludges (quality and quantitative composition
of biomass), it is very difficult to generalize the dependences.
The activation process is actually executed through various types o f contactors,
e.g. in longitudinal tanks with aeration by pressure air introduced through numerous
pipes located along the walls o f the unit, or by surface aeration using numerous fast
turning horizontal rotors. It has been found that, for example, in activation tanks with
aerators an unwanted fibre structure o f the sludge forms, which depends on the RTD,
i.e. on similar mixing, as does the size o f the floe particles. As the fibre structure
and size o f the floe affects the separation capability of the sludge, it would be
appropriate to formulate mathematically the measured RTD.

244

THŸN et al.

IAEA-SM-325/129

FIG. 2. (a) Gradual mixing versus RTD and DAC (D(9): maximum value o f the output response for input unit step with
length в; n: mixing index), (b) Bypassing versus RTD and DAC (T>(6): maximum value o f the output response fo r input
unit step with length в; n: mixing index), (c) Recirculation versus RTD and DAC CD(в): maximum value o f output response
for input unit step with length 6; Vpf: volume o f tank with plug flow; Vim: volume o f tank which is ideally mixed; r: recircu
lation ratio), (d) Parallel flow versus RTD and DAC (D(6 ): maximum value o f output response fo r input unit step with length
в; f: parallel flow ratio; Vpf: volume o f tank with plug flow; Vjm: volume o f tank which is ideally mixed).
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The modelling permits prediction of changes in the RTD after changes made
in operating conditions. From numerous experiments with various types o f activation
vessels, the RTD o f the contactor can be described by a model o f several perfectly
mixed compartments in series with backmixing and with the eventual possibility of
the introduction o f successive water inlets along the length o f the tank.
The effect o f the backmixing param eter and o f liquid distribution along the
vessel under so-called Gould activation is shown in Figs 5(a)-5(c). Backmixing
parameters can be affected, for example, by the intensity or by the direction o f rota
tion of rotors or by changing the size o f the slots o f baffles located between individual
rotors.
The presence o f the recirculating flow must also be taken into consideration
during parametric analysis o f the measured response. Figure 6 gives the response
measured for the activation unit with mechanical aeration by four horizontally
located rotors, with the sections separated by baffles with small longitudinal holes,
which prevent backmixing. The model o f four perfectly mixed sections in series with
fast recirculation flow was applied for recirculation flow determination. The values
o f the model param eters obtained by a param etric analysis are presented as well.
Note that the parametric analysis was made for a curve without a tail. However, the
response curve does not end, for technical reasons, at the background.

4.

SETTLING PROCESS OF SLUDGE

The separation o f sludge with removal o f treated water takes place in a settling
tank which is located behind the activation tank. Imperfect separation efficiency was
found in a row o f secondary settling tanks, which is usually attributed to incomplete
utilization o f the available settling tank volume and also to the effect o f density
currents.
The density current has been proved from an analysis o f impulse responses of
a number o f different types o f sedimentation vessels and by studies made on a model
unit [13].
The suspension entering the tank is denser than the adjacent wastewater from
which part o f the solids have already separated, and thus the incoming liquid falls
freely and then flows along the tank bottom in the form o f a jet. This jet effect
induces circulation o f the tank volume, as is shown in Fig. 7(a). The effective dis
charge in the longitudinal flow along the bottom increases gradually to the final value
o f Q + Qr- One part o f this discharge, Q, continues directly into the outlet,
whereas the other part, Qr, returns on the surface back towards the inlet side o f the
tank. The separation takes place mostly in the density current layer and under
increased overflow, Q + Qr, the conditions for sedimentation o f sludge particles
are made worse. This recycle flow can be reduced by a suitably located inlet flow,
as is obvious from Fig. 7(b).
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min
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FIG. 4. (a) Examples o f data treatment: wastewater equalization basin; radioactive decay
correction; tail calculation by exponential regression; RTD: impulse response E, step response
F, intensity function X.
(b) Examples o f data treatment: wastewater equalization basin; D /t; frequency response
amplitude ratio A /В (Hi).

The analysis o f measured responses was frequently complicated by the external
recycling o f sludge. The measured response was the response o f the system, i.e. of
settling and activation tanks, which were mutually interconnected by the recircula
tion flow. The RTD o f the settling tank is then obtained by identification, i.e. by
solving the deconvolution. The deconvolution is, from the mathematical point o f
view, an unstable problem. Several specially prepared algorithms which improve the
stability of deconvolution by regularization were prepared and tested [14]. The
impulse response presented in Figs 8 (a) and 8 (b) as an example o f the identification
o f the RTD o f the settling tank was not significantly distorted by external recircula
tion. The results o f the identification were subjected to parametric analysis by the
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FIG. 5. Residence time distribution model fo r activated sludge tanks with aeration, (a) Four
perfectly mixed tanks with backflow В (N: mixing index), (b) Gould system o f activation; fou r
perfectly mixed tanks with separate input flo w to every tank, (c) Gould system o f activation;
four perfectly mixed tanks with backflow and with separate input flo w to the tank.

use o f a rather complex model which is able to describe practically all o f the impor
tant changes in the flow pattern in the settling tank. It is the model o f a series o f per
fectly mixed sections with plug and recycle flows, which is characterized again by
a series o f perfectly mixed sections, but in this case with backmixing whose magni
tude changes from zero to infinity. This param eter is greater than the one for the flow
pattern with inner recycle. Values less than 1 are for the parallel flows pattern, which
is the ideal case for flow in a settling tank (see Fig. 7(b)).
The result o f a param etric analysis o f the impulse response obtained by
identification from the last case is given in Fig. 8 (c).
The responses o f several types of settling tanks before and after the arrange
ment o f the inlet flow o f the suspension, together with values o f the suspended solid
in the outlet flow, are given in Fig. 9.
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FIG. 7. Flow models in a settling tank, (a) Inner recirculation flow; (b) parallel flow.
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FIG. 9. Suspended solid separation and RTD in different secondary settling tanks before and after the input flow arrangement.
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CONCLUSIONS

The aim o f the radiotracer experiments was to obtain the RTD for individual
units of wastewater treatment plants and, from this information, information on the
flow pattern of water and sludge. Flow pattern determination in complex cases is
simplified by the use o f measurement equipment based on a PC with multiple detec
tors [14]. The information obtained is used for optimization o f the operating condi
tions of the wastewater treatment plants.
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Abstract
STUDIES OF EFFLUENT DISCHARGE USING THE RADIOTRACER TECHNIQUE IN
PENANG, MALAYSIA.
A radioactive tracer study using 82Br was carried out to establish the pathways and
rate o f dilution o f effluents discharged into the sea. Tracers were released at four different
tidal stages. The study revealed that during the spring tide, initial effluent concentrations were
biased strongly towards the surface and led to a high effluent concentration along the coastline.
The risks o f contamination in the Juru River and the cockle breeding grounds were much
reduced if the discharges occurred during the neap tide. These areas are at risk if the new
pumphouse were to be put into operation without adopting an appropriate pumping regime.
The test also showed that a single tidal flow is not sufficient to mix the effluents efficiently.

1.

INTRODUCTION

Discharging effluents into the sea through sea outfalls or drains is a convenient
and economical means o f disposal provided that the sea can provide adequate mixing
and dilution o f waste materials. Prai, an industrial centre in the north o f the
Malaysian peninsular, has opted for this mode o f effluent disposal since it began
operating in 1973 (Fig. 1). Built on a coastal plain and on reclaimed mangrove
swamps, it occupies an area o f approximately 500 ha and serves an estimated
30 factories, which are mainly from the chemical, electronics, food and textile
industries [ 1 ].
Treated and untreated industrial effluents from these industries are channelled
through a series o f drains before they are discharged into the waters o f the Penang
Straits by means o f high powered ‘vortex’ pumps operating from the pumphouse
20 m from the sea. The pumps are run when the collecting drains are filled regard
less o f the tidal stage o f the receiving waters. The effluents leaving the pumphouse
run as free surface flow down through a narrow channel cut through mangrove. At
high water (HW ), the tide reaches the mangrove and the effluents discharge directly
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FIG. 1. Location o f the study area.

into the outside water. However, at low water, a drying mud flat extends some
kilometres opposite the pumphouse channel and the effluents run across the flat until
they are lost by seepage through the mud surface.
The constituents o f the effluents are mainly water and organic compounds.
Physically, the effluents are black in colour and give off noxious fumes that are par
ticularly acute when they are stirred up by pumping.
Concern has been expressed over the suitability and practicality o f diluting and
dispersing the effluents effectively. The inshore shallows extending south from the
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discharge point are breeding grounds for cockles and mussels for the local fisher
men. These breeding zones are within the area over which the effluents spread and
are greatly exposed to the impact o f the effluents.

2.

OBJECTIVES OF THE STUDY

The Nuclear Energy Unit (UTN) undertook a series o f radiotracer releases in
August 1990 with the following objectives:
— Establish the pathways o f the discharge effluents released at different tidal
stages.
— Establish the concentration o f the effluents in the receiving waters.
— Furnish empirical dilution values for sensitive areas, such as cockle breeding
grounds.
— Demonstrate appropriate effluent discharge in accordance with the tidal stages
so that it would improve effluent dilution and minimize the risk to the breeding
zone and the nearby Juru River.
The intention in these tests was to sustain a steady, continuous discharge of
radioactive fluid for the period when the prevailing tidal flow was most likely to lead
to the return o f the effluents to the shore, and then to follow the path and dilution
o f the labelled plume. The duration and timing o f the releases were different for each
test.
Considerable interest was also expressed in the possibility o f undertaking
tracer tests to determine the dilution and advective paths at the point which would
perm it assessment o f the level o f likely contamination along the shoreline under the
representative tidal conditions.

3.

RADIOISOTOPE TRACER TECHNIQUE

3.1. Choice of tracer
In this study, radioactive bromine ( 8 2 Br) was chosen as a tracer. It is normally
suitable for flow investigation because o f its half-life and because it is easily prepared
in soluble compound. However, its relatively short half-life (T,A = 36 h) means that
irradiation and delivery have to be predetermined to meet the specific release time.
The tracer was prepared in the form o f potassium bromide (KBr) pellets, each
approximately 2 g. For each release, about 90 g o f these pellets underwent neutron
activation in the TRIGA M k П reactor to produce the desired activity.
The pellets w ere transported in a heavily shielded container into which water
could be added to dissolve them. Operation o f the mechanical stirrer fitted to the con-
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FIG. 2. Schematic diagram o f the 82Br injector.

tainer assisted dissolution o f the pellets in 2.5 L o f water. The tracer was dispensed
at a rate o f about 30 m L/min by means o f a peristaltic pump into a secondary water
line with a pump discharge rate o f 20 L/min into the flowing effluent from the pumphouse. Figure 2 illustrates the injector arrangement used for releasing the 82Br
radiotracer.

3.2. Tracer release
Four individual tracer releases were undertaken at different tidal stages. The
first two releases w ere made during the spring tide and two other releases were made
during the neap tide two weeks after the first releases. They are summarized in
Table I.
In each case, the start o f the tracer release was delayed until about 10 min into
the effluent pumping cycle and terminated a short time before pumping ended. At
times during the tracer release, samples o f the effluents were taken at the conver
gence o f the outfall channel to determine the initial tracer concentration in the
effluents using gamma spectrometry. These values were critical because, in conjunc-
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TABLE I. TRACER RELEASE PROGRAMMES FOR FOUR DIFFERENT
TIDAL CYCLES

Release
date

Time o f predicted
high water

Time o f effluent
release

Time o f tracer
release

Specific
activity released
(/¿Ci/m3) 3

1990-08-07

13:30
(spring tide)

11:30-14:00

11:40-14:00

150

1990-08-09

14:27
(spring tide)

07:50-10:15

08:00-09:30

89

1990-08-14

05:57
(neap tide)

10:30-13:00

10:45-12:20

124

1990-08-16

09:12
(neap tide)

09:35-11:35

09:45-11:15

135

a 1 curie (Ci) = 3.70 x 1 0 10 Bq.

tion with the tracer concentration measured by the tracking vessel, they would permit
the degree o f dilution undergone by the effluents to be calculated throughout the
search area.

3.3. Monitoring of labelled effluents
The path and subsequent dilution o f labelled tracer or effluents were measured
by recording the radioactivity in the water from vessel(s) steering through the plume
in a zigzag pattern. The monitoring o f the released radioactivity was carried out
using a small 1 m draught GRF launch. Consequently, a small, flat bottomed GRP
work boat had to be allocated to perm it access to a depth o f 0.5 to 0.6 m at slow
speed. This gave a significant increase in the inshore coverage during neaps because
the mud bed in front o f the mangrove has a gentle slope.
The crystals o f the underwater scintillation detector were set on the port side
o f the boat 0.38 m below the water surface. On board, the radiation counts from the
scintillation detector, accumulated over selectable gating times of 5, 10 and 20 s,
were recorded continuously and simultaneously as printer output. The instrumenta
tion permitted a high density o f radiation readings to be achieved at a selectable depth
with the vessel under way.
Position fixing o f the tracking vessels throughout the survey was accomplished
by using a Motorola M iniranger Falcon 3 Electronic Position Fixing System; tem
porary shore stations were established at co-ordinate points at South Beacon, Peal
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Beacon and at one of the bridge piers. The master receivers on the boat were nomi
nally capable o f fixing positions to ± 2 m for line o f sight operations, given strong
angles o f range intersection. Throughout the operation the course o f the vessel was
recorded and transferred to the computer for automatic plotting. Prior to the release,
several tracking surveys were made in the expected working area to determine the
background radiation in the water.
Since it was impractical to mount detectors at different depths on the tracking
boats owing to shallow water, an inflatable boat had to be used to measure the depth
profiles at chosen sites within the field o f tracer spread. This boat was equipped with
a single radiation detector permitting intermittent spot readings at various locations,
depths and times to be taken manually on a tim er/counter. Inspection o f these profiles
should permit the surface depth o f the tracer to be estimated as a function of space
and time.
The responses o f the detectors were calibrated in the laboratory by suspending
them at different depths in a water tank with dimensions 2.4 m X 2.4 m X 2.4 m,
corresponding to the infinite volumes which were mixed with known volumes o f the
parent tracer solution retained from the field tests. Consequently, the count rates

A ctive layer thickness (cm )

FIG. 3. Detector response to different thicknesses o f 82Br layers within the detector placed
38 cm from the water surface (I curie (Ci) = 3.70 x 10w Bq).
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recorded from the field tests can be converted after subtraction o f the background
into a tracer concentration per unit volume or empirical dilution values. The detector
responses to different thicknesses o f the 82Br layer with the crystal placed 38 cm
below the water surface are shown in Fig. 3.
The results are presented graphically as a series o f figures, showing the tracer
plume in various stages o f development. Only relevant sections o f the plots are
shown so that a full view o f the dilution contours can be clearly illustrated for each
tracer release, as shown in Fig. 3.

4.

INTERPRETATION OF TRACER DILUTION

Dilution is brought about by turbulent exchange and is a function not only o f
the range o f eddies responsible for mixing the water body, but also the local width
and the vertical extent o f the plume [2]. Normally, for the pumphouse discharge,
contributions o f the eddies are not significant and, moreover, the effluents are ini
tially confined to the top few centimetres o f the sea. Thus the relative tracer dilutions
measured with increasing distance from a point source can be taken to be applicable
to effluents only after the tracer plume has expanded to approximate the dimensions
o f an initial effluent field.
The distinctive nature o f the tracer test is that it makes use o f the existing
effluent discharge point where the tracer is associated with the real effluents, the
tracer is mixed well with the effluents before it reaches the sea and it undergoes the
same physical mechanism that controls the trajectory and dispersion o f the effluents.
The behaviour o f a typically buoyant effluent discharge is thus reproduced [3]. By
knowing the rate o f tracer being dispensed and the volumetric discharge o f the
effluents, the tracer concentration in the effluents is readily calculated. The tracer
concentration prevailing in the plume as the tracer mixes with the receiving sea water
can be compared with the parent concentration emanating from the discharge point
and is expressed as a straightforward effluent dilution value.

5.

RESULTS AND DISCUSSIONS

Interpretation o f the measured tracer concentrations as effluent dilution values
is straightforward since the tracer discharge and the pumping rate from the pump
house were assumed to be maintained at a constant rate. The first tracer release was
made at mid-flood, 2 h before high water. The presence o f effluents in the sea sur
face in front o f the pumphouse exit are clearly visible (Fig. 4(a)). In the early hours
o f the discharge, the effluents w ere entrained in the flow heading south, but later held
to an area between the discharge point and the new pumphouse (Fig. 4(b)).
However, shallow ground near the mangroves prevented the main tracking boat from

FIG. 4. Distribution o f tracer on the first spring tide release, 7 -8 August 1990. (a) Run No. 1, 2 0 -4 0 min after the
start o f tracer release; (b) run No. 2, 50 min-1 h 35 min after the start o f tracer release; (c) run No. 4,
4 h 30 m in -6 h after the start o f tracer release; (d) run No. 15, 1 d after tracer release.

FIG. 5. Distribution o f tracer on the second spring tide release, 9 -1 0 August 1990. (a) Run No. 1,
1 h 30 min-2 h 40 min after the start o f tracer release; (b) run No. 2, 5 h 30 m in -7 h 30 min after the start o f tracer
release; (c) run No. 3, 8 h 30 m in-9 h 30 min after the start o f tracer release; (d) run No. 5, 1 d after the start o f
tracer release.
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traversing the entire width o f the plume. Thus, it was only possible to map the
eastern edge o f the plume in the early hours.
The first one hour after the release, the tracer was seen to spread through the
road bridge, but as the tide turned, the tracer changed its path (Fig. 4(c)) and moved
north, just reaching the Bulk Cargo Terminal (BCT) jetty. In subsequent tracking
carried out one day after the release (Fig. 4(d)), the tracer was found to be well dis
tributed over a considerable length of the Juru River. Some patches o f tracer with
low dilution could still be found in the vicinity o f the discharge exit.
The second spring tide tracer release was made during low water. Tracking
during release confirmed the expected path o f the effluents to the north, i.e. high
concentrations w ere encountered at the BCT. The tracer moved to the north, beyond
the mouth o f the Prai River. Three hours before the high water the tracer was pushed
back to the south by the flood and combined with effluents which remained on the
mud flat during low water (Fig. 5(a)). High concentrations were found in the vicinity
o f the exit and to the south o f the bridge. Concentrations north o f the BCT were
almost negligible.
Three hours before HW , the tracer was found to spread beyond the road
bridge, and 3 h after HW , the flood pushed the effluents rapidly towards the mouth
o f the Juru River. High concentrations were found at the mouth and in the river. In
subsequent tracking after HW , the tracer was found to extend far to the south in the
shallows between the Juru and Jewari Rivers (Fig. 5(b)).
Tracking after the release indicated that much o f the tracer had been diluted
until the reach o f the mouth o f the Juru River. Tracer existed well up to the Juru
River and far south, approximately 6 km south o f the bridge (Fig. 5(c)). The remain
ing tracer observed in the area was the return tracer from upstream o f the river dur
ing ebb tide.
Neap tide release took place 5 h before HW. Tracking throughout the area o f
the discharge point showed no apparent changes in tracer distribution as compared
with previous spring tide releases. However, tracking one day after injection
revealed that some tracer was trapped near to the shore, south o f the bridge and
extended over a broad front south o f Juru River. Tracer concentrations north o f the
BCT were negligible, as illustrated in Figs 6 (a)- 6 (b). Two days after the release,
patches o f tracer covering a large area were still present off the mouth o f the Juru
and were still detectable up to the Juru River.
The second neap tide tracer release was carried out just after HW . The tracer
discharge was timed to coincide with a major part o f the northward ebb tide. From
the start, the plume centred about 500 m around the pumphouse exit, but later, as
the tide changed and the current reversed, the plume took a northerly track and sub
sequent distribution showed the plume breaking up, with tracer concentrations much
reduced (Fig. 7(a)). As the plume reached the power station, it was pushed offshore
by the cooling water o f the pow er station and, hence, increased the tracer dilution.
High concentrations were encountered in the area extending north o f the Prai River,
but no tracer was observed in the river.

IAEA-SM-32S/110

FIG. 6. Distribution o f tracer on the first neap tide release, 1 4 -1 6 August 1990. (a) Run No. 1, 2 h 30 m in-4 h
30 min after the start o f tracer release; (b) run No. 2, 4 h 45 m in -7 h 25 min after the start o f tracer release;
(c) run No. 3, 1 d after tracer release; (d) run No. 4, 2 d after tracer release.

N>
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FIG. 7. Distribution o f tracer on the second neap tide release, 1 6 -1 7 August 1990. (a) Run No. 1,
20 min-1 h 50 min after the start o f tracer release; (b) run No. 2, 2 h 30 m in-4 h 30 min after the start o f tracer
release; (c) run No. 3, 1 d after injection o f tracer (— ■ — ■
cockle breeding ground;
low
water limits).
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Subsequent tracking at the onset of the southward flood revealed a broadening
in the tracer plume and a marked reduction in tracer concentrations in the area of
the BCT and the power station. No tracer was found beyond the bridge (Fig. 7(b)).
The last tracking during the neap tide release showed that most o f the effluent
had been fully diluted throughout the study area, with a dilution of less than 1 : 1 0 0 0
(Fig. 7(c)). Very low tracer concentrations were found in the Juru River.
The vertical distribution o f the tracer measured at the Penang Bridge and BCT
piers during both spring and neap tides were different from each other. At the bridge
piers, the vertical mixing was very rapid compared with that at the BCT, where the
distributions were reasonably uniform to a depth of about 2 m.

6

.

CONCLUSIONS

Effluent discharge in the early flood o f the spring tide follows a path across
the road bridge and, under all tidal conditions, is expected to lead to high effluent
concentrations along the coastline. Mangroves are highly vulnerable to the ingress
o f poorly diluted surface effluents.
The tidal regime in the receiving waters is characterized by a southward flow
from about 3.5 h before HW to about 1.5 h after HW and by northward flow over
much o f the remainder o f the tidal cycle. The current well out into the main channel
can be strong, but in a shallow area in which the effluents are seen to spread, the
current is feeble even at spring tides and runs parallel to the shore. Thus, buoyant,
odorous effluents are fed into a water environment o f such low energy that it is
incapable o f rapidly dispersing and diluting the effluents, by virtue o f its own
momentum and buoyancy and it spreads out over the surface o f receiving waters to
form a roughly circular continuous black patch before being drawn alongshore into
the direction o f the prevailing current. W hen the tidal flow is towards the south it
is somewhat oblique to the line o f the road bridge piers and this appears to enhance
the mixing of the effluents over the water depth so that the discoloration of the sur
face water is less visible downtide o f the bridge.
It is apparent that if the Department o f Irrigation and Drainage (DID) altered
its present pumping routine to one where the discharge is confined whenever practi
cal to a particular tidal stage, the risk of high effluent concentrations in the Juru River
and the cockle breeding ground zone could be minimized. The tidal stage from 0.5 h
after HW to, say 2.5 h after HW , would appear to be the most favourable period
in which to make the discharge. During this period the effluents initially move north
ward and are considerably diluted before the tide turns and the effluents return south
ward. The criteria desired to achieve this objective are, first, for the tide to be still
high enough to reach the mangrove and thus directly receive the pumped flow
without any intervening mud flat to absorb the effluent, and, secondly, the tidal flow
should be towards the north or on the turn to the north. There is little risk o f the
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effluents entering the Prai River if the pumping regime is referenced to this tidal
stage. It will not be possible to stop some effluents from entering the Juru River,
but the concentrations would be much lower than under the existing pumping regime,
which pays no regard to the tidal stage. It is feared that when the DID brings the
new pumphouse south o f the road bridge into commission, the Juru River will be
at an increased risk o f high effluent levels unless pumping times are closely related
to the tidal stage. Even if the pumping regime proposed above were to be adopted
for the new pumphouse, the cockle and mussel grounds that are at present fished
between the new and old pumphouses on either side o f the road bridge will be
exposed to high effluent concentrations. Direct observation o f the tidal current by
means o f current meters at stations in front o f the two pumphouses in conjunction
with water level readings, for various tidal ranges, would allow a precise period to
be defined for optimum discharge towards the north.
The tracer test showed that a single tidal flow, is not sufficient to mix the
effluents to a high degree o f dilution until there is a change in the direction o f the
tidal flow when the tracer plume becomes much broader, less coherent and, hence,
the concentrations reduce significantly.
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Abstract-Résumé
USE OF RADIOACTIVE TRACERS TO STUDY THE RISKS OF ENVIRONMENTAL
POLLUTION FROM IRON AND STEEL INDUSTRY WASTES.
A method is proposed o f storing non-recyclable waste from the iron and steel industry
in alternate layers with a view to reducing the risks o f environmental pollution caused by the
toxic metals contained in the waste dumped on slag heaps. In order to check the effectiveness
o f this technique, the migration o f toxic metals (Cd, Zn and Cr) in slag and slurry from blast
furnaces was studied in laboratory columns using radioactive tracers ( ll5Cdm, 65Zn and
51Cr). The non-destructive method used enabled the evolution o f the metals in the columns
to be monitored under different feed conditions. Furthermore, the Impact calculation code,
which links geochemistry and hydrodynamic flow, was used to check the assumptions made
about metal-waste interaction mechanisms.
UTILISATION DE TRACEURS RADIOACTIFS DANS L ’ETUDE DES RISQUES DE
POLLUTION DE L ’ENVIRONNEMENT PAR DES DECHETS SIDERURGIQUES.
Une méthode de dépôts alternés des déchets non valorisables de l ’industrie sidérurgique
a été proposée pour limiter les risques de pollution de l ’environnement par les métaux toxiques
qu’ils contiennent lors de leur mise en crassiers. Afin de vérifier l ’efficacité de cette technique,
une étude de la migration de métaux toxiques (Cd, Zn, Cr) dans des laitiers et boues de haut
fourneau a été réalisée en colonnes de laboratoires en utilisant des traceurs radioactifs
( 115Cdm, 65Zn, 51Cr). La méthodologie mise en œuvre, non destructive, a permis de suivre
l ’évolution des métaux dans les colonnes dans différentes conditions d’alimentation. Par
ailleurs, le code de calcul Impact, couplant géochimie et écoulement hydrodynamique, a été
utilisé pour valider les hypothèses faites quant aux mécanismes d’interaction métaux-déchets.
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INTRODUCTION

Comme toute industrie, la sidérurgie génère des déchets, aux différentes étapes
de l ’élaboration de l ’acier.
Une partie de ceux-ci peut être valorisée: récupération du zinc et du plomb
qu’ils contiennent, emploi comme engrais [ 1 ], utilisation comme matériau de
remblayage en technique routière ou en cimenterie [2 ].
Le reste est actuellement mis en décharge. Ces décharges constituent un risque
de pollution pour l ’environnement dû à la présence de métaux toxiques (Pb, Cd, Zn,
Cr) qui peuvent être entraînés vers les eaux souterraines par les eaux de pluie. Pour
limiter ce risque, l’IRSID (Institut de recherche de la sidérurgie française) propose
d ’utiliser les propriétés chimiques contrastées des différents déchets: en alternant
judicieusement les diverses couches lors du dépôt, les déchets émissifs de métaux
toxiques peuvent se neutraliser l ’un l ’autre.
Une méthodologie d ’étude non destructive en colonne de laboratoire, utilisant
des traceurs radioactifs, a été mise au point par la Section d ’applications des radio
éléments du Centre d ’études nucléaires de Grenoble (CENG) afin de vérifier
l ’efficacité de cette technique.
Cette publication présente:
— le protocole expérimental,
— les résultats obtenus pour le cadmium, le zinc et le chrome en présence de
déchets sélectionnés en vue de leur immobilisation,
— une validation des hypothèses faites quant aux mécanismes d ’interaction mis
en jeu, au moyen du code de calcul Impact [3].

2.

M ATERIEL ET M ETHODE

La méthode consiste à marquer le métal toxique (Cd, Zn, Cr) à l ’aide d ’un de
ses isotopes radioactifs émetteur de rayonnements gamma. Un petit volume d ’une
solution aqueuse de ce métal est ensuite injecté à la base d ’une colonne en verre
(1 = 300 mm; diam. int. = 25 mm) remplie du déchet neutralisant sélectionné,
alimentée en continu par une solution appropriée. Le suivi de la migration du métal
dans la colonne se fait par déplacement le long de la colonne d ’une sonde gamma
collimatée (Nal : 1 = 38 mm; diam. = 25 mm) reliée à une chaîne de comptage.
Un collecteur de fractions situé en sortie de colonne permet l ’échantillonnage des
effluents pour les diverses analyses (radioactivité, pH , potentiel rédox Eh).
Un schéma du montage expérimental est donné dans la figure 1.
Le cadmium et le zinc ont été injectés dans des colonnes de laitier sous forme
de chlorures, le chrome dans une colonne de boue de haut fourneau sous forme de
chromate de sodium.
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FIG. 1. Schéma du montage expérimental.

TABLEAU I.
COM POSITION
UTILISEES (alimentation 1)
Composition de la solution
d ’alimentation des laitiers
utilisée expérimentalement

DES

SOLUTIONS

D ’ALIMENTATION

Composition de la solution
d’alimentation de la boue de haut
fourneau utilisée expérimentalement

pH = 7,2

pH = 11,9

NaCl = 23,1 x 10 _3 M

Alcalinité: 36 meq/L

KC1 = 5,1 x lO " 3 M

NaCl = 2 , 0 x l 0 ~ 3 M

C aS04 = 2 , 5 x l 0 -3 M

KCL = 5 , 0 x l 0 “3 M

- dans colonne de chaux

Na2S 0 4 = l.O x lO -3 M
Ca en sortie de colonne de chaux = 2 1 ,5 x 1 0 3 M

Diverses solutions d ’alimentation de natures différentes ont été successivement
utilisées afin de:
— simuler la composition des lixiviats de déchets émissifs (alimentation 1 ), donc
se rapprocher des conditions naturelles. Les compositions des solutions
utilisées sont données dans le tableau I,
— remobiliser le métal fixé (alimentations 2, 3 et 4).
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Le tableau II résume les conditions d ’injection et d ’alimentation de chacune des
3 colonnes.
A la suite d ’essais préliminaires en bacs, le débit de percolation a été fixé à
0,5 volume de pores (Vp) à l’heure.

TABLEAU II. CONDITIONS D ’INJECTION ET D'ALIM ENTATION DES
COLONNES EXPERIMENTALES
Colonne cadmium

Colonne zinc

Colonne chrome

Nature du déchet
neutralisant

Laitier

Laitier

Boue de haut fourneau

Radioisotope

ii5C d ra

65Zn

5lCr

CdCl2

ZnCl2

Na2C r04

(dans HC1 0,1M )

(dans HC1 0,1M )

(dans eau permutée)

2 ,2 9 x lO ’2 M

1,53 X 10~2 M

1,92 x Ю-2 M

(2570 ppm Cd)

(1000 ppm Zn)

(1000 ppm Cr)

Solution tableau I
( 15 V p)

Solution tableau I
(23 Vp)

Solution tableau I
(60 Vp)

Eau permutée
décarbonatée

Eau permutée
décarbonatée

Eau permutée
décarbonatée

(10 Vp)

(10 Vp)

(10 Vp)

utilisé
Forme chimique
de la solution
injectée
Concentration
de la solution
injectée
Alimentation 1

Alimentation 2

Alimentation 3

Alimentation 4

CdCl2 0 ,8 9 xlO"3 M ZnCl2 1 ,5 3 XlO"3 M
(100 ppm Cd)
(100 ppm Zn)
dans eau permutée
dans eau permutée
décarbonatée
décarbonatée

1 mL NaCl 1M suivi
d’eau permutée
décarbonatée
(10 Vp)
HC1 0,1N dans eau
permutée décarbonatée
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RESULTATS ET DISCUSSION

3.1. Colonnes cadmium et zinc
3.1.1. Essais simulant les conditions naturelles
La solution d ’alimentation 1 a été maintenue pendant respectivement 15 et
23 Vp pour les colonnes cadmium et zinc, volumes au bout desquels les colonnes se
sont colmatées. Les profils réalisés à cette étape de l’élution, présentés dans la
figure 2, mettent en évidence l’immobilisation des deux métaux dans les 25 premiers
mm de colonne, confirmée par l’absence de radioactivité dans les effluents.
L ’analyse chimique du laitier, ainsi que la couleur des précipités observés en
entrée de colonne (jaune pour le cadmium, noir pour le zinc), ont conduit à les identi
fier comme étant des sulfures (CdS et ZnS). Cette conclusion, et leur immobilisation
complète en tête de colonne, ont été confirmées par le code de calcul Impact.
Par ailleurs, le colmatage des colonnes s’explique par la formation de calcite
à partir de la chaux, constituant prépondérant du laitier, et des bicarbonates présents
dans la solution d ’alimentation, celle-ci étant au contact de l’atmosphère,
3.1.2. Essais de remobilisation
Afin de poursuivre l ’étude (remobilisation des métaux fixés), les précipités ont
été recueillis et déposés à l ’entrée de nouvelles colonnes de laitier, alimentées par
des solutions décarbonatées. Ni l’eau permutée, ni les solutions à 100 ppm de zinc
pour le cadmium, 1 0 0 ppm de cadmium pour le zinc, n ’ont réussi à déplacer les
précipités.

3.2. Colonne chrome
3.2.1. Essais simulant les conditions naturelles
Le comportement du chrome dans la colonne de boue de haut fourneau s’est
avéré très différent.
Les profils réalisés au cours de la prem ière phase d ’alimentation (alimenta
tion 1) qui a duré 60 Vp ont permis de mettre en évidence:
— un retard global de la migration du chrome par rapport à celle de l ’eau: après
0,95 Vp d ’élution, le chrome n ’a parcouru que 10% de la longueur de la
colonne,
— une fixation par la boue de la majorité (90%) du chrome injecté, même après
60 Vp d ’élution. Toutefois, cette fixation est inégalement répartie: après
60 Vp d ’élution, 15% du chrome fixé sont retenus dans la première moitié de
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FIG. 2. Profils en cadmium et zinc après respectivement 15 et 23 Vp d ’élution — colonnes laitier.

la colonne, 80% sont accumulés en milieu de colonne, et les 5% restant sont
retenus en sortie de colonne. La figure 3 présente quelques-uns des profils
réalisés.
— l’apparition de chrome dans les effluents en sortie de colonne, ceci à partir de
30 Vp d ’élution. Après 60 Vp d ’élution, la teneur en chrome dans les effluents
est de 8 x 10 “ 7 M /L.
D ’après les valeurs de pH ( p H ll, 6 ) et Eh (Eh = -I- 200 mU) mesurées dans
les fractions collectées, le chrome est resté à l’état de chromâtes [4].
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FIG. 3. Profils en chrome — colonne boue de haut fourneau.

3.2.2. Essais de remobilisation
L ’eau perm utée (alimentation 1) et le «choc osmotique» (alimentation 3) sont
restés sans effet sur la position du chrome dans la colonne. Par contre l ’acide
chlorhydrique (HCl 0,1N ) a provoqué le déplacement d ’une partie du chrome situé
en milieu de colonne: après 20 Vp d ’HCl 0,1N , 14% du chrome fixé ont été
remobilisés et sont apparus dans les fractions collectées.
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Il est intéressant de noter que l’acidification du milieu s’est accompagnée d ’une
augmentation du potentiel rédox (de + 200 à + 700 mV). Ceci peut s’expliquer par
une mise en solution d ’un élément oxydant (Fe Ш des oxydes de fer contenus dans
la boue par exemple).
L ’observation de la colonne (présence d ’une tramée blanche en milieu de
colonne suite à une mise à l’air accidentelle en début d ’essai), l ’étude de la forme
des profils obtenus et l’analyse chimique de la boue ont conduit à proposer
3 mécanismes de rétention du chrome par la boue, en accord avec la littérature:
— un mécanisme d ’adsorption réversible se traduisant par un simple retard [4, 5]
(mécanisme 1 ),
— un mécanisme de rétention spécifique par un minéral réparti de façon
homogène dans toute la colonne (il pourrait s’agir d ’une liaison entre les
chromâtes et un ion métallique présent dans la boue (fer par exemple) [5, 6 , 7]
(mécanisme 2 ),
— un mécanisme de rétention beaucoup plus important par un constituant de la
boue dont l’origine serait liée à la présence d ’air et expliquant le pic observé
en milieu de colonne (mécanisme 3).
Le code de calcul Impact a confirmé la nécessité de faire intervenir les
3 mécanismes pour rendre compte des profils obtenus.
Une simulation réalisée à 60 Vp d ’élution et présentée dans la figure 4 a
donné, par ajustement des constantes correspondant aux 3 mécanismes mis en jeu,
des résultats en bon accord avec l’expérience, excepté après le pic du milieu de
colonne. П faut noter que les incertitudes sont importantes à cette étape de l’élution,
en raison de la décroissance radioactive du 5 1 Cr.

4.

CONCLUSIONS

La technique utilisée s’est révélée simple à mettre en œuvre et riche en
informations.
Les résultats obtenus permettent de tirer les conclusions suivantes:
— le cadmium et le zinc, initialement sous forme de chlorures, sont totalement
immobilisés par les laitiers, et ceci quelle que soit la nature des solutions
d ’alimentation utilisées (solution reconstituant les lixiviáis de déchets émissifs,
eau permutée simulant l’eau de pluie, solution contenant l’autre métal). Cette
immobilisation est dûe à la précipitation de métaux sous forme de sulfUres,
présents dans les laitiers,
— le chrome, initialement sous forme de chromate de sodium, n ’est que partielle
ment retenu par la boue de haut fourneau. Toutefois cette rétention n ’est pas
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FIG. 4. Simulation du transit du chrome après 60 V d ’élution — colonne boue de haut fourneau.

négligeable puisqu’après élution de 60 Vp, 90% du chrome injecté sont encore
fixés dans la colonne.
Dans tous les cas, le présence d ’air paraît favorable à l ’immobilisation des
métaux toxiques, soit en contribuant au colmatage du déchet neutralisant (cas du
laitier), soit en renforçant son pouvoir de fixation (cas de la boue de haut fourneau).
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A b stract-R ésu m é
APPLICATION OF TRACER METHODS TO DETERMINE THE CHARACTERISTICS
OF ENGINEERED COVERING AND CONTAINMENT BARRIERS FOR URBAN,
INDUSTRIAL AND RADIOACTIVE WASTE DISPOSAL SITES.
Storage of industrial or radioactive waste requires the use of different coatings (resin,
concrete, bitumen, etc.) and containment matrices (compacted clay, concrete with additives,
geomembranes, polymers, or composites, etc.) any dissemination of solutes to the neighbour
ing ecosystem is to be avoided. A description of such materials in terms of mass transfer
requires the study o f diffusional transfers due to the chemical potential gradients of the species
involved (ion activity gradients) and permeation transfers due to the hydraulic potential gra
dient (pressure gradients of the ion solutions). From these various experiments, after obtaining
a steady state flow regime, it is possible to determine the following coefficients which can be
modelled: De or the effective diffusion coefficient; open or sealed porosity; the permeation
coefficient; tortuosity; and diffusion activation energy. In the first stage, water mass transfers
through these various barriers are studied in the laboratory with diffusion and permeation cells
under isothermal conditions and without any initial mechanical stress (with the exception of
the sand-polymer-bentonite (SPAPS) composite geomembrane. The water radioisotope
involved is tritiated water HTO-nH20 with an initial specific activity of 37 GBq/m3
(1 Ci/m3), which is placed in a cavity upstream of the diffusion meter or permeameter. In
the second stage, solute transfer is characterized by means of radioisotopes corresponding to
the solutes which are to be identified. The specific activity here is 37 GBq/m3 and the con
centration upstream is 200 mol/m3 for each element studied ( 134Cs, 22Na). The samples
studied have a diameter of 70 x 10"3 m and a thickness appropriate to each material. The
tests are carried out in a thermostatically controlled chamber at 23°C ± 1°C. From the
penetration curve obtained for each species considered it is possible to plot the cumulative
mass per unit of surface as a function of time and hence to determine the effective diffusion
coefficient De and the microporosity of the material. For the tests under pressure, the
penetration curves yield a permeability coefficient Kp (diffusion + permeability) and a
permeability coefficient K. Mass transfer tests by diffusion of various radionuclides (caesium,
cobalt, strontium, chromium, nickel, etc.) were carried out on several coating, containment
and covering materials various paints etc.
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METHODOLOGIE DES TRACEURS RADIOACTIFS APPLIQUEE A LA CARAC
TERISATION DES BARRIERES OUVRAGEES DE COUVERTURE ET DE
CONFINEMENT DES SITES DE STOCKAGE DE DECHETS INDUSTRIELS, URBAINS
ET RADIOACTIFS.
Les stockages de déchets industriels ou radioactifs nécessitent l’utilisation de différentes
matrices d ’enrobage (résines, bétons, bitumes, etc.) et de confinement (argiles compactées,
bétons avec additifs, géomembranes, polymères ou composites, etc.) pour éviter toute dis
sémination de solutés dans le proche écosystème. La caractérisation de ces matériaux vis-à-vis
des transferts de masse nécessite d ’étudier les transferts diffusionnels dus aux gradients de
potentiel chimique d ’espèces (gradient d ’activité ionique) et les transferts par perméation dus
au gradient de potentiel hydraulique (gradient de pression de solutions ioniques). Ces diverses
expérimentations conduisent après obtention du régime stationnaire d ’écoulement à la détermi
nation des coefficients suivants: De ou le coefficient effectif de diffusion; porosité ouverte ou
non; coefficient de perméation; tortuosité; énergie d ’activation à la diffusion: modélisables.
En première phase, les transferts de masse de l ’eau à travers ces divers écrans sont étudiés
en laboratoire avec des cellules de diffusion et de perméation en conditions isothermes et en
l’absence de contrainte mécanique initiale (à l’exception de la géomembrane composite
sable-polymère-bentonite (SPAPS). Le radioisotope de l’eau mis en œuvre est l’eau tritiée
H T 0-nH 20 avec une activité spécifique initiale de 37 GBq/m3 (1 Ci/m3) et placé en cavité
amont du diffusivimètre ou du perméamètre. Dans une seconde phase, la caractérisation des
transferts de solutés est réalisée par la mise en œuvre des radioisotopes correspondant aux
solutés que l’on souhaite identifier. Leur activité spécifique est de 37 GBq/m3 et leur concen
tration amont est de 200 mol/m3 pour chaque élément étudié ( 134Cs, 22Na, etc.). Les échan
tillons étudiés ont un diamètre de 70 x 10“3 m et une épaisseur appropriée à chaque matériau.
Les essais sont réalisés en enceinte thermostatée à 23°C ± 1°C. La courbe de perçage obtenue
pour chaque espèce considérée conduit au tracé de la masse cumulée par unité de surface en
fonction du temps qui permet de déterminer le coefficient effectif de diffusion De et la
microporosité du matériau. Pour les essais sous pression, les courbes de perçage conduisent
au coefficient de perméabilité Kp (diffusion + perméabilité) et au coefficient de perméabilité
K. Des essais de transfert de masse par diffusion de divers radioéléments (césium, cobalt,
strontium, chrome, nickel, etc.) ont été réalisés sur quelques matériaux d ’enrobage, de con
finement ou de revêtements, etc.

1.

INTRODUCTION

Pour les sites de stockage et les centres techniques d ’enfouissement de déchets
industriels ou nucléaires, soumis aux précipitations et ruissellements naturels, les
études des transferts d ’eau (fluide vecteur) et de solutés à travers des matériaux
d ’enrobage, de recouvrement ou de confinement [ 1 , 2 ] sont une nécessité impérieuse
pour la protection des écosystèmes de surface et souterrain, ouverts ou fermés à la
circulation des eaux (fig. 1 ).
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Contrôle de l’efficacité des barrières de confinements

4

ire restitution en traceur et en eau
(bilan - efficacité du drainage externe)

Géomembrane
primaire
Géomembrane
secondaire

Protection
géotextile

2e restitution en traceur si détérioration
de la couverture - géopipe drainant

FIG. 1. Matériaux de confinement, d ’enrobage et de recouvrement de sites de stockage testés
vis-à-vis des transferts de masse de polluants physico-chimiques toxiques radioactifs ou non.

Dans une prem ière phase, il convient d ’isoler à l’aide d ’enrobages minéraux
et organiques le terme source de pollution vis-à-vis de toute solution qui pourrait le
solubiliser [3, 4].
Dans une seconde phase, l’étude de sûreté du site de stockage nécessite, en
présence de lixiviáis ou de percolats, d ’évaluer la capacité des multibarrières de con
finement à immobiliser ou à réduire tout transfert de masse de l ’intérieur d ’un colis
de déchets ou d ’un site technique d ’enfouissement vers l’extérieur du stockage où
des dispositifs annexes de drainage (chenaux, géonets, géodrains, etc.) assurent leur
rôle d ’évacuation de ces eaux.

2.

MATERIAUX DE CONFINEM ENT

En fonction du rôle assigné aux différents matériaux de confinement, il
convient d ’identifier le comportement thermomécanique de chacune de ces barrières
dans leur contexte d ’utilisation et d ’apprécier leur évolution temporelle en particulier
vis-à-vis du transfert de masse de leur vecteur (eau, solutions minéralisées ou
organiques) observé sous l’action de gradient de potentiel chimique (diffusion)
ou sous l’action de gradient de potentiel hydraulique (perméation : perméabilité +
diffusion) [ 1 , 2 ].
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Des essais de transfert de masse sont réalisés en imposant en amont de l’échan
tillon étudié des solutions de composition chimique et de force ionique variées [3,4]:
— eaux de précipitation lessivant le sol superficiel en se chargeant d ’acides
humiques qui s’écoulent sur les matériaux de couverture : argiles compactées,
bitumes, PVC, PEhd, et autres.
— eaux de lixiviation contenant des sels de radionucléides (émetteurs de rayonne
ments y très énergétiques réagissant sur les matériaux) ou de métaux toxiques
en contact avec les matériaux d ’enrobage (bitumes, résines époxydes, poly
esters ou coulis de béton) et les matériaux des coques et conteneurs (bétons
spéciaux avec ou sans fibres métalliques).
Suivant la ou les forces motrices, potentiels chimiques et (ou) hydraulique, il
conviendra d ’effectuer d ’une part des essais de diffusion et d ’autre part des essais
sous charge hydraulique avec ou sans précontrainte mécanique initiale du matériau,
déformable ou non.

3.

EQUATIONS GENERALES DE TRANSFERT

Le transfert massique par unité de surface d ’une substance i à travers un écran
soumis à un gradient hydraulique ^ et à un gradient de concentration conduit à
l ’équation suivante [5, 6 ]:
-

1

S

d<p
J,(t) = - K C¡(x,t) - j - ---- Д
dx

dC

——

dx

(x,t)

d ’où:
dip
dx

_

pression (amont - aval)
épaisseur écran

_

Ap
e

Pour des conditions opératoires définies et au régime d ’écoulement permanent
le flux massique et le profil de concentration de la substance dans la barrièrematériau dem eurent constants dans le temps. La courbe de perçage masse cumulée
de l ’espèce i (temps) permet alors, pour un essai de diffusion, le calcul du coefficient
de diffusion et de la porosité du matériau à l’aide de l’équation:
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Soit pour des temps t grands:

M d(t)

[S*q

_

De
e

t _

e e

6

Pour un essai sous charge hydraulique, le flux dû uniquement à la charge
hydraulique s’obtient par différence du flux diffusif au flux total. Le flux obtenu
conduit alors au coefficient de perméabilité K (fig. 2),

D iffusim ètre - perm éam ètre en a cie r
p o u r é ch a ntillo n s gonflants so u s hydratation

S chém a d ’une ce llu le d ’essai de diffusion (Др = 0)
e t de perm éation (Др = 0)

FIG. 2. Cellules de diffusion-perméation en acier pour matériaux gonflants et en
polypropylène pour les autres matériaux.

286
4.

BEAUDOING et al.

MODE OPERATOIRE DES ESSAIS

4.1. Montage expérimental
Suivant la nature du m atériau-écran étudié (matériaux gonflants: argiles), les
cellules de diffusion-perm éation sont réalisées en acier inoxydable ou en
polypropylène.
Le schéma de principe de la cellule de diffusion-perméation et le dispositif de
mise en pression avec l’enceinte thermostatée (23°C ± 0 ,5 °C) sont présentés sur la
figure 2 .
Chaque cellule est composée d ’une flasque amont et d ’une flasque aval qui
enserrent l’échantillon étudié. De part et d ’autre de l ’échantillon, l’étanchéité est
assurée par deux joints plats circulaires à faible dureté shore. La cavité amont est
pleine d ’eau de composition définie (chaulée, déminéralisée, lixiviats organiques) et
de radioactivité spécifique connue en isotope de l’élément étudié (НТО, ^C o ,
1 3 4 Cs,
3 6 C1,
1 4 C).
Des prélèvements périodiques sont ensuite effectués en
cavité aval.
Les échantillons sont ensuite dosés par des techniques nucléaires et chimiques
appropriées pour conduire aux courbes expérimentales de perçage.

4.2.

Conditions opératoires

Pour les essais de perméation, un dispositif annexe (fig. 2) de mise en pression
constitué d ’une source haute pression d ’azote et d ’un accumulateur hydropneuma
tique permet de réaliser des essais jusqu’à des pressions < 8 MPa (80 bars).
Ces bancs d ’essais sont installés en enceinte thermostatée pour avoir des condi
tions isothermes.
Dans certains essais, des contraintes thermomécaniques initiales sont imposées
aux matériaux (compression, traction) pour mieux représenter les conditions observ
ables sur site.
Les cellules de diffusion-perméation permettent de réaliser les conditions phy
siques suivantes:
(a)
(b)
(c)

température: 5 à 6 0 °C,
pression: 0 à 10 MPa (100 bar),
échantillons:
— en général un diamètre < lO O x lO 3 m; mais sur des échantillons vieillis
le diamètre sera < 250 x lO ' 3 m,
— épaisseur: 3 0 x l 0 '6 < Ep < lO O xlO ' 3 m,
— avec ou sans contrainte mécanique initiale.

Après la confirmation du régime d ’écoulement permanent, on peut aisément
m esurer des coefficients de perméabilité égaux à K > 10“ 1 9 m/s et des coefficients
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effectifs de diffusion égaux k D e > 10 " 1 8 m 2 /s. Pour des coefficients de transferts
aussi faibles, les essais durent longtemps ( « 600-700 jours) et il convient d ’ap
précier en général ces coefficients sur des échantillons de plus faibles épaisseurs en
ayant conscience des effets d ’échelle où la dimension des constituants des matériaux
doit rester très petite par rapport à celles de l’échantillon (c’est le cas des échantillons
de ciment).

4.3. Nature des traceurs utilisés [7]
Les radioisotopes mis en œuvre sont de même nature chimique que la substance
où l’ion considéré mais présentent la particularité d ’être plus aisément identifiables
aux faibles teneurs et surtout lorsque le matériau ou la barrière ouvragée est très peu
perméable à l’eau ou aux ions.
Les principaux radiotraceurs utilisés au cours des essais sont НТО, ^ C o ,
9 0 Sr,
1 3 7 Cs,
1 1 3 Cd, 1 4 C, 3 6 C1.

5.

RESULTATS EXPERIM ENTAUX [3, 4]

Les tableaux I et II présentent les valeurs des coefficients de transfert par diffu
sion et par perméation obtenues sur quelques matériaux d ’enrobage et de
confinement.
Les courbes expérimentales des figures 3, 4 et 5 conduisent aux remarques
suivantes:
(a)

(b)

(c)

la nécessité d ’attendre parfois suffisamment longtemps pour atteindre le
régime permanent de l’espèce étudiée (1 à 40 voir 250 jours) et permettre le
calcul des coefficients de diffusion D e.
suivant le matériau l ’importance de l’épaisseur de l’échantillon Ep sur les
temps de réponse des courbes de perçage: polyester-résine époxyde
Ep = 3 0 à 150XlO"6 m; bitumes £ p = 3 à 5 X lO " 3 m; bétons Ep » 5
à 2 0 x 1 0 " 3 m.
une hiérarchie des matériaux vis-à-vis des transferts de masse de l’eau par
diffusion. Pour les matériaux étudiés et présentés sur les figures 3, 4 et 5, les
valeurs suivantes pour la diffusion de l ’eau ont étés obtenues:
— composite sable-clay-sable: D e = l , 1 0 x l 0 ~ 1 0 m 2/s pour une pression de
précompactage initiale = 3 MPa,
— un béton spécial de coque: D e = 1,69 x 10 ‘ 1 3 m 2/s
— un béton d ’enrobage AE1: D e = 1,31 x lO " 1 4 m 2 /s,
— un bitume de couverture: D e = 3 - 4 X lO " 1 5 m 2 /s,
— un polyester d ’enrobage: D e = 4,9 X lO " 1 5 m 2 /s,
— une résine époxyde d ’enrobage: De = 4 , 8 X lO " 1 6 m 2 /s,
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TABLEAU I. COEFFICIENTS DE TRANSFERT DE MASSE PAR DIFFUSION
A TRAVERS DES MATERIAUX D ’ENROBAGE ET DE COUVERTURE
Coefficients de diffusion
Polymères

Radionucléides
(37 GBq/m3)

Types

Sr-90
Ni-63
Cl-36

Epaisseur
(m)

Coefficients
de diffusion
(m2/s)
2 ,30x 10"18

PU 8

1,00 x lO -4

Co-60
Cs-134

Brai

2 , 5 0 x l 0 17
1.80X10"16

Co-60
Cs-134

Résine
MTD

3,00 x 'io "
3 .0 0 x 1 0 "
2 ,0 0 x 1 0 "

C-14
Co-60
Cs-134
Sr-90

PU 8

2 .5 0 x 1 0 "

PU 3

2 ,5 0 x 1 0 "

2.90Х10’18
l,4 0 x 10~18
2 ,7 0 x l0 '18
8 ,5 0 x l0 '17

4 .5 0 X 1 0 18

2,30 x lO " 7
1.40 x l O 17

Matériaux d ’enrobage
Diffusion de l’eau à travers des bitumes
Epaisseur
(m)

Nature des échantillons

Diffusion
(m2/s)

Porosité
(%)

Bitumes n° 1 vieillis dans des acides humiques
S03
S04
S13
S14
S23
S24
S33
S34

V-SAH
V-SAH
V-AAH
V-AAH
N-SAH
N-SAH
N-AAH
N-AAH

4,89 x 10'3
4,72 x lO '3
4,70 X lO '3
4,42 XlO’3
4,65 X lO '3
4,47 XlO"3
4,53 x lO '3
4,54 x lO '3

2,50X10"14
2 ,0 0 x l0 " 14
3,00x 10"14
2 ,0 0 x 10"14
1,00х 10"14
l.O O xlO '14
1,00X 10'14
l,0 0 x l0 " 14

0,60
1,20
1,60
1,20
0,70
0,70
0,80
0,90

Bitumes n°2 vieillis naturellement sur site
Bitumes neufs
Exposition 7 ans à l’eau + UV
Immersion 7 ans dans l’eau
Exposition 2 ans à l ’air
+ immersion 5 ans

4,10 x lO '3
3,59 xlO "3
3,86 xlO "3
3,56 x lO '3

3,4-4,1 xlO."15
2 ,2 0 x l0 " 15
1,70 x lO "15
5 ,1 0 x l0 " 15

Vieillissement par étirement en laboratoire
10% sur largeur
10% sur longueur
25 % sur longueur

5,1-6,7 xlO "3
5 ,l-5 ,8 x 10"3
5,50x 10"3

l, 2 x l 0 " 15
11-14X10"15
11-13X10"15

Géomembrane bitumineuse de couverture NTP

2,80
1,30
0,80
3,20
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TABLEAU II. COEFFICIENTS D E TRANSFERT DE MASSE PAR PERM EA
TION A TRAVERS DES M ATERIAUX D ’ENROBAGE ET DE COUVERTURE
Diffusion de l ’eau à travers une géomembrane composite
(Sable — Géotextile — Bentonite — Géotextile — Sable)
Pression de
compactage
(kPa)

Charge
hydraulique
(m)

Epaisseur
nominale
(m)

Coefficient
de diffusion
(m2/s)

0
300
3000

0,00
0,00
0,00

2,6 xlO-2
2,52 x HT2
2,02xl0-2

6,6 xlO"10
2,8 x lO '10
1,1 XlO'10

Porosité
(%)
45
44

Perméation de l’eau à travers une géomembrane composite
(Sable — Géotextile — Bentonite — Géotextile — Sable)
Pression de
compactage
(kPa)

Charge
hydraulique
(m)

Epaisseur
nominale
(m)

0
300
300
3000
3000

10.00
1,50
10,00
1,50
10,00

2.6 XlO'2
2,52x10-2
2,52x10-2
2,02xl0-2
2,02x10-2

Coefficieiits de
perméabilité
perméation
(m/s)
(m/s)
6.8X10"11
2,5 x lO '10
2,5x10-”
9,4x10-”
1,1 xlO-11

l,2xlO~10
3,1 xlO"13
2,3x10-”
6,2 xlO"13

Géomembrane composite de couverture
Perméation à l’eau tritiée
Bitumes NTP
Pression (kPa)

Epaisseur (m)

Coefficients de
perméation (m/s)

Echantillons neufs
12
200
200
400
800
1200

5,6 xlO"3
3,6 xlO-3
5,6 xlO’3
3,6xl0"3
3,6xlO"3
3,6 xlO"3

118-130X10-17
18-18,6 x l0 "n
8,6-18xl0"17
4,6-9,2xl0"17
3,3 xlO"17
3,4x 10-17

Perméabilité à l’eau tritiée
Bitumes NTP
Pression (kPa)
12

Epaisseur (m)
Echantillon vieilli
5,6 xlO’3

Coefficients de
perméation (m/s)
250-256 x l0 - }7

Echantillons neufs
200
400
800
1200

3,6 xlO’3
3,6 xlO"3
3,6 x lO '3
3,6 xlO"3
Géomembrane bitumineuse de couverture NTP

15-15,6 x l0 -17
5,1 x 10-17
3,3xlO-17
3,1 xlO-17

290

BEAUDOING et al.

Transfert d’eau à travers une géomembrane clay
sous charge hydraulique de 10 m: après retrait
du flux diffusif: pression de compactage = 3MPa.

Transfert d’eau à travers une géomembrane
bitumineuse vieillie dans des acides humiques
4,5x10-5,-

Perméation
Kp = 1,1x10-11 m/s

H = 10,0 m : Kp = 2,52x10-15 m/s
H = 1,5 m :
4
1,53x10-1“ m/s

Diffusion
,31x10-14 m2/s
erméation Diffusion:
K = 6,19x10-13 m/s

H

- H

- H

Mk(temps)/(SCo) =

10>-ь T emps + 2,09x10-33

I l l I

1 0 0

200
300
400
Temps (h)

500

( = 15,0 m : Kn = 3,05x10-16 m/S
I

I

50

I

I

r

I

60 70
Temps (j)

I

I

80

I

I

90

FIG. 3. Courbes de perçage de l ’eau à travers des matériaux de couverture de stockage:
bitume, composite clay.

(d)

(e)

(f)

(g)

de bonnes propriétés d ’écrans (tableau I) des polyuréthanes de recouvrement
de subjectiles vis-à-vis des transferts de radionucléides ( 1 4 C, ^ S r , 6 0 Co,
1 3 4 Cs)
dont les coefficients de diffusion varient dans la plage suivante:
10 - 1 8 < D e < 10 ' 1 6 m 2/s pour des concentrations amont de 200 m ol/m 3 et
des activités spécifiques de 37 GBq/m3.
l’influence de la compressibilité du m atériau-écran vis-à-vis de l’évolution des
flux d ’eau et de solutés quand il est soumis à une pression amont de type
accumulation d ’eau et de lixiviats ou empilements de déchets compactés.
les deux représentations graphiques de la figure 2 montrent l’importance des
transferts par diffusion à travers des matériaux de couverture qualifiés de bons
écrans et même lorsque la pression imposée en amont est de l’ordre de 10 5 Pa
(1
bar) équivalent à une accumulation de 1 0 m de hauteur d ’eau (cas de la
géomembrane clay).
à partir de cette précédente observation (f) regardons pour quelques cas
d ’applications l ’influence du flux diffusif par rapport au flux total de perméa
tion pour plusieurs conditions aux limites (0,10 m < Др < 10 m de charge
d ’eau) et une géomembrane d ’épaisseur 1 0 ~ 2 m et de section 1 cm 2 ( 1 0 - 4 m 2):
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Flux volumique journalier en rr>3/(m2/j)

— flu x diffusif: De = 10 ~ 1 0 m 2 /s, Ер = 10 ~ 2 m; QD = D e S/Ep = 10 “ 1 2 m 3 /s,
— flu x de perméabilité: K¡ = 10 ' 1 1 m/s
Ap = 0,10 m
Q lK = K Ap S/Ep = 10 " 1 4 m 3/s
Ap = 1 m
Q ik = 10 “ 1 3 m 3/s
Ap = 10 m
Qifc = 10 " 1 2 m 3/s
— flu x de perméabilité: K2 = 10 " 1 0 m/s
Ap = 0,10 m
Q ik = 10 “ 1 3 m 3/s
Ap = 1 m
Qik = 10 “ 1 2 m 3/s
Ap = 10 m
Q2k = 10 " 1 1 m 3/s
En effet, lorque le coefficient de perméabilité est en valeur numérique
inférieur au coefficient de diffusion et dans des unités correspondantes

1,2x10-6
Flux volum ique (temps)/S =
(V(t + dt) - V(t))/((t + dt) - 1)

1,0x10-6
8,0x10-7

Bétons fibres m étalliques AE1 Ep = 20x10-3m
6,0x10-7

2,0x10-5 _

4,0x10-7

1,8x10-5

2,0x10-7 -

/

0

40

Diffusion eh eau à travers
un béton fibres pour coques

1,6x10-5

1 1 1 1
I I .1 1 I
80 120 160 200 240

1,4x10-5

Tem ps (j)
Diffusion de l’eau à travers des
bétons fibres de fonte Ep = 20x10-з
Volume d ’eau diffusée en m3/m2

Md(t)/(SCo) =
1,36x10-7 Tem ps 2,68x10-5

1,2x10-е

De = 2,72x10-9m2/j
De = 3 ,1 5 x 1 0 - iW /s
Porosité = 8,8%

1,0x10-5
8,0x10-6

Md(t)/(SC0) =
7,31x10-7 Tem ps 5,34x10-5

6,0x10-6
4,0x10-6

De = 1,46x10-8m2/j
De = 1,69x10-i3m2/s

.2,0x10-6

50

Omit-

80

100 150 200 250 300 350
Tem ps®

120 160 200 240
Tem ps (j)

FIG. 4. Courbes de perçage de l ’eau à travers des matériaux d ’enrobage et de surenrobage
pour coques et conteneurs: bétons, bétons fibres.
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Polyester Ep = 140x10-6m

20
30
Tem ps (j)

Résine époxyde Ep = 100x10-6

80

120

Tem ps (j)

FIG. 5. Courbes de perçage de l'eau à travers des polymères d ’enrobage de déchets
radioactifs de faible activité.

(De en m 2 /s; K en m/s) le flux diffusionnel par unité de surface est alors
largement supérieur au flux convectif. Ce qui physiquement revient à constater
q u ’une variation d ’un module de 10 sur la charge hydraulique (Я < 10 m)
modifie peu le flux total (cas où K¡ = 10 ' 1 1 m/s; De = 10~'° m 2 /s).
Quand les coefficients De et K sont de même ordre de grandeur, il
convient de rem arquer qu’il faut au moins une charge hydraulique de 1 m d ’eau
pour que les flux respectifs soient identiques (cas où K2 = 10 ~ 1 0 m/s; De =
ÎO " 1 0 m 2 /s).
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Par contre lorsque le coefficient de diffusion est supérieur au coefficient
de perméabilité, il faut au moins une charge hydraulique de 1 0 m d ’eau
pour que les flux respectifs soient identiques (cas où
— 1 0 ' 1 1 m/s;
D e = ÎO' 1 0 m 2 /s).
Précisons que lorsqu’un matériau a un coefficient de diffusion de l’eau
< 1 0 - 1 0 m 2 /s, il s ’avère en général que son coefficient de perméabilité à l’eau
est le plus souvent plus faible que 1 0 ~ 1 0 m/s.

6

.

CONCLUSIONS

Les cellules de diffusion-perm éation utilisées permettent de caractériser les
transferts de masse de solutions ou de lixiviats de déchets à travers divers matériaux
mis en œuvre dans les stockages ou sur les centres techniques d ’enfouissement.
Différentes situations physico-chimiques peuvent être simulées pour étudier l ’in
fluence de différents facteurs: tem pérature, force ionique des lixiviats, contraintes
thermohydrauliques ou thermomécaniques, vieillissements naturels (UV; hydrata
tion-dessèchem ent, etc.) ou artificiels (traction, compression, exposition aux
rayonnements, contacts avec des solvants, etc).
Les expérimentations de diffusion réalisées montrent les faibles transferts
de masse observables à travers chaque barrière neuve ou veillie ( < 1 0 ans) et
permettent de considérer l ’association de ces multibarrières pour confiner des
déchets comme une solution de sécurité quant à la protection des écosystèmes
voisins.
Sur des matériaux déformables l ’influence de la pression amont conduit à
modifier la structure interne des matériaux en réduisant les volumes libres au
transfert d ’ions ou de solutions. Pour des matériaux tels que les bitumes, il convient
en particulier de constater une amélioration de leurs propriétés d ’imperméabilité
quand ils sont soumis à une contrainte de compression.
La méthodologie des radio-isotopes pour identifier les espèces correspondantes
dans les transferts de masse à travers des matériaux présente de grandes possibilités
quant à sa capacité de détection pour les très faibles concentrations. En effet, dans
de tels cas, il suffit d ’augmenter l ’activité spécifique du radio-isotope pour la même
concentration en élément chimique dans la solution. De tels essais de diffusion réa
lisés en laboratoire ont montré qu’un facteur 1 0 0 sur les activités amont ne modifiait
les valeurs des coefficients de transfert par diffusion que de 1 0 %.
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FINITE ELEMENT FLOW AND DISPERSION
ANALYSIS OF A TOXIC REPOSITORY
AT THE LUKAVEC SITE
P. LIETAVA
Waste Disposal Department,
Nuclear Research Institute,
Rez,
Czechoslovakia

The aim o f the project was to determine the method o f decontamination o f a
region polluted by organic toxic wastes. This region is the surroundings o f a chemi
cal plant in Lovosice (north o f Prague) and the contaminant is in several pools which
have been in operation since 1982.

FIG. 1. Hydrogeological situation: the modelling grid.
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FIG. 2. Scheme o f the groundwater flow.

FIG. 3. Scheme o f the contamination 360 d after removal o f the source.
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The decontamination simulation was based on the finite element technique.
The code used, AQUA, divided the observed region into 1400 triangular elements
and several additional elements were placed at the location o f the source (Fig. 1).
The code was able to simulate both steady state and transient flow in the saturated
aquifer and contaminant transport with and without pumping.
Input parameters for model simulation were obtained from tracer tests carried
out at the waste repository site, laboratory analysis of the bulk samples and a
hydrogeological survey o f the region:
— Transmissivity o f the aquifer: 1.0 x 10 ~ 5 to 5.6 X 10 " 4 m 2 /s;
— Effective porosity: 0.139;
— Longitudinal dispersion: 0.0568-0.075 m;
— Longitudinal to transversal dispersion ratio: 10;
— Rainwater infiltration: 150 mm/a;
— Head values in observation wells.
The modelling of contaminant transport was based on steady state groundwater
flow. The uniform seepage from the waste repository was estimated to be 0.15 L/s.
The determination o f decontamination effects was simulated for two different cases,
with or without removing the toxic waste source from the repository. The pumping
rates for the suggested decontamination pumping wells (Fig. 1) are 2.5 L/s for well
Sa-1 and 1.5 L/s for both wells Sa-2 and Sa-3. The groundwater flow, directed from
north to northwest (Fig. 2), causes the transport o f the contaminant to the Elbe
River. The best decontamination effects were obtained by the operation o f all three
pumping wells at an overall pumping rate o f 5.5 L/s after the removal o f the con
taminant source from the repository. After approximately one year o f pumping, both
the upper and lower terraces will be decontaminated (Fig. 3).
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FIELD TRACER TEST FOR A TOXIC WASTE
REPOSITORY AT LUKAVEC AND APPLICATION
OF THE PARAMETERS OBTAINED
TO A NUMERICAL FLOW SIMULATION CODE
P. MAREK
W aste Disposal Department,
Nuclear Research Institute,
Rez,
Czechoslovakia

A field tracer test (TT) at the Lukavec site was made for a local toxic waste
repository near the Elbe River. The aim of the study was to determine the migration
parameters o f the aquifer and evaluate them for a safety assessment.
After geological and hydrogeological investigations, three types o f tracers
were used in the TT under dynamic conditions at various distances from the pumped
well. Solutions o f NaCl and the active tracers 85Sr and 131I were injected instantane
ously into selected boreholes and their time dependent concentration was measured
in the pumped well by gamma logging and by sampling of the groundwater.
A chloride migration experiment was unsuccessful owing to the high back
ground o f the chloride content and Sr proved to have large sorbing properties
(Kd values: 65 mL/g; retardation factor: 1070-87Ô0). Only iodine migration could
be evaluated using the type curve matching technique. The results o f dispersivity and
the average flow velocity were used as input data for the numerical flow simulation
code.
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L’EMPLOI DE RADIONUCLEIDES POUR
ETABLIR DES DIAGNOSTIQUES SUR LE
FONCTIONNEMENT DES STATIONS D’EPURATION
C. FAYOUX, J.M . AUDIC, Y. LESTY
Lyonnaise des eaux,
Dumez
P. BRISSET, A. CAILLOT, R. HOSLIN, A. POGGI
Commissariat à l’énergie atomique,
Centre d ’études nucléaires de Saclay,
Gif-sur-Yvette
France
Protéger l ’environnement contre les atteintes de la pollution c ’est tout d ’abord
s’assurer que les installations industrielles fonctionnent sans rejeter de polluants dans
le milieu extérieur. Leur fiabilité est une exigence.
Dans les stations d ’épuration des eaux usées, l ’ultime étape du traitement
consiste à séparer l’eau claire des boues résiduaires chargées des polluants minéraux
et organiques. La qualité de l’eau restituée à l’environnement dépend de l’efficacité
du clarificateur dans lequel circulent des suspensions complexes de très fines
particules.
Une approche analytique du comportement hydrodynamique de ces mélanges
visqueux par la mécanique des fluides appliquée à ces fluides non newtoniens néces
site la connaissance en tout point du système du vecteur vitesse, des paramètres
rhéologiques, des concentrations, etc. La résolution de telles équations, même sim
plifiées, conduit à des problèmes numériques complexes, mais surtout à des solutions
non éprouvées par l ’expérimentation en vraie grandeur.
Il
est donc préférable de s’intéresser à la réponse dynamique de l’installation.
La méthode consiste à marquer, par un radionucléide convenablement sélectionné
( " T c m, 1 9 8 Au) et émetteur y , une faible quantité de la matière dont on veut étudier
le comportement. Ce marquage ne doit pas m odifier les paramètres qui régissent le
comportement hydrodynamique de ces suspensions (vitesse de chute, floculation,
compaction sous l ’eau, etc.). Le produit marqué est introduit en un temps très court
à l’entrée du dispositif. La concentration du radioélément est mesurée en continu,
à travers les parois ou directement dans l ’eau, grâce aux rayonnements y émis en
différents points caractéristiques de l’installation.
Une succession d ’essais sur des clarificateurs de différents types (raclé, sucé)
a permis de mettre en évidence des hétérogénéités dans les courbes de distribution
des temps de séjour des boues. Ceux-ci résultent essentiellement de courts-circuits
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ou de zones de dépôts dont la reprise est différée dans le temps. D ’autre part, la
radioactivité rejetée dans le milieu via l ’eau traitée (0,03% à 7%) indique le taux de
capture global de l ’installation. Ce type d ’approche permettra d ’établir ou de valider
des modélisations afin de rechercher le fonctionnement optimal des installations de
traitement.
Ces techniques dérivées du génie des procédés permettent d ’obtenir une vue
globale des comportements des installations avec un nombre limité de paramètres.

IAEA-SM-325/121P

TRACER EXAMINATION OF THE TRANSPORT
AND DISPERSION OF SEWAGE IN RIVERS
S. SZPILOW SKI, A. OW CZARCZYK, R. W IERZCHNICKI,
A .G . CHMIELEW SKI
Institute o f Nuclear Chemistry and Technology,
W arsaw,
Poland

Various activities are being undertaken to reduce the pollution o f surface
waters. One o f the possible measures is the adequate design and appropriate choice
o f location o f sewage discharge facilities to permit rapid dilution o f pollutants in the
natural water receiving the discharge in question and, consequently, to cause a rapid
reduction in the concentration o f pollutants. The low concentration o f pollutants
favours the efficient natural biological activity of the receiving water which, in turn,
results in its gradual self-purification.
One o f the research instruments being used in solving the problems mentioned
above are tracer methods. The subject under study by the Institute of Nuclear
Chemistry and Technology (INCT) is the method o f evaluation o f the dilution distri
butions o f pollutants discharged into large rivers. The method is based on the instan
taneous injection of a tracer and measurements of tracer concentration distributions
in transverse profiles located downstream of the injection point. The INCT equipped
two measuring boats with devices for the simultaneous detection o f radioactive and
fluorescent tracers (Fig. 1).
The measuring technique was developed and applied in a field experiment on
the Vistula River in the W arsaw area. The measuring reach was about 10 000 m
long. The triple tracer experiment was performed in order to assess the influence of
the location o f sewage outfall along an axis the width o f the river on the dispersion
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FIG. 1. Detection o f radioactive and fluorescent tracers (1: scintillation probe; 2: submersi
ble pump; 3: field radiometric set; 4: recorder; 5; field fluorometer).

t(s)
FIG. 2. Values fo r the transverse variance (<Jy) versus time (t) and the respective regression
lines. ( □ : injection at the bank; О : injection 15 m from the bank; A : injection at the centre
o f the stream).
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and dilution rates o f sewage. As tracers, 82Br in the form of KBr, uranine and
rhodamine-B were used.
The fluorescent tracers were tested relative to their ‘disappearing’ properties.
The test was perform ed on the river reach foreseen as being the experimental area.
The 82Br was used as a reference substance which would not undergo elimination
from the water body.
The results obtained (an example is shown in Fig. 2) confirmed the usefulness
o f the technique developed as a convenient source o f information on the processes
involved in the transport o f pollutants in rivers.
The main advantage o f the technique, in addition to the assessment o f the
degree o f water pollution, is that it permits prediction o f the specific development
o f the dispersion process as a result of various types o f human activity. The possibil
ity o f using the technique to predict the region, magnitude and probability o f the
possible occurrence o f predetermined hazards makes it particularly useful in select
ing the appropriate location o f prospective discharge points.
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APPLICATIONS DES RADIOTRACEURS A
L’ETUDE DE QUELQUES PROBLEMES
D’ENVIRONNEMENT ET DE VALORISATIONS
ENERGETIQUES DE DECHETS EN
SYLVICULTURE ET DANS L’INDUSTRIE
G. BEAUDOING*, A. BONICEL**, R. MARGRITA*,
P. MOUYON*, M. LAUNAY*, T. CHARENTUS*
*

Section d ’applications des traceurs,
CEA, Centre d ’études nucléaires de Grenoble,
Grenoble

**Département de recherche fondamentale,
CEA, Centre d ’études nucléaires de Cadarache,
Cadarache
France

Dans les sociétés technologiques, les secteurs productifs des mégalopoles
urbaines à vocations industrielle et agro-alimentaire répondent aux demandes en
produits manufacturés tout en générant parallèlement des déchets ou sous-produits
peu valorisables présentement et qu’il convient de stocker définitivement ou
temporairem ent en vue d ’une valorisation économique ultérieure sans risquer une
contamination des écosystèmes (air, eaux, sols, végétaux).
Les radiotraceurs [1] permettent en particulier d ’étudier dans deux domaines
d ’activité les questions suivantes:
(a)

en agronomie et sylviculture

— dans les valorisations par épandages de boues résiduaires issues des stations de
traitement des effluents urbains chargés en nutrients (fig. 1 ), il convient d ’évaluer
les risques pour les eaux souterraines du transfert des traces résiduelles de polluants
métalliques (cadmium, chrome, cuivre): en percolation au laboratoire, en migration
souterraine in situ [2 ].
—^ d ’apprécier la délimitation des rizosphères de peupleraies pour optimiser les
densités de plants à l’hectare et les zones d ’épandage autour des arbres producteurs
de biomasse.
— de quantifier la capacité de bioaccumulation de solutés métalliques présents
dans les eaux de ruissellement par des végétaux supérieurs de type thypha [3].
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Précipitations lessivant
les épandages de boues
résiduaires urbaines

IIHIJH

FIG. 1. Contrôle par traçage en eau tritiée (НТО-n H20 ) de la qualité de pose d ’une
géomembrane. Mise en évidence de défauts de qualité.

b)

dans l ’industrie

— caractériser les paramètres de transfert des eaux de précipitations lixiviant un
empilement compacté de déchets de type ordures ménagères broyées et mettre en
évidence les risques de contamination des eaux souterraines (lixiviation par des
précipitations artificielles simulant des précipitations naturelles) en laboratoire [4].
— mettre en évidence sur un dépôt de déchets de type poussières sidérurgiques
les paramètres de transfert de l’eau et les compositions ioniques des percolations
observées (lixiviation par des précipitations naturelles sur le site de stockage) [5].
— réaliser un «contrôle qualité de pose» d ’une géomembrane d ’étanchéité de
soubassement d ’un bassin ou d ’un dépôt de stockage de déchets liquides ou solides
et apprécier la fiabilité du réseau piézométriques de contrôle de la qualité des eaux
sous-jacentes aux bassins de stockage [6 ].
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Pour chaque application, les méthodologies appliquées associent d ’une part les
outils constitués par les radio-isotopes des substances à étudier: Н Т О -n H 2 0 ;
65Z n, 5 1 Cr, 2 2 Na, qui permettent d ’identifier par une technique nucléaire les
transferts de masse de substances, et d ’autre part l’analyse systémique qui conduit
à caractériser les paramètres de transfert d ’un écoulement convectif ou diffusif en
présence et en l ’absence d ’intéraction physico-chimique (fig. 2). Des modèles analy
tiques d ’écoulement en régime stationnaire de type hydrodispersif ou de réseaux de
cascades de mélangeurs sont utilisables pour mieux représenter et simuler ces
transferts de masse à plus grande échelle.

Aspersions d ’eau tritiée

tUII

S o u rce de
cé siu m
D ETEC TIO N
NU C LE AIR E
DU F R O N T
D ’H U M ID ITE
E n se m b le de
c o m p ta g e y

PHASE 1 :
Aspersion ju sq u ’à
saturation en eau
PHASE 2:
Aspersion
hebdom adaire
• détection du front
d ’hum idité (F et te m p s)
co llecte des pe rco la ts
dosage de traceurs
• tracé de la DTS
Echantillonnage
des percolats

T ra ite m e n t
d e s p ro fils
su r o rd in a te u rs

EX PLO ITA TIO N
DES R ES U LTA TS
IN TER PR E TA TIO N S

DETECTIO N DES TR ACEU RS
RESULTATS EXPERIM ENTAUX
• puits co m p ta g e y
• scintillation liquide fi

FIG. 2. Etude de la circulation des eaux à travers le déchet type; aspersions périodiques et
traçage en eau tritiée. Détection nucléaire pour suivi du front d ’humidité.
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APPLICATION OF RADIOTRACERS IN INVESTIGATIONS
OF THE EFFICIENCY OF INDUSTRIAL SEWAGE
TREATMENT PLANT DEVICES
A. OW CZARCZYK, S. SZPILOWSKI,
A .G . CHM IELEW SKI, A. DOBROWOLSKI
Institute o f Nuclear Chemistry and Technology,
W arsaw,
Poland

The condition o f the environment depends greatly on the operational efficiency
o f sewage treatment plants installed in industry. Tracer methods using short lived
radioisotopes are a very convenient tool to investigate the effectiveness o f the appara
tus and devices within which single unit operation of the treatment process takes
place. The basic problems to be solved are usually connected with the optimization
o f construction or the operational parameters and organization o f the process.
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The typical components o f each sewage treatment plant are equalization and
aeration tanks. Two examples o f radiotracer investigations are discussed.
The first is an investigation o f the efficiency o f the wastewater composition
equalization process in big tanks o f different construction located in sewage treat
ment plants at an inorganic chemicals factory in Sala (Czechoslovakia), a chemical
textile factory in Toruñ (Poland) and a petrochemical factory in Piock (also in
Poland). The design o f the tanks was based on the proportional residence time distri
bution (RTD) concept. The study concerns verification o f the agreement between the
practical situation and the theoretical concept.
The second example is a study o f the efficiency o f the aeration tank in a sewage
treatment plant in Gdansk refinery (Poland).
A set o f measurements o f RTD curves was performed for the various immer
sions o f aerators, with simultaneous recording o f the power consumption and chemi
cal oxygen demand (COD) reduction. The collected data can be used for estimation
o f the hydraulic efficiency o f the aeration chamber, optimization o f its operational
conditions and of construction modifications leading to greater removal o f pollutants.
The changes in the immersion depth o f aerators result in certain economic effects
connected with changes in the relationship between the costs o f power consumption
and the costs o f COD load discharge. The first th erm 1 increases, while the second
one decreases with increasing depth o f aerator immersion. The effect of optimization
is equal to an approximately 25% reduction in the power and COD discharge costs.

1 1 therm = 1.055 x 108 J.
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ETUDE, A L’AIDE DE TRACEURS RADIOACTIFS,
DE LA DIFFUSION D’AMON S ET DE CATIONS DANS
UNE BARRIERE DE CONFINEMENT: APPLICATION
A UNE ARGILE COMPACTEE
C. ANDRE, G. BEAUDOING, M. JAUZEIN, R. MARGRITA,
X. VIT ART
Section d ’applications des traceurs,
CEA, Centre d ’études nucléaires de Grenoble,
Grenoble
M. SARDIN, D. SCHW EICH
Laboratoire des sciences du génie chimique, CNRS,
Ecole nationale supérieure des industries chimiques,
Nancy
France
Afin de préserver l’environnement, les déchets (urbains, industriels,
nucléaires) non rapidement dégradables ou fortement toxiques sont isolés du milieu
naturel par différentes barrières:
— matrice (béton, ciment, bitume, résine) dans laquelle le déchet est immobilisé,
— conteneur entourant cette matrice,
— matériau de remblayage (béton, argile) autour des conteneurs disposés dans le
site d ’enfouissement,
— revêtement du fond ou couverture s ’il s’agit d ’un site de stockage en surface.
Pour s ’assurer de l ’efficacité de ces barrieres, des essais en laboratoire ont été
réalisés sur des échantillons des matériaux qui les constituent afin de déterminer les
param ètres de transfert volumique ou massique de l’eau et des déchets qui pourraient
être solubilisés et traverser ces écrans.
Dans le cadre du transport par convection en milieu poreux, nous avons
présenté dans quelques communications récentes [1-3], la migration de divers ions
(Cr, O 4 , Li + , N a + , C s +) dans des colonnes de sable argileux recompacté, et la
modélisation du phénomène par le code de calcul Impact [4].
Dans le cas le plus général de stockage, les conditions de confinement sont
choisies de telle sorte que les polluants soient à l’abri des écoulements convectifs
d ’eau. En conséquence, les transports s ’effectuent essentiellement par diffusion.
La Section d ’applications des traceurs mesure en laboratoire le coefficient de
diffusion effectif de l ’eau (vecteur du transport) dans différents matériaux (bitume,
béton, polymères) en utilisant des traceurs radioactifs comme l ’eau tritiée [5, 6 ].

POSTER PRESENTATIONS

309

Les argiles peuvent être utilisées comme barrière de confinement, dans de
nombreux cas. Nous nous sommes plus particulièrement intéressés à la diffusion
d ’un polluant, le césium (C s+), à travers une argile représentative à dominante
smectite, compactée sous 1000 bar, en présence d ’ion majeurs (С Г , Na + , C a2+),
afin de reproduire au mieux les conditions in situ.
L ’étude présentée ici a été entreprise avec trois objectifs:
— acquérir des données expérimentales selon un protocol bien caractérisé,
— interpréter les mécanismes particuliers de diffusion de l’eau et des ions dans
différentes conditions,
— bâtir ou valider des modèles prévisionnels permettant des extrapolations au
milieu naturel, sur des échelles de temps longues.
Afin d ’acquérir le maximum de données expérimentales, dans des conditions
opératoires voisines, 19 cellules de diffusion ont été mises en œvre simultanément.
Nous avons ainsi cherché à appréhender pour différentes espèces diffusantes
(C l', Na + , C a2+, C s +) l’influence de param ètres tels que la nature du cation
saturant l ’argile, la concentration de l ’espèce diffusante et la présence d ’un gradient
de concentration.
La méthodologie consiste à placer l ’échantillon du matériau à étudier dans une
cellule entre une cavité amont remplie de l ’espèce diffusante marquée par un isotope
radioactif ( 3 6 C1, 2 2 Na, 45Ca ou 1 3 4 Cs) et une cavité aval contenant une solution
exempte du traceur radioactif au départ.
Le suivi analytique du traceur radioactif dans la cavité aval permet de tracer
la courbe donnant le flux de soluté ayant diffusé en fonction du temps. L ’analyse de
la partie linéaire de cette courbe expérimentale permet d ’obtenir le coefficient de
diffusion effectif De.
Afin de pouvoir interpréter les résultats, la caractérisation du transfert de l’eau
par diffusion est faite par ailleurs dans chaque cellule selon cette même méthode,
avec marquage de l ’eau à l’eau tritiée.
Les résultats obtenus dans les différents échantillons d ’argile préalablement
saturée permettent de tirer les conclusions suivantes quant à l’influence des divers
paramètres étudiés:
(a)

(b)

(c)

Nature de l’espèce diffusante: le coefficient de diffusion des cations (N a+ ,
C a2+, C s +) est du même ordre de grandeur que celui des anions chlorures
(С Г); le coefficient de diffusion de ces ions est très inférieur à celui de l’eau
(d’un facteur 2 0 environ).
Nature du cation saturant l ’argile: le coefficient de diffusion des ions étudiés
dépend de la nature du cation saturant l ’argile. Les coefficients de diffusion les
plus faibles ont été observés pour les argiles sodiques.
Influence de la concentration: pour un ion donné, le coefficient de diffusion
augmente avec la concentration en électrolyte.
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Une simple valeur du coefficient de diffusion constitue donc une simplification
excessive et il devient nécessaire d ’établir un modèle de calcul prévisionnel tenant
compte des conditions exactes.
La modélisation des résultats expérimentaux qui est en cours doit tenir compte
des interactions physico-chimiques des espèces diffusantes avec le milieu.
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RADIOTRACER EVALUATION OF LATERITE
AND COAL ASH DUST DISCHARGED
INTO THE ENVIRONMENT
J. THERESKA, T. CUCI, P. SPAHIU
Tracer Section,
Institute o f Nuclear Physics
E. PLASARI
Department o f Chemical Engineering,
Faculty o f Natural Sciences
Tirana,
Albania

At the Elbasan steel plant a large quantity o f dust is discharged into the
environment by the laterite fluidized bed calciner and the coal boiler for steam
production. By means o f radiotracers the erosion o f the laterite in the fluidized bed
calciner was estimated experimentally. On the basis o f the experimental data, a
mathematical model has been constructed for the erosion, which permits calculation
o f the mass o f the dust deriving from erosion if the granulometric composition o f
the mineral on entry to the calciner is known (Fig. 1). The part o f the fraction
F(D q) which is broken up by erosion in relation to its initial mean diameter, D0, is
given as [ 1 ]:
W ) = 3.46
where the mean residence time in the fluidized bed, tm, is dependent on the initial
mean diameter o f the fraction using the following empirical formula:
tm = 55 [1 - exp(—6.3 x К Г 5 Д5 85)]
The laterite dust, which is carried up by the current o f gas, was partly
entrapped by the cleaning system. In the steam production boiler, coal ash is carried
by air currents into the cyclones, where most is entrapped, while the rest is
discharged into the environment. The concentration o f dust in the gas pipeline is rela
tively low, about 0.15 kg/m 3.
The pulse integral method is used for the determination o f the separation
efficiency in the cyclone continuous system [2]. The cyclone separation, R, is given
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D0 (iim)

FIG. 1. Erosion o f laterite grains versus their initial mean diameters.

D0 (lim )

FIG. 2. Cyclone efficiencies, R, versus grain diameters ( a : coal boiler; • : laterite
calciner).

by the ratio of separated and incoming material, expressed in terms o f the tracer
count rates, /:
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The laterite grains were activated in a nuclear reactor, with 59Fe being the
principal radiotracer formed. The tracer for coal was prepared by spraying the gran
ules o f coal ash with an aqueous solution of N aH 51CrO and evaporated to dry
ness [3]. In both cases, mass labelling was achieved, which is an indispensable
condition for the tracer balances.
The cyclone efficiencies were determined experimentally for three dust
granulometric classes, 0 -4 0 /xm, 40-80 /¿m and 80-100 цт , according to the
granulometric distribution o f laterite and coal ash dust in the cyclone inlet (Fig. 2).
The total cyclone efficiencies are:
For the laterite calciner cyclone: 79 + 5% ,
For the coal ash cyclone: 76 + 4% .
The overall tracer balances showed that laterite dust discharged into the
environment is 10% o f the mineral charge rate o f 30 t/h [1] and that about 2 t/h from
the 8 t/h coal ash production rate escape into the surroundings [3].
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MEASURING DEPOSITION VELOCITIES
OF REACTIVE ATMOSPHERIC COMPOUNDS
USING TRITIUM OR 14C LABELLED GASES
H. FOERSTEL
Arbeitsgruppe Radioagronomie,
Forschungszentrum Jülich GmbH,
Jiilich,
Germany

Many atmospheric trace gases are emitted from or deposited on the soil sur
face. The soil acts either as a source or a sink for these gases. M ost o f the gases inter
act with other atmospheric compounds. Nevertheless, their atmospheric
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concentration is the result of decomposition in the air as well as dry deposition into
the soil. Chemical measurements o f concentration changes in a chamber or, alterna
tively, o f gradients in the air layer above the ground, usually include both release
and deposition processes but generally fail to represent dry deposition solely. Depo
sition can be separately observed by the use o f radioactive labelled substances.
F or this application, the use o f radioactive material has two advantages: con
tinuous recording and the handling of very small gas concentrations, as observed
under natural conditions. A well suited record o f radioactivity is obtained by the clas
sical ionization chamber, which can be included within a small exposure circuit [ 1 ].
Carrier-free material must be used, both to ensure trace gas concentrations and to
avoid saturation o f the catalytic reaction sites in the soil.
Tritium and 14C labelled compounds are commercially available in amounts
which can be easily handled and stored in glass containers for routine application.
From the storage tank small portions of gas can be transferred by a gas-tight syringe.
Because o f the regulations on the use o f radioactive material in the field, a
laboratory method for deposition studies is necessary. Undisturbed soil cores 8 cm
in diameter are sampled in the field for exposure in the laboratory. They may be kept
in a refrigerator without change in their catalytic ability for at least some months,
as long as a loss o f humidity is avoided. To determine the catalytic capacity o f a soil
sample, the decrease in a compound in the head space above the gas is recorded.
Taking into account the volume o f the gas space and the soil surface, one can calcu
late the deposition velocity, which does not depend on the concentration o f the com
pound itself. The deposition velocity is very useful in modelling radioecological and
atmospheric processes.
The applicability o f the method in deposition studies has been demonstrated by
two field experiments, releasing elementary tritium first from a stack (in France) and
later from a source close to the ground (in Canada). The deposition velocities calcu
lated from the field data (tritium concentration in the air and the resulting quantity
o f tritium in the soil) corresponded very well with the data on exposures in the
laboratory system [2 ].
Assuming turbulent conditions in the air above the ground, the deposition
velocity depends on the activity and distribution o f catalytic sites in the soil as well
as on the porous space available for gas supply by diffusion. An increase in the soil
water content diminishes that space. On the other hand, a rising organic carbon con
tent serves as a source o f nutrients for the soil biomass and simultaneously loosens
the soil texture. This is demonstrated by the results o f a set of soil samples collected
in different areas o f Germany. The deposition velocities o f elementary tritium and
( 1 4 C) carbon monoxide were determined using identical soil samples. In some
cases, the rate o f deposition o f carbon dioxide was distinctly slower compared with
that of the hydrogen isotope, but the difference hardly exceeded a factor o f 1.5. Cata
lytic activity for the turnover o f both gases can be found in all soil samples which
have been measured until now. The even distribution o f catalytic activity within the

POSTER PRESENTATIONS

315

upper centimetres of the soil supports the hypothesis that the supply by gas diffusion
is the limiting aspect o f deposition and turnover, if the process is quick and effective.
However, if the turnover o f the compound is less intensive, as observed for
methane, the reaction product can be found not only directly below the soil surface,
but it penetrates deeper into the soil column. The turnover of methane depends not
only on the physical conditions of the soil, but also on the chemical conditions. The
oxidation of methane is governed mainly by its state o f fertilization, especially its
supply o f nitrogen. The profiles o f the reaction product in the soil clearly demon
strate that the maximum o f the catalytic activity can often be found some centimetres,
or even deeper, below the soil surface.
Generally, the method described above permits the measurement of the deposi
tion velocities o f different trace gases within the range o f their natural concentra
tions. Present air chemical methods are also very sensitive or are even more effective
as radioactive techniques, but the observation o f the whole reaction mechanism and,
finally, of the reaction products is not possible. Therefore, only an application of
labelling techniques ensures that exclusively chemical turnover processes are meas
ured and no other side effects, such as physical or chemical adsorption, are recorded.
To include all reaction products, i.e. to obtain a complete material balance, the use
o f labelled material seems to be a technical necessity. Studying the deposition of vari
ous reactive gases in the soil is a basic tool in understanding the role o f soil for
natural and anthropogenic trace gases.
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A b stract
STATE OF THE ART AND FUTURE PROSPECTS FOR USING RADIOIMMUNO
ASSAY IN THE STUDY OF ENVIRONMENTAL MICROCONTAMINANTS.
Immunoassays are very common analytical methods and have been applied to the
measurement of a variety of environmental microcontaminants. Their analytical competence
was greatly enhanced by the advent of radioimmunoassays in medicine, where they now per
form a central and strategic function in diagnosis and investigation. A similar role for them
is predicted in the expanding area of monitoring pollution. Immunoassays utilizing selected
high affinity antibodies can demonstrate remarkable degrees of specificity, either for
individual analytes or for a common structural feature shared by members of a chemical
group. The latter is particularly appropriate for the screening of samples for the presence of
one or more of a chemical class of pollutants. The production of monoclonal antibodies from
hybridoma technology has significantly improved both the quantity and variety of antibodies
available for use in immunoassay procedures. Recent developments in producing antibodies
and antibody fragments from microbial hosts, e.g. Escherichia coli and phages increase the
potential dramatically and allow for efficient ‘antibody tailoring’ to improve or alter antigen
specificity. A relatively few non-radioisotopic immunoassay systems, such as enzyme label
amplification, time resolved fluorescence and chemiluminescence, have the capacity to
improve sensitivity to greater than 10_18M. However, although non-radioisotopic immuno
assays are not subject to the same restrictive legislation as radioisotopes, and are more easily
automated, they are not, in general, as robust as radiolabelled immunoassays. In addition,
detection of radioisotopes is not affected by many factors that interfere in non-radioisotopic
immunoassays. Early results in the development of immunosensors using optical (e.g. surface
plasma resonance), electrochemical or piezoelectrical detection suggest a useful role in
monitoring microcontaminants ‘in situ’.
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INTRODUCTION

Immunoassays are among the most commonly applied analytical techniques.
They use antibodies as specific binding reagents to detect a diversity o f analytes, it
being generally possible to produce antibodies to most classes o f chemical structures.
They are also among the most efficient of methods, primarily because of good speci
ficity and high precision. As a consequence, immunoassays represent a valuable
procedure in the study of environmental microcontaminants. They have been used
to measure a wide spectrum o f environmental microcontaminants and have been the
subject of a number of reviews (e.g. Refs [1-7]). Immunoassays have been used to
monitor pesticides, herbicides, toxic substances, contaminants in food, microbial
toxins and the fraudulent use of banned substances. Examples of common pollutants
measured by immunoassays are given in Table I. However, immunoassays and, in
particular, radiolabelled immunoassays, have not been used as extensively or sys
tematically in the area of environmental pollution as, for example, in medicine,
where they perform a central and strategic function in diagnosis and investigation.
It is interesting to note that the diagnostic demands encountered in medicine and
veterinary science parallel the problems associated with the measurement of
microcontaminants. And as awareness of the importance o f monitoring environmen
tal pollution grows, immunoassays will perform a more central analytical role, par
ticularly when concern for the environment parallels that for individual health.

2.

PERFORM ANCE CHARACTERISTICS

Development of immunoassay as a precise analytical method has spanned
many decades and some of the pertinent steps are given in Table П. However, the

TABLE I. EXAMPLES OF POLLUTANTS MEASURED BY
RADIOLABELLED IMMUNOASSAYS
Bipyridinium herbicides

Paraquat

Organophosphorous pesticides

Malathion, parathion

Organohalogen pesticides

Dieldrin, aldrin, 2,4-D

Carbamate pesticides

Benomyl, thiabendazole

Triazine herbicides

Atrazine, propazine

Pyrethroid insecticides

Allethrin

Substituted urea insect regulators

Diflubenzuron

Anticoagulants

Warfarin
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HISTORICAL PERSPECTIVES

Year

Authors

Subject

1897

Krause

Reaction of soluble antisera and antigens

1905

Bechold

Precipitin reaction in gel

1917

Landsteiner

‘Artificial antigens’

1929

Heidelberger and Kendall

Precipitin reaction

1954

Stavitsky and Arquilla

Immunoassay

1960

Ekins; Berson and Yalow

Radiolabelled immunoassay

1968

Wide; Miles and Hales

Radiolabelled antibodies (IRMA)

1970

Haberman; Wide; Addison and Hales

‘2-site’ IRMA

1975

Kohler and Milstein

Monoclonal antibodies

advent in medicine o f the radiolabelled immunoassay [8 , 9] in 1960 constituted a
significant advance. Because of superior specificity, precision and efficiency, it
greatly enhanced analytical competence when compared with existing methods [ 1 0 ].
In principle, the interaction between antibody and analyte can be followed using vari
ous types o f detection, e.g. fluorescence, agglutination, enzyme activity, or decay
of a radionuclide. The introduction o f radioisotopically labelled tracers was one of
the most important steps in the development of clinically reliable immunoassays. The
features o f radiolabelled immunoassays that facilitate rapid acceptance and applica
tion in medicine, particularly in the field of endocrinology, and which exemplify the
interest in them at that time, are listed in Table Ш.
The various types o f immunoassays, including the radiolabelled ones, have
been reviewed [10, 11]. A primary classification will often divide them into the
immunoassay type (see Fig. 1), e.g. radioimmunoassay (RIA) and the immunometric type (see Fig. 2), e.g. radioimmunometric assay (IRMA). A more sophisti
cated immunoassay, called the two site IRMA (see Fig. 3), with potentially
improved specificity, uses two different antibodies reacting with different epitopes
on the analyte molecule. This principle could be extended to include more epitopes,
giving further discrimination. The factors contributing to the optimization and per
formance o f immunoassays have been reviewed [12]. Clearly the performance
characteristics of immunoassays are most affected by the quality o f the antibody
reagent. Selecting high affinity antibodies reacting with a high equilibrium constant
(К ) increases precision and sensitivity. For example, an assay sensitivity of 10“14M
can be achieved with an affinity constant of 10I2 M _ 1 [13].
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TABLE Ш. FEATURES OF RADIOIMMUNOASSAY
Specificity

Potentially very specific, even with closely related chemical
structures

Sensitivity

Capable of measuring as low as 10~14M with 1-125 as label

Precision

Very robust, no interference with detection of radioactivity

Comprehensiveness

Applicable to many categories of chemical structures

Simplicity

Potential for very high throughput; sample pretreatment not
required

Radioimmunoassay
Analyte

О о
оо

С

О

т л л *

п
^

^

О*

Radiolabel

Reaction

о
О

Separation

ХО
Bound

20

S S * S ' F'"

Ю *
Standard curve for IR A

Response

FIG. 1. A ‘limited’ concentration o f antibody is reacted with a sample containing analyte in
the presence o f a small amount o f radiolabelled analyte (or an appropriate analogue o f the
analyte). A t equilibrium the antibody bound fraction is physically separated, e.g. by centrifu
gation, from the unbound or ‘fr e e ’ fraction. The distribution o f the radiolabel indicates the
proportion o f analyte present which can be interpolated from comparison with ‘standard’
material with a known amount o f analyte. The principle is similar fo r the non-radioisotopic
immunoassays using enzymes or other labels to substitute fo r the radioisotope.
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2.1. Radiolabelled tracers
A number o f different radioisotopes have been used as ‘labels’ in immuno
assays, e.g. 3 H, 1 4 C, 5 7 Co, 7 5 Se, 125I and 131I [14]. Today the most commonly used
ones are 3H and 1 2 5 I, with very little use being made of any of the others. The use
of these two radiolabels has been reviewed [14] and aspects are summarized in Table
IV. Evidence suggests that the use of 3H may practically limit the sensitivity of
radioimmunoassays to about 10“1 0 M. F or the use of 125I radiolabelled tracers, the
limit o f sensitivity for RIA is 10-i2M and for IRM A it is 10“14M [14].

IRMA
Analyte
Radiolabelled
antibody
*

Solid phase
antigen

Bound

Standard curve for IRMA

Response

FIG. 2. An ‘excess ’ o f radiolabelled antibody is reacted with a sample containing analyte.
A t equilibrium the antibody bound analyte is measured by removing unreacted radiolabelled
antibody using a solid phase or precipitable antigen. The measured radioactivity is then
proportional to the amount o f analyte. Precise quantitation is obtained using ‘standard’
material containing known amounts o f analyte.
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Two site IRMA
Solid phase
antigen
Radiolabelled
antibody

I
Z

it

I4
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3

Free
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FIG. 3. Two specific antibodies, one radiolabelled and one in a form suitable fo r separation,
such as on a solid phase or using a precipitating agent (e.g. second antibody) are reacted with
a sample containing analyte. The two antibodies react with different epitopes on the analyte.
After separation, radioactivity in the bound fraction is proportional to the amount o f analyte.
These assays can have enhanced specificity.

2.2. Specificity o f im m unoassays
Immunoassays, particularly those utilizing selected high affinity antibodies,
have been shown to demonstrate remarkable degrees of specificity. For example,
comparing the potency o f two closely related oestrogenic steroids, oestradiol-17/3
and oestrone, in an RIA for oestradiol-17/8 demonstrated a two hundred fold differ
ence in discrimination (i.e. 0.5% potency for oestrone compared with 1 0 0 % potency
for oestradiol-17/3) [10]. These two steroids differ chemically by a ketone group
(oestrone) instead of a hydroxyl group (oestradiol-17/3).
Antibodies can also be selected for specificity towards a common structural
feature shown by members o f a chemical group, e.g. the common D ring structure
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TABLE IV. FEATURES O F 3H AND 125I RADIOLABELLED TRACERS
IN RIA
Radioisotope

Advantages

Disadvantages

1-125

Most commonly used tracer in RIA:
Range is extensive.
Simple to prepare by either direct
radioiodination or conjugation
labelling.
Simple and inexpensive detection.

May compromise immunoreactivity,
especially if incorporated at the
epitope binding site.
Restriction on shelf life of labels.

H-3

Available commercially for many
analytes, especially small molecules.
Longer shelf life of labels.

Less sensitive and less robust.
Requires liquid scintillant for
detection.

T A B L E V . E F F E C T O F R A D IO L A B E L A N D SE PA R A T IO N O N SPE C IFIC IT Y
H-3 label
charcoal separation

1-125 label
charcoal separation

1-125 label
coated tube separation

100

100

100

Mestanolone

58

43

38

Oxymesterone

54

52

29

Oxandrolone

38

17

9

Fluoxymesterone

84

64

37

Stanozolol

14

4

2

Steroid

Methanedienone

shared by all 12 orally active anabolic steroids [15]. This attribute is of singular
importance in the study o f environmental microcontaminants in that many are
grouped chemically, having basic structural features in common. Thus, an appropri
ate antibody or antiserum can be used to screen samples for the presence of one or
more o f a group o f chemically related substances. Although specificity essentially
resides in the binding site o f the antibody, other factors, such as the type o f tracer
and the method of separation, can have an effect on how that specificity is expressed.
An example showing the potency of various anabolic steroids in a screening
immunoassay [15] comparing both 3H and 125I radiolabelled tracers and two
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Samples

i
Screening by Immunoassay
using antiserum with specificity towards
group structural features

I
Identification by Immunoassay
using various assays with
specificity for individual analytes

;
Verification
using reference method
e.g. G C/MS

FIG. 4. An appropriate strategy fo r the detection and measurement o f environmental
microcontaminants.

methods of separation, i.e. charcoal precipitation of unbound analyte or solid phase
antibody bound fraction (antibody coated tube) is given in Table V. Screening strate
gies using immunoassays have been used to detect the presence o f anabolic steroids
in the urine o f athletes [16] and adopted by the International Olympic Committee,
and also to monitor the abuse o f drugs, such as stimulants, bronchodilators, tran
quilizers, anaesthetics, anabolic steroids and diuretics, and in horse racing where
they are used illegally to improve performance [17]. Screening by immunoassay is
usually followed by other tests to confirm or identify a particular substance, as illus
trated in Fig. 4.

2.3. Standardization and quality assessment
The use of reference preparations, recognized internationally, for calibration
has been an important component in establishing the analytical reliability o f many
immunoassays [18]. Another significant factor has been the participation of analyti
cal laboratories in external quality assessment schemes (EQASs) [19]. The basic for
m at o f most EQASs is to distribute common samples containing targeted
concentrations o f analyte in an appropriate medium for analysis by participating
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laboratories. Samples are identified by a code and the concentration o f analyte may
remain unknown to participants, if necessary. The EQAS organizers prepare regular
reports after receiving the results from participants detailing all the results from the
distribution of a number o f samples, together with cumulative statistics and appro
priate comments on performance. These schemes are useful for the educational role
of increasing awareness in quality control procedures, comparing performance
characteristics relating to specificity and precision o f various method groups within
the confines of statistical significance, i.e. where a particular method has sufficient
numbers to give statistically significant results and as an independent assessment of
individual performances in relation to other laboratories.

3.

FUTURE PROSPECTS

3.1. Growth of national environmental agencies
The increasing concern and public awareness o f environmental pollution is and
will continue to promote the establishment and growth o f national environmental
agencies. F or example, in the United Kingdom, the National Rivers Authority and
HM Inspectorate o f Pollution are being m erged and will incorporate existing regula
tory powers o f local government to form one Environmental Protection Agency. The
formation of national agencies will lead in turn to more extensive controls and, of
course, subsequent legislation. The increase in monitoring o f pollution levels and the
legal requirements for successful prosecution will necessitate a more systematic and
formal application of analytical techniques, especially immunoassays. In many
instances, international organizations will need to provide appropriate support, espe
cially through the introduction o f international reference standards or calibrants,
reference methods and co-ordination o f EQASs.
It is possible that there will be an increase in the level of certain pollutants.
For example, the introduction o f many pesticide resistant plants, products o f the
rapidly expanding field o f genetic engineering, will undoubtedly encourage the expe
dient use o f increased levels o f pesticides. Under certain circumstances, economic
pressures may encourage the fraudulent use o f banned substances, or may even
encourage individual countries to perm it a m ore relaxed use of toxic substances, even
though subsequent products would enter international markets. It is clear that as the
workload increases, there is greater incentive to introduce more efficient strategies
and, following the evidence from the medical field, this will mean an increasing use
of immunoassays with progressively better analytical performance.
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3.2. Antibodies and antibody engineering
The production of monoclonal antibodies from hybridoma technology [20] has
significantly improved both the quantity and variety of antibodies available for use
in immunoassay procedures. Often the hybridoma derived monoclonal antibodies are
produced in low yields, have insufficient specificity and can be more labile. Recent
developments in producing antibodies by replacing hybridomas with microorganisms
such as Escherichia coli and phages [21] have increased dramatically the potential
advantages of monoclonal antibodies. Initially, this will lead to a considerable
increase in yield but, m ore importantly, these microbial systems allow more efficient
‘antibody tailoring’ to improve or alter specificity at will. It becomes relatively
simple to alter genetic domains to manipulate antibody specificity in order to provide
reagents with the most appropriate characteristics. This becomes increasingly impor
tant when there is rapid proliferation of different types o f pollutants, and a commen
surate need for an increasing variety of specific antibodies.

3.3. Sensitivity and non-radioisotopic tracers
The limit o f sensitivity for immunoassays using radiolabelled tracers has
already been detailed in this paper. The use o f other non-radioisotopic tracers is
invoked if there is a requirement for more sensitivity. In general, ‘alternative’ labels,
e.g. enzyme or fluorophores, confer similar or less sensitivity by comparison with
radiolabelled tracers. However, a relatively few systems, specifically enzyme
amplification, time resolved fluorescence o f lanthanides, e.g. europium and chemiluminescence, have the potential to improve sensitivity to or better than 10~1 8 M.
The application of immunoassays to environmental microcontaminants is dominated
by simple enzyme labelled systems, indicating perhaps that sensitivity is not usually
a limiting factor. In general, radiolabelled immunoassays are more robust [22] and
the detection of radioisotopes is not affected by many factors that interfere in nonradioisotopic immunoassays [14]. It is likely that the limited use of radiolabelled
immunoassays, in comparison with, for example, enzyme labelled immunoassays,
is a consequence o f m ore restrictive legislation in their use. The extended shelf life
of non-radioisotopic tracers, together with an associated higher degree o f automa
tion, has also contributed to a m ore widespread use of these ‘alternatives’. In general
terms, radiolabelled immunoassays may be increasingly used as reference methods
because they are less vulnerable to interference and are usually more robust.

3.4. Immunosensors
The monitoring of toxic wastes in effluents, groundwater or surface water and
the accumulation of water-borne pollution in tidal areas are critical and difficult.
There is often a delay between initial sampling and the final authenticated sample
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taken for confirmation or formal evidence. A significantly long delay could impede
remedial action and compromise evidence because the level of contamination might
fall or disappear. It thus becomes important to develop appropriate on-site monitor
ing devices. Initial results in the development of immunosensors indicate that they
suggest a useful role in monitoring contaminants ‘in situ’. Essentially, an
immunosensor comprises an immunoreagent, e.g. antibody, immobilized on the sur
face of a sensor, such as an electrode, optical fibre, a quartz slide or a silicon chip,
and utilizes the sensing mechanism to monitor a surface binding reaction. Successful
immunosensors have used optical signals, like surface plasmon resonance or electri
cal effects like electrochemical potentiometry [23, 24].

4.

CONCLUSIONS

Although the use of RIA in the study of environmental microcontaminants has
been widespread, evidence from the number of papers published indicate a more
extensive use of enzyme labelled assays. The growing awareness and concern of
environmental issues will ensure a commensurate increase in precise and specific
analytical techniques, necessarily including many immunoassays. The specific role
o f radiolabelled immunoassays is not clear, but it is likely that they will be widely
used and may constitute the basis of reference systems. Both national and interna
tional agencies need to ensure the systematic application of the appropriate analytical
techniques and their quality control. New technologies relating to antibody produc
tion, genetic engineering, more sensitive detection systems and the development of
immunosensors will enhance the scope o f the immunoanalytical system.
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A b stract
ENVIRONMENTAL SPECIMEN BANKING: A GLOBAL OVERVIEW OF CURRENT
PROGRAMMES AND OF THE ROLE OF NUCLEAR ANALYTICAL TECHNIQUES.
Specimen banking involves the systematic collection and archiving of ecologically rele
vant biological and environmental samples. It is an effective tool for pollutant trend monitor
ing by real time and retrospective analysis. Some significant archives of samples have been
established during the past decade by several industrialized nations, with the earliest samples
dating from the 1960s. The value of these archives lies in the planned and evaluated processes
for collection, preparation, storage and analysis of the samples. Nuclear analytical techniques
provide the quality that is necessary for the objectives of specimen banking programmes.
Their value is exemplified by applications in the United States National Biomonitoring Speci
men Bank, where programme performance was studied and where samples of human livers
and of marine organisms and sediments were analysed. Selected results of these studies are
reported.

1.

INTRODUCTION

Several major activities are necessary in order to adequately ensure the protec
tion o f human health and the environment from the often serious impact of environ
mentally widespread anthropogenic chemicals. These include the predictive testing
and evaluation o f chemicals before marketing and the monitoring of environmental
materials and specimen banking. Only a comprehensive system for environmental
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observations can help prevent a situation where the detection of serious environmen
tal contamination from pollutants occurs only after critical and often irreversible
damage has been done. During the past decade, specimen banks have become
integrated components o f environmental monitoring programmes, particularly to
serve the needs for trend monitoring and retrospective assessment.

TABLE I. OVERVIEW OF ENVIRONM ENTAL SPECIMEN BANKS
Country

Title/sponsoring organization

Year3

Implementation

Canada

Canadian Wildlife Service Specimen
Bank
Great Lakes Fisheries Specimen Bank/
Department of Fisheries and Oceans
Canadian Human Tissue Bank/
International Joint Commission

1963

Federal programme

1977

Federal programme

After
1992

Planning stage

Czechoslovakia

Slovak Ministry of Health

1981

Pilot study

Denmark

Danish Environmental Specimen Bank/
Ministry of Environment

After
1992

National programme

Germany

Umweltprobenbank/Research Centre
Jülich, University Münster, Federal
Environmental Agency

1980

National programme

Japan

National Institute of Environmental
Studies (NIES)

1980

Experimental
programme

Sweden

Environmental Specimen Bank/Swedish
Museum of Natural History

1978

Co-operative
programme

USA

National Biomonitoring Specimen Bank
(NBSB)/NISTb, EPAC, NOAAd and
others
USA-Canada Great Lakes Regional
Specimen Bank/Michigan Audubon
Society

1980

National co-operative
projects

After
1992

Feasibility study

a
b
0
d

Year earliest samples have been (or will have been) systematically banked.
United States National Institute for Standards and Technology (NIST).
United States Environmental Protection Agency (EPA).
United States National Oceanic and Atmospheric Administration (NOAA).
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An environmental specimen bank comprises the systematic collection, charac
terization, and storage o f samples for real time and deferred examination (analysis
or other evaluations). These samples are collected and stored under conditions which
will minimize the occurrence of any changes in the sample (i.e. physical, chemical,
or biological). The examination o f the samples is generally deferred for a period of
years, even decades, following collection, so that samples can be studied in relation
to newer knowledge, new substances of interest and new and improved analytical
techniques. Hence, specimen banks maintain archives of historical samples, provid
ing baseline and trend data on environmental pollutants from the past to the present.
Early initiatives towards systematic environmental specimen banking date back
to the 1960s. During the 1970s, several national and international panels and work
shops reviewed and developed the basic concepts o f systematic specimen banking
[1,2]. From the beginning, interdisciplinary co-operation as well as support from the
relevant governmental branches and the engagement of major research institutions
have been a key to the successful implementation of specimen banking projects.
Since then, the development o f several systematic national scale environmental
specimen bank projects has been observed, with the earliest samples dating back to
the mid-1960s, and a sizeable num ber of very recent conceptions that are about to
start banking operations. A summary of these specimen banks is given in Table I.
The listed banks have well evaluated and controlled procedures for archiving and can
provide well described samples of sometimes unique origin for scientific investiga
tions. This overview, however, does not include the numerous collections o f speci
mens that have been established for a limited purpose (due to the design, sample
selection, number and size o f specimens, or sampling and storage conditions) by
national and local organizations or individual researchers.

2.

ACCOM PLISHM ENTS OF FORM AL SPECIM EN BANK PROGRAMMES

M ost of the developments towards formal and systematic specimen banking
program mes have been accomplished and documented in the co-operative pilot
programmes of Germany and the United States of America and their subsequent
implementation in national projects. Hence, this discussion will focus on these
experiences.

2.1. Harmonized sample collection procedures
The purpose o f a specimen bank is the long term preservation o f specimens
that are representative o f the state o f a site or organism immediately prior to collec
tion. Therefore, a major concern o f specimen banking efforts is that the samples be
collected, processed and stored under conditions that avoid or minimize contamina
tion, or any other changes in the chemical composition o f the specimen. In most
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TABLE П. INVENTORY OF SPECIMENS IN TWO MAJOR BANKING
PROGRAMMES
(in the US programme, 10-20% o f the individual samples have been homogenized
to provide 20 standard subsamples. In the German programme, one composite
sample fro m a site is commonly homogenized to provide about fiv e hundred standard
subsamples)

National Biomonitoring Specimen Bank, USA
Human specimens

Liver (EPA)
Serum (NCI)b

3 sites/559 specimens
684 samples

2-1980a
6-1986

Mussels (EPA)

93 batches from one site

3-1983

Benthic Surveillance Project (NOAA)
Fish liver/muscle
Sediments

26 sites
29 sites

Mussel Watch Project (NOAA)
Mussels/oysters
Sediments

160 sites
138 sites

Alaska Marine Mammal Tissues Archive Project
Northern fur seal (Callorhinus ursinus)
Ringed seal (Phoca larga)
Bearded seal (Erignathus barbatus)
Harbour seal (Phoca vitulina)
Steller sea lion (Eum etopias jubatus)
Belukha whale (Delphinapterus leucas)

(NOAA/MMS)c
15 animals
15 animals
3 animals
3 animals
1 animal
14 animals

M arine specimens

National Marine Mammal Tissue Bank (NOAA)
Harbour porpoise
Pilot whale

7-1985

8-1987

11-1990
1 animal
5 animals

Food specimens

Total human diet (IAEA/FDA d/USDAe)

8 collections

8-1985

Jiilich Specimen Bank for Environmental Samples
Aquatic specimens

Bream (Abram is brama)
Bladder wrack algae (Fucus vesiculosus)
Zebra mussel (Dreissena polymorpha)
Blue mussel (M ytilus edulis)
Sediment
Herring gull eggs {Larus argentatus)

6 sites/3424 standard subsamples
9 sites/144 individual samples
3 sites/19 individual samples
6 sites/2184 standard,
70 individual samples
1 site/188 standard subsamples
4 sites/5421 standard subsamples

1985
1985
1987
1985
1991
1988
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TABLE П. (cont.)
Jttlich Specimen Bank for Environm ental Samples (cont.)
Terrestrial/air specimens

Roe deer liver (Capreolus capreolus)
Pigeon eggs
Earthworm (Lum bricidae)
Grass (Lolium m ultiflorum )
Beech leaves (Fagus sylvatica)
Poplar leaves (Populus nigra italica)
Spruce shoots (Picea abies)
Pine shoots (Pinus sylvestris)

7 sites/3500 standard subsamples
2 sites/1000 standard subsamples
3 sites/1807 standard subsamples
3 sites/2591 standard subsamples
5 sites/588 standard,
119 individual samples
4 sites/1144 standard subsamples
9 sites/4542 standard,
67 individual samples
5 sites/27 individual samples

1990
1990
1985
1985
1987
1985
1985
1991

“ Year earliest samples have been banked.
b United States National Cancer Institute.
c United States Minerals Management Service.
d United States Food and Drug Administration.
e United States Department of Agriculture.

instances, environmental samples contain extremely low levels o f inorganic and
organic contaminants; therefore, extreme caution must be exercised to ensure that
the samples are not contaminated. Detailed sample collection protocols have been
developed and implemented for each o f the specimen types in the various projects,
i.e. human liver [3]; sediments, fish tissue and mussels/oysters [4]; and marine mam
mal tissues [5].
The basic philosophy for the development of these protocols focuses on the use
o f non-contaminating materials for any contact with the sample. For example, when
samples require dissection (e.g. in the case of the human liver, a marine mammal,
or fish tissues), a titanium bladed knife is used to avoid contamination from environ
mentally important trace elements (e.g. Ni, Cr and Fe) found in conventional cutting
instruments. During sample preparation, contact with the specimen is generally
limited to clean, dust free Teflon surfaces and the specimens are stored in Teflon
bags or jars. After the specimens are placed in the storage containers, they are frozen
in liquid nitrogen as soon as feasible and transported to the specimen bank facility
where the samples are stored in liquid nitrogen vapour freezers at -1 5 0 ° C . The
specimens are preserved at this temperature until the time o f analysis. Each o f the
collection protocols for the different specimen types was developed in conjunction
with individuals involved in the sampling to achieve a suitable non-contaminating
procedure within the bounds of practicality. As part of the sampling protocol, infor
mation describing the sample and the sampling site is recorded; this information is
maintained, both in hard copy and in a computer database, as part o f the documenta
tion for each sample in the specimen bank.
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2.2. Sizeable archives of relevant environmental samples
The National Biomonitoring Specimen Bank (NBSB) programme in the USA
and the German Environmental Specimen Bank have archived a considerable number
of specimens which have been collected according to the above standards. Table II
provides a general overview o f the inventory in these banks. It should be noted that
the principal difference between the USA and Germany is the quantity of the
individual stored sample. The US programme generally attempts to preserve the
information on an individual basis, resulting in duplicate portions o f about 150 g
being collected and stored. This in turn will allow for 20-30 independent investiga
tions after one portion has been homogenized. The German programme collects and
prepares kilogram size composite samples characteristic of a collection site. After
homogenization, hundreds o f standard 1 0 g subsamples are available for investiga
tions. Both programmes have established policies for access to the samples and can
make subsamples available for research projects.

2.3. Cryogenic homogenization
The preparation o f homogeneous sample aliquots from the bulk sample is a
m ajor requirem ent for specimen banking. Identical (i.e. homogeneous) sample ali
quots are necessary to allow for valid comparison of data obtained by various
researchers and analytical techniques and evaluation of the stability o f specimens
during storage. To deal with this requirement, a cryogenic homogenization proce
dure has been developed using Teflon disc mills [6 ]. These mills are capable of
homogenizing 150 g samples to provide homogeneous frozen subsamples with
greater than 90% of the particles less than 0.46 mm in diameter and with subsam
pling errors due to inhomogeneity estimated at less than 2 % for a typical 1 g aliquot.
Since the initial evaluation and report describing this procedure, it has been success
fully used for the homogenization o f a variety of specimen types, including: human
liver and adipose tissues, mussel and oyster tissues, fish tissues (liver and muscle),
honey bees, m arine mammal tissues (liver, kidney, muscle and blubber), chicken tis
sue and total human diet composites. The cryogenic procedure uses Teflon mills to
minimize contamination and eliminates the risk of potential changes in the sample
associated with thawing and refreezing. A similar approach has been used in the
Environmental Specimen Bank programme in Germany, where a ‘continuous flow’
apparatus has been developed for the preparation of large quantities o f homogeneous
frozen material [7].

2.4. Long term stability of banked samples
A critical requirem ent for a specimen bank programme is the assurance that
samples do not undergo changes during storage. Hence, one early goal of the speci-
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FIG. I. Stability o f the chemical composition o f specimens in a specimen bank [8] illustrated
by the results o f the determination o f Zn.

men bank projects was to determine the stability of specimens at various conditions,
such as freeze-dried and stored at room temperature, and fresh frozen and stored at
—25, —80 and —150°C. To deal with the question of storage stability, aliquots
(about 6 - 8 g) o f the homogenized human liver samples were stored under the above
conditions. After seven years of storage aliquots from two of the conditions ( —25
and —150°C) were reanalysed for comparison with baseline data obtained immedi
ately after the homogenization in 1980 (for inorganic constituents only) and for direct
comparison of the two storage conditions. The correlations between baseline data
and data obtained after seven years of storage o f 20 elements in 24 samples have been
investigated. The inorganic results did not show any deviations. Correlation coeffi
cients of r > 0.97 have been observed for two storage conditions, at —25 and
-1 5 0 ° C . Figure 1 [8 ] illustrates these findings for the element zinc, for which,
among other elements, very reliable determinations were available with the use of
neutron activation analysis (NAA), as discussed below.
Aliquots of the same samples were also analysed for the determination o f pesti
cides and selected PCB congeners. As with the trace element results, no significant
changes were observed between the samples stored at - 2 5 and -1 5 0 ° C , as indi
cated by the slope o f the regression lines. Unfortunately, no organic baseline data
for the 1980 liver samples were available to determine whether analyte concentra
tions had changed at both of the storage conditions since the initial storage.
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Even though the chemical analyses of the samples stored at —25 and - 150°C
indicated no significant changes in composition, there was physical evidence of
changes in the sample aliquots. At —25°C, the aliquots o f frozen liver homogenate
had formed ice crystals under the container lids and on the sample surface (i.e. the
moisture in the samples had separated), and the homogenates were no longer
powdery, but were lumpy or solid. The samples stored at - 150°C were still powd
ery, as they had been at the time o f homogenization. The subsample weights were
stable over the storage interval for both storage conditions. The separation of
moisture from the samples stored at - 2 5 ° С would necessitate the use o f the total
subsample for any analytical determinations. In addition, the colour o f the sample
aliquots stored at - 2 5 ° C was different from those stored at -1 5 0 ° C . Samples
stored at —80°C did not show any formation of ice crystals or any noticeable colour
changes. Reanalyses o f banked samples will continue in the NBSB projects to further
assess the effects o f long term storage under different conditions. The NBSB, as well
as other banking programmes, are currently banking all samples at - 150°C to avoid
the physical changes noted above and because of the relatively maintenance free, low
cost operation of the liquid nitrogen vapour freezers.

3.

ANALYTICAL CONSIDERATIONS

Nowadays, much analytical work on banked specimens is dedicated to organic
pollutants, followed by the determination of elements and other investigations, such
as determinations o f biological indicators. In the context of this symposium, only the
determination o f inorganic constituents will be considered. Radionuclides are cur
rently of lesser interest; nevertheless, banked samples could provide information.
O f the numerous inorganic analytical methods available, nuclear methods are
particularly well suited for obtaining substantial information on the elemental com
position o f various environmental and biological samples [9], and have been success
fully applied to the characterization of samples from the NBSB. Also the banks in
Germany and Japan have made extensive use of nuclear techniques for the characteri
zation of banked samples. Some o f the many advantages o f nuclear techniques are
discussed in what follows.

3.1. Nuclear methods for instrumental assay
3.1.1.

Neutron activation analysis

F or the NAA method, nuclides o f the stable elements are transformed to radi
onuclides during irradiation o f the sample with neutrons. The nuclei of different iso
topes within a sample have various probabilities of capturing the neutrons. Following
neutron capture, many product nuclei decay by particle and/or gamma ray emission.
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Detection of these decay products and their activity is utilized for the quantification
o f the elements, since the activity o f a particular nuclide in an irradiated sample at
a given time is proportional to a number o f factors, including the quantity of the iso
tope, the probability o f neutron capture (known as the cross-section), the neutron
fluence, and the product o f the decay constant o f the nuclide to be measured and the
time of decay. If samples and com parator multielement standards are treated identi
cally (including irradiation position and time, detector counting geometry and effi
ciency), and if they have the same isotopic abundances, the amount of an element
in a sample can be calculated directly from the ratios of the activities. This reliance
on principally physical param eters makes NAA largely independent o f matrix and
chemical interferences, as well as virtually blank free.
A further advantage o f the purely instrumental assay is the capability of
sequential or cyclic analysis, which maximizes the information that can be obtained
from a single sample. A diagram of a typical series o f irradiations and counting
cycles needed to obtain the concentrations for 28 elements in a liver sample by
instrumental neutron activation analysis (INAA) is shown in Fig. 2. This figure illus
trates the suites o f nuclides with similar half-lives obtained simultaneously with each
irradiation/counting step. The selection o f various irradiation and decay times
emphasizes the detection o f one group o f nuclides over others.
3.1.2.

Prompt gamma neutron activation analysis

A complementary method to NAA is neutron capture prompt gamma ray acti
vation analysis, or prom pt gamma neutron activation analysis (PGNAA). In
PGNAA, the emitted gamma rays are detected while the sample is being irradiated
with neutrons. Following neutron capture, the excitation energy is released by emis
sion o f one or m ore ‘prom pt’ gamma rays. The method has widely varying sensitivi
ties for all elements [ 1 0 ], which depend on the capture cross-sections and gamma ray
yield for a specific gamma ray. It is particularly useful in biological samples to quan
tify light m atrix elements, as well as several major and trace constituents. Quantifica
tion in PGNAA is accomplished by the comparator method, similar to the NAA
example above, or by the use o f a flux monitor, where the count rates o f elements
at certain fluence rates are known and are related to the activity of a single element
monitor.
3.1.3.

X ray fluorescence

X ray fluorescence (XRF) is another analytical technique employed in the
analysis of NBSB samples. A particular application o f XRF, using the backscatter
with fundamental param eter (X RF-BFP) procedure, is especially useful for biologi
cal and environmental m atrices [11, 12]. The specific conditions followed for these
analyses can be found in Ref. [13]. Again, the non-destructive nature allows for

340

ZEISLER and STONE

1st irradiation

1st count: 300 s

2nd count: 600 s

2nd irradiation

3rd count: 6-12 h

Compton suppressed
count: 6-12 h

4th count: 12 h

Radiochemical
separation
FIG. 2. Sequential determination o f trace elements with neutron activation analysis. All
determinations are performed on the same sample and any o f the instrumental steps can be
repeated fo r increased sensitivity or quality assurance.
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sequential determinations in the same sample and subsequent use of the sample for
further analysis.

3.2. Nuclear methods with radiochemistry for ultimate sensitivity
To achieve the best sensitivity in NAA for low level trace elements, it is often
necessary to separate the element(s) of interest from the other radionuclides in the
sample. In these cases, radiochemical neutron activation analysis (RNAA) is neces
sary. M ost o f the problems associated with sample dissolution are eliminated in
RNAA since the sample has been activated prior to treatment, i.e. dissolution can
be perform ed in an essentially ‘blank free’ manner since chemical manipulation of
the sample is carried out after the activation (irradiation) step. The non-activated
elements in reagents, dissolution vessels, separation apparatus, etc., cannot affect
the amount of radioactive nuclides measured. In fact, a quantity of the stable (un
irradiated) element(s) of interest (carrier) is typically added to the sample prior to
chemical manipulation to minimize the problems o f processing dilute solutions.
Many different types o f radiochemical separations can be performed, from
precipitation methods to extractions and ion exchange. Two examples o f RNAA
procedures that have been used in the NBSB programme are liquid-liquid extractions
for C r and Sn [14] and the use of an inorganic ion exchange column for a group sepa
ration for C r, As, Se, Mo, Ag, Sn and Sb [15].

3.3. Data quality
An essential point in any chemical characterization is that there should be a
means to assure the quality of the data. Often, data can be confirmed by replicate
analyses and independent determination o f sample constituents by different analytical
techniques. W ith the banked samples, however, replicate analyses by numerous tech
niques are not practical on account of the limited sample amounts. Nuclear tech
niques provide the opportunity to utilize repetitive multielement determinations of
inorganic constituents in the same sample for quality assurance. Several elements can
be determined by more than one method and, in the case of NAA, an element can
sometimes be determined in more than one irradiation and counting cycle. Also,
since the nuclear methods used here (with the exception of radiochemistry steps) are
non-destructive, most steps can be repeated if there is some question about a specific
data point, or, in specific instances, a sample can be reanalysed under more optimum
conditions to enhance sensitivity.
Another important part of checking data quality in the NBSB programme has
been the analysis o f certified reference materials along with the samples. Several
types of certified reference materials are included in each set of analyses. Since the
analytical conditions for these determinations are identical with the ones for the
samples, direct inference can be made regarding the quality of the results.
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Y ear

FIG. 3. Quality control chart fo r the determination o fZ n in human liver samples from the
NBSB. The results fo r N IST SRM-1577 and 1577a, bovine liver, have been normalized fo r
comparison and are given with their individual uncertainty.

The continued use of reference materials in the NBSB analytical programme
also allows for some judgem ent on the long term performance of nuclear methods,
which is essential for a successful specimen banking programme. For example, the
results obtained for zinc on United States National Institute of Standards and Tech
nology (NIST) Standard Reference Materials (SRMs) 1577 and 1577a, bovine liver,
analysed along with human liver samples, are summarized in Fig. 3. Since the zinc
concentrations differ slightly in the two materials, the results are normalized to the
certified value, which is set equal to one and shown with its 95% confidence interval
of + 0 .1 . Each measured value is shown with its uncertainty ( li) due to the counting
statistics o f samples and standards. The observed relative standard deviation o f the
data is 2.5% . During the ten year period o f inorganic analyses for the NBSB, major
changes in nuclear instrumentation have occurred which provide improved spectral
resolution, as well as more sophisticated peak analysis software. These improve
ments have not led to changes in the measured concentrations. Also, the fact that
different personnel have had principal responsibility for individual measurements
throughout the studies and that, on occasion, a different reactor has been used for
irradiations has had no significant influence on the results. A larger scatter in the data
is observed during 1984-1985, when shorter and earlier instrumental counting was
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done for the liver samples to allow for a subsequent radiochemical separation, but
the results are still within the uncertainties of the certified values. This illustrates the
consistency of the NAA technique.

3.4. Application of nuclear methods in the NBSB programme
Four types o f samples that have been analysed by nuclear methods in the NBSB
program m e (see Tables I and II) are described below: (1) human livers; (2) marine
bivalves; (3) fish livers; and (4) marine sediment samples. The analysis has been per
formed on aliquots of a selection of 1 0 - 2 0 % o f the samples that are part o f the
respective archiving programme.
3.4.1.

Human livers

The inorganic scheme applied to the human livers has been modified since the
beginning of the NBSB programme. It has evolved from the use o f several analytical
methods to obtain elemental concentrations [16], i.e. NAA, atomic absorption spec
troscopy (AAS), isotope dilution mass spectrometry (IDMS) and anodic stripping
voltammetry (ASV), to relying almost totally on NAA [8 ]. In addition to the data
obtained by NAA, a collaboration in recent years with the Environmental Specimen
Bank in Germany has provided data determined by voltammetry for Pb and Ni, and
Hg by cold vapour AAS, as well as comparative results for Cu, Cd and Zn by vol
tammetry [17].
The changes in the analysis scheme reflect both improvements in instrumenta
tion and the application o f radiochemistry procedures. One improvement involving
analytical instrumentation is the application o f Compton suppression [18] to improve
the detection limits for several elements, especially for As, Cd and C r. For the assay
of short lived nuclides, loss free counting has been utilized to handle count rates up
to 70 000 counts/s, with a typical detector resolution of 1.95 keV full width at half
maximum (FW HM) at 1332 keV. The radiochemical procedures applied to the liver
samples have been expanded from single element determinations for Sn and Cr to
a group separation [14]. This has been done to obtain better sensitivity for several
low level trace elements simultaneously. In some cases, information has been
obtained from both IN A A and RNAA, with the RNAA results having lower uncer
tainties.
A summary of the concentrations for 30 elements obtained by NAA and com
plementary techniques in the NBSB human liver analyses is given in Fig. 4. The data
in the figure represent results for up to 96 individual human liver samples. As has
been discussed previously [19], it is significant that a very narrow range o f values
has been obtained for many essential trace elements (e.g. Se and Zn), while the
values for pollutant elements (e.g. Al, As, Cd, Ag, Sn and Pb) show greater variabil
ity. At the time the first set o f results was obtained, the values found for many of

Element concentration (mg/kg)

u>
£
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FIG. 4. Element concentrations in 96 human liver samples from the NBSB; each result is indicated by a
horizontal bar. Data include chiefly NAA results complemented by voltammetry results [3, 14, 17].
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the pollutant trace elements were at concentration levels much lower than expected,
and often below previously reported data [20]. This appears to result from carefully
minimizing contamination o f the samples in this work. Contamination has been care
fully controlled during sample collection, and this control has continued throughout
storage prior to analysis and sample preparation, as well as throughout the entire ana
lytical procedure. Many more researchers have now recognized the importance of
early contamination control and this has been confirmed by a recent literature compi
lation [2 1 ] showing many o f the trace element concentrations in human livers at simi
larly low levels.
W ork on minimizing contamination still needs to continue, as illustrated by the
levels o f Cr obtained from the human liver homogenates. The levels (100 /¿g/kg and
below) obtained for the liver homogenates are low compared with previous values;
however, recent data suggest that even homogenization with Teflon disc mills is con
taminating the liver homogenates with irregular amounts of Cr, which are now
known to be present at trace levels in the Teflon. The actual levels o f Cr in human
livers are probably less than 2 0 jug/kg [2 2 ], so most o f the values greater than this
are most likely due to the Cr contribution from the homogenization process. In addi
tion, an uncontrollable contamination of the samples by Hg during the irradiation in
polyethylene containers was revealed through the analysis of reference materials.
Hence, no Hg values are included in Fig. 4.
The large num ber of elemental concentrations determined in the human liver
samples adds much information to the literature in terms of baseline data. Few
studies have such well characterized liver samples with respect to their inorganic
composition. In addition, these liver samples have been characterized with respect
to their content of polychlorinated biphenyls and chlorinated pesticide residues [23].
3.4.2.

Bivalves

A combination of nuclear techniques has been used for the design o f the analy
sis scheme for the marine bivalves [12]. Non-destructive techniques are applied in
sequence to the same subsample to obtain concentrations for more than forty ele
ments before the sample is consumed in a final radiochemical assay. This procedure
involves, in sequential order, X R F-B FP, PGNAA, INAA and finally RNAA for the
measurement o f Sn. This scheme provides a high degree o f internal quality control,
even greater than for those used for the human livers, since there are many elements
that are determined independently. In addition, a series o f analytical techniques can
be applied in the above mentioned sequence to a single 250 mg subsample.
In applying the procedure to bivalve samples, greatly differing inorganic con
centrations are found. Concentrations for up to 45 elements in bivalve samples from
the United States National Oceanic and Atmospheric Administration (NOAA)
National Status and Trends (NST) Mussel W atch Project [4] are determined, and
these concentrations range from per cent levels for Na, К and Cl to ppb levels for
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Sb and A u . 1 This sequential analysis procedure shows great flexibility towards such
a large range o f concentrations, and the procedure can be adjusted, if necessary, at
various stages to provide optimum sensitivity for specific elements.
3.4.3.

Fish livers

The Benthic Surveillance Project of the NST Program provides samples of
bottom dwelling fish and benthic sediment (discussed in the following section) to the
NBSB. Both fish muscle and fish liver samples are collected, and selected samples
o f both of these tissue types were analysed. The analysis of the fish liver samples
contributes much m ore information, especially regarding possible pollutant ele
ments, owing to the liver’s role in the detoxification of harmful compounds from
organisms and the accumulation o f these elements in the liver. Thus, the liver sam
ples are preferred over the muscle tissue for analysis, even though it is necessary
to dissect m ore fish to collect sufficient liver material (ideally 200-300 g).
The analytical scheme used to analyse the fish livers was similar to that used
for human livers as described previously. Concentrations for 33 elements were
obtained by INAA, and a final single element radiochemical separation was used to
obtain information on Sn values. Owing to their low levels, Sn and other elements,
such as Ag and V , are seldom determined in biological samples, although they are
significant pollutant elements to monitor.
3.4.4.

Sediments

'

Sediment samples were analysed in conjunction with the bivalve and fish tissue
samples. Since the sediments contain quite different concentration profiles compared
with the biological samples, they require different analytical considerations com
pared with the analysis o f biological samples. There were significant analytical
problems for the trace and ultratrace pollutant elements o f interest for the monitoring
program mes, caused by the elevated concentrations o f many elements, such as the
rare earth elements. Sediments also present difficulties for dissolution, and the ana
lyses here are dependent totally on two instrumental techniques, INAA and PGNAA.
The details o f the irradiation and counting conditions for these samples have been
summarized previously [24, 25]. Loss free counting techniques and other advanced
instrumentation [24] figure prominently in the accurate analysis o f these samples to
obtain concentrations for up to 35 elements. A total of 18 Mussel W atch and 13 Ben
thic Surveillance sediment samples have been analysed in the NBSB programme.
Efforts are under way to correlate concentrations o f trace elements in biological and
sediment samples from the same site.

1 1 billion = 109.

Enrichment factors relative to AI

Concentration (mg/kg, dry weight)
(b)

(a)
0.01

0.1

1

10

100

0.1

1

10

100

Eliott Bay
Nisqually Reach
Nean Bay
Coos Bay
Bodega Bay
Southhampton Shoal
M arina del Rey
Santa Monica Bay
Newport Bay
Dana Point
Imperial Beach
Corpus Christi
Gallinipper Point
Tres Palacois Bay
Galveston Bay
Mobile Bay
Mississippi River Delta
Pasaeoula Bay
Charlotte H arbor
St. Jo h n 's River
Charleston H arbor
Chesapeake Bay
Baltimore H arbor
Balt. H arbor(SRM 1941)
Delaware Bay
Long Island Sound
Hudson Raritan Estuary
Buzzards Bay
Goosebury Neck
Hingham Bay
Dorchester Bay
Boston H arbor

FIG. 5. Results fo r As and Ag in National Status and Trends [4] sediment samples displayed on (a) an absolute concentration scale, and
(b) normalized to A l to determine enrichment.
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A comparison of concentrations for two pollutant elements for 32 sediment
samples is shown in Fig. 5. The sites in the figure are ordered geographically, and
an additional site is included; one at Baltimore H arbor, where the material for SRM1941 was collected [26]. The concentration profiles for Ag and As are given with
their individual uncertainties ( li) . Data below the limit o f detection are represented
as points with arrows. Although some significantly different values can be observed
in the absolute concentrations reported in Fig. 3, for instance, there is a very high
Ag concentration at M arina del Rey, Long Island Sound and Boston Harbor and high
Ag and As concentrations at Baltimore Harbor, for a realistic understanding o f the
possible pollutant trends, it is necessary to evaluate the results in a different manner
than merely displaying absolute concentrations. One technique for the evaluation of
such data is by the use of enrichment factors [27], where the elemental concentra
tions are normalized to a crustal element, such as Al, and compared with similarly
normalized values for soils, sedimentary rock or a comparable matrix. A comparison
o f enrichment factors (normalized to Al [28]) is illustrated in Fig. 5. The indication
o f high concentrations at Marina del Rey, Long Island Sound, Baltimore Harbor and
Boston H arbor is supported by the enrichment factors, whereas other sites can be
clearly identified as normal.
Data manipulations, such as the calculation of enrichment factors, are facili
tated by employing nuclear techniques, such as NAA, for inorganic analyses since
concentrations for a large number of elements can be obtained with the same aliquot.
In cases where Al cannot be used for normalization, (if there is Al contamination,
for instance), other crustal elements (e.g. Sc, Ce and Cs) are easily obtained by NAA
and can be substituted. In using other analytical techniques, the flexibility of obtain
ing reliable concentrations for so many elements is not readily available, nor would
such data manipulations be as straightforward.

4.

CONCLUSION

The objectives o f specimen banks concerning high quality data in the area of
elemental analysis are easily accomplished with the employment of nuclear tech
niques. Next to accuracy, which is of the utmost importance, is the ability to simul
taneously and sequentially determine many elements in a single sample. This is a
significant feature as it helps to preserve the bulk o f the specimens in the archive.
The capacity to determine 45 elements in a single sample has been routinely applied.
Non-destructive assays, broad dynamic range and extreme sensitivity are other out
standing characteristics of nuclear techniques. Elemental indicators o f pollution,
such as silver, which ranges in concentration from below ц g/kg to tens of mg/kg,
or such as vanadium, whose concentration is below or close to the detection limits
of other techniques, can be routinely monitored and used as guidance for further
investigations. In addition, the multielement data obtained by nuclear techniques are
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suitable for subsequent data analysis, such as factor analysis or the determination of
enrichment factors for pollutant elements, a feature crucial to the understanding of
complex system such as sediments or air particulate matter.
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Abstract
OPPORTUNITIES FOR INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS IN
ENVIRONMENTAL PRACTICE.
An outline is given for neutron activation analysis (NAA) investigators and laboratory
managers on how to find opportunities for the implementation of instrumental neutron activa
tion analysis in environmental practice. Aspects such as marketing to possible users in govern
ment, university and industry, and the role of the NAA laboratory as part of an inter
disciplinary team for environmental research are discussed.

1.

INTRODUCTION

At present, research reactor establishments and associated laboratories for
instrumental neutron activation analysis (INAA) are developing strategies to justify
the existence and continuation o f their expensive facilities, particularly in a univer
sity environment [1]. Part o f such a strategy might be to focus the potential o f INAA
laboratories on problems o f economic and social importance. Thus, not only the
scientific and technical community o f a country but the public as a whole as well may
benefit from the facilities.
Environmental research should be considered as one o f the major fields of
application o f INAA. Studies o f the impact o f m an’s (industrial) activities on his
natural environment involve m ore than just the study o f the sources and effects of
contaminants. Results are also used to set baseline values and standards o f quality,
for monitoring purposes, to build predictive models and to prove the existence o f vio
lations for regulatory action to be taken. Taking into account the social, economic

351

352

BODE et al.

and juridical implications o f all these aspects, it is evident that the analysis method
employed should above all provide reliable results. It has been demonstrated [2] that
INAA, even when used on a routine basis by non-specialists, has the potential to
fullfil this demand.
In almost all neutron activation analysis (NAA) laboratories the staff has been
educated in nuclear chemistry, radiochemistry, nuclear technology and/or nuclear
physics. Seldom is there permanent staff with an education in environmental sciences
or biology for the scientific management o f an environmental research programme.
Therefore, in setting up an environmental research programme by INAA laborato
ries, co-operation with specialists in the field is mandatory to make analytical efforts
truly valuable and effective.
This paper outlines how opportunities can be found for the implementation of
INAA in environmental studies. The methodology o f INAA, the variety of materials
for analysis, or the details o f possible environmental research programmes will not
be discussed. Numerous examples o f applications may be found in review articles,
such as the bibliography section o f the Journal o f Radioanalytical and Nuclear
Chemistry, and the biannual review section ‘Nuclear and Radiochemical Analysis’
o f Analytica Chemistry. Additional information may be obtained from the proceed
ings o f various topical conferences, e.g. the biannual series Environmental Contami
nation or Heavy Metals in the Environment.

2.

SOME CONSIDERATIONS ON HOW TO ENSURE A PLACE
FOR INAA IN ENVIRONM ENTAL PRACTICE

2.1. Identification of potential partners and users
The types and sources o f environmental pollution in a country determine in the
first instance which users o f INAA are the appropriate ones to contact. However,
the variety o f industrial and agricultural branches can also indicate potential users.
If a research reactor is located in a university, co-operation between university
departments is obvious. W hen funding for a non-university research reactor comes
from the government, it would be advantageous to contribute to governmental
research as well.
2.1.1.

Governmental organizations and agencies

Governmental users are, for example, the ministries o f environmental health,
public health, general welfare, industry and agriculture and their related research
institutes, as well as the comparable county and municipal authorities. Data on trace
elements play an ever m ore important role in formulating legal standards, and in law
enforcement. Governmental research institutes often have access to one or more
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trace element analysis techniques. Their acceptance o f INAA as an alternative tech
nique will be stimulated by the specific advantages (it is non-destructive, sensitive
and multielement). Reliability is always important, especially where legislation is
involved. However, the advantages should be balanced against the turnaround time
and the inadequacy o f determining the element lead and a few other elements of
interest. In this m arket segment there is often interest in monitoring programmes to
establish the degree of, for example, air and soil pollution, the effects o f waste
streams and the quality o f fish and crops.
Authorities are increasingly interested in the effects o f industrial activities on
the dispersion and accumulation o f natural radioactivity. The availability o f gamma
ray spectrometers in INAA laboratories and experience with the interpretation of
gamma ray spectra facilitate the implementation in environmental research pro
grammes o f monitoring programmes for natural radioactivity (e.g. from mining
activities), in addition to radioactivity from fallout, nuclear reactor wastes and
accidental releases. Although not actually belonging to INAA, this is a way o f mak
ing a nuclear laboratory m ore useful to society, as has been shown after the Cher
nobyl accident. The sudden demand for the measurement of radionuclides
overwhelmed the instruments available to environmental groups in Europe, as a
result o f which INAA groups took over part o f the responsibility o f measuring sam
ples from the environment and foodstuffs.

2 .1 .2 .

U n iversities

W ithin the university, environmental science oriented groups may be found in
chemistry and biology departments. However, in civil engineering and mining
departments too interest in INAA services may exist, e.g. for problems related to
wastewater or sewage treatment, or for studies o f the environmental impact of
residual wastes from mining activities.
Other departments which may show an interest are those o f limnology, geology
and medicine. Short turnaround times are usually not o f vital importance, although
sometimes student projects are rather constrained with regard to time. A multi
element capability, large throughput and low cost are key elements. Analysis costs
may be reduced by payment in kind, or by active participation, e.g. through sample
preparation, weighing-in and performing the analysis itself. The latter requires a
user-friendly system with only a short training period [2]. W ithin the university,
INAA may also be used when competitive analytical techniques exist, but are not
available owing to budgetary reasons. M oreover, the participation o f students in
INAA will contribute to their analytical training and to a better understanding o f the
nature and potential o f radionuclides.
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Industry and utilities

Industry, utilities and related organizations constitute a third market segment.
Also included here are the research laboratories o f large companies, technical insti
tutes (e.g. for civil engineering and agriculture), consulting agencies, engineering
enterprises, etc. Potential users o f IN A A in this segment are companies which
specialize in waste management and treatment, industries with strongly polluting
waste streams (coal burning plants, waste incinerators and the metallurgical and fer
tilizer industries). Co-operative research programmes may be required to establish
the effects o f mining and the production o f raw materials. Trace element analyses
may also be required for monitoring the occupational health o f employees (e.g. via
analysis o f urine, hair and/or blood).
In this segment ultimate analytical accuracy and sensitivity will not always be
demanded; multielement capability and turnaround time are generally o f importance
and, above all, reliability o f the results. The INAA laboratory has to prove that
owing to the characteristics of INAA, in combination with good laboratory practice
(GLP), the reported results cannot suddenly be found to be wrong, e.g. an order of
magnitude error.
The potential o f INAA in this segment is supported by the fact that large com
panies in The Netherlands (Philips, Shell, Dutch State M ines), with a variety o f
expensive analytical techniques at their disposal, have introduced INAA as a routine
analytical method in their laboratories. For the required irradiation, various nearby
reactors, some located abroad, have been contracted.

2.2. Preparation for a contract or for collaboration
2.2.1.

Collecting background information on potential users and partners

Contract acquisition requires the collection o f background information on
potential applications and customers. Many laboratories face the difficulty that their
research staff is not trained or experienced in sales promotion and marketing. In
order to target universities and other research institutions, it would be useful to
obtain a list o f potentially interested persons and their specialities or current research
programmes to decide where a first approach can be made. In targeting governmen
tal organizations, industry and utilities, some knowledge of their current problems
in the environmental field is necessary. In setting up meetings, one should have a
basic understanding o f the potential applications as a starting point for the discus
sions. Once these take place it may become apparent which specific applications may
be most suitable. Through all o f this the person doing the market research and iden
tification o f applications should have a good understanding o f INAA and its poten
tial, particularly with regard to the type o f materials that can be analysed and the
elements which can be determined.
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Contacts with potential consumers may be effected by direct mailing o f a
brochure, with information on the characteristics o f INAA (in layman’s language,
what specifically INAA has to offer to them over more common techniques), exam
ples o f applications, price, names and associated telephone numbers, etc. This
should be followed by a contact some weeks after the brochures have been mailed.
Other ways o f marketing are: attending and participating in trade shows related to
the environment, presenting lectures on INAA and its potential at meetings related
to environmental practices, writing popular articles in professional, technical and
trade journals on the environment and organization o f mini-symposia for decision
makers within the respective m arket segments.
2.2.2.

Preliminary analyses

Once interest is shown, it is necessary to obtain some material to test the appli
cation. Samples should be analysed rapidly and the results discussed with the client
to check whether the levels o f sensitivity and precision are sufficient. At this stage,
the client should indicate whether the analyses will provide, in principle, a solution
for the problem to be dealt with. At this stage too, the client and the INAA laboratory
can w ork out compromises which could significantly reduce costs, and perhaps the
turnaround time, by reformulating the analytical question and/or optimizing with
respect to turnaround time, the budgets and samples (e.g. more samples with a lower
level o f precision or detection limit, or less samples with higher ones).
2.2.3.

Economic aspects

In the first contacts the analysis o f costs will often be a major subject o f discus
sion. A good understanding o f the make-up o f the total INAA costs is required, and
also the costs for analyses using alternative techniques. On the basis o f the make-up
o f costs, the INAA laboratory may define its charges for different types o f analysis.
Sometimes, one should overestimate the charges somewhat in first contacts. Later
on, after preliminary analyses, the charges can be adjusted; customers accept reduc
tions more easily than they do increases. Costs also depend on the number of ele
ments to be determined, as well as on the level o f sensitivity and precision. Practical
experience shows that clients initially tend to overspend on the analytical capability.
Quite often it turns out that ‘good is good enough’, and sometimes even detection
limits and/or a few key elements are already suitable. Guidelines for cost analysis
are given in Ref. [3].

2.3. Responsibilities
As mentioned above, environmental research should be carried out by inter
disciplinary teams whose composition and close association largely define the quality
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o f the proposed study. Clients generally translate their environmental problem into
specific analytical tasks. In order to make the analyses meaningful, the INAA inves
tigator should evaluate, together with the other members o f the team or with the
client, the pathway from environmental problem to analytical task and possibly refor
mulate this, also taking into account the specific characteristics o f INAA.
At the start o f a project, good and clear agreements should be made on who
will be responsible for what part of the entire project and the feedback and consulta
tion. As an example, the responsibility o f an NAA investigator may start at the point
where the samples enter the laboratory. It may be considered more satisfying for him
to clarify, before starting, the aspects listed below.
2.3.1.

Sampling

Sampling is a crucial step in an analytical procedure, but this simple fact is
easily overlooked. A part from the question o f the extent to which the sample is
representative of the problem at hand — often a task for the environmental specialist
— the NAA analyst has to contribute in areas that deal with all sample manipulation
prior to analysis. This comprises not only which samples have to be taken, but also
how to sample correctly and how to treat the samples adequately prior to analysis.
W hen all analyses will be carried out using INAA, the NAA analyst may recommend
the sampling o f alternative representative materials for which INAA has better ana
lytical capabilities. Sampling procedures for materials, typically in environmental
and biological research, and treatment of samples prior to analysis (e.g. sample size
reduction, fractionating and conservation) are described in the literature (e.g.
Ref. [4]).
2.3.2.

Sample size

All analysis techniques imply that the aliquot finally analysed is limited to a
few hundred milligrams or microlitres. Thus, it is often questionable as to what
extent the aliquot is really representative. The NAA investigator should therefore be
familiar with the effects o f contamination, loss and inhomogeneity in sample size
reduction procedures. Recently, a new type o f INAA has been introduced, large
sample INAA [5], which can be used to analyse samples with sizes up to tens o f kilo
grams. By the time this new method reaches maturity, the problems mentioned above
will have largely been overcome.
2.3.3.

Which elements should be analysed?

The NAA investigator can also contribute to the definition o f which elements
should be analysed, and can make an estimate of the level o f sensitivity, the detection
limits and precision attainable. Sometimes this is possible on the basis o f a literature
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survey or previously analysed material. Otherwise, test runs o f the material of choice
and/or closely matching reference materials are necessary. In any case, it is impor
tant not to overstate one’s capabilities, since it may result in the INAA laboratory
acquiring a bad reputation, which is hard to overcome.
In environmental analysis, heavy metals like lead, mercury and cadmium were
for long among the first sources o f concern. However, it is accepted nowadays that
most elements may in some way be o f environmental interest, e.g. as indicators in
some way o f pollution, or because o f their toxicity, which differs for man, animals
and plants [6 ]. Although ‘one elem ent’ data may, in principle, be sufficient when
a priori a specific element is suspected to cause an environmental problem, it has
become an unwritten rule that the question ‘Which elements should be determ ined?’
is answered with ‘As many as possib le’.
The multielement character o f INAA should therefore be emphasized when
defining the research programme. It is often unknown in advance which element may
be o f interest in a certain study. In some cases, increases in concentration levels may
be observed for elements not o f prim e interest, sometimes even before they have
been developed into an environmental problem. Examples in this respect are the so
far unknown impact of elements such as platinum (in use as a catalyst for car
exhausts) and the lanthanides.
Another important aspect o f multielement data is that they permit determina
tion o f element concentration patterns which may provide information presented by
the interelement relationships and, as such, can be used to identify materials. This
may facilitate identification of the associated sources and pathways [7].
2.3.4.

Capacity o f the INAA system

If the research reactor permits the irradiation o f a large number of samples on
a routine basis (i.e. the schedule o f the reactor consistently provides irradiation at
least several days every two or three weeks), it may also be possible to operate on
a service basis to industries. On the other hand, when only small numbers o f samples
can be irradiated, or the operation time is irregular, it would be better to approach
customers with small volume demand and/or m ore on the basis o f research or a
co-operative effort.
The capacity o f counting facilities may be increased using automated sample
changers, but, unfortunately, these are not commercially available. Examples of
sample changers developed at different laboratories are given in the literature [8 , 9].
However, acquiring a sample changer depends on the skills o f the workshops and
technicians associated with an INAA laboratory. This sometimes hampers laborato
ries in achieving economical use o f their equipment and, consequently, a competitive
price.
Another approach in enlarging capacity and throughput is by improving detec
tor efficiency [10]. Well type and large volume Ge detectors allow for equal sensitiv-
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ities in considerably shorter counting times. The associated problems of the use of
these detectors have recently been discussed [ 1 1 ].
2.3.5.

Organization

There are distinct advantages when the INAA laboratory is organized accord
ing to the basic principles of, for example, a GLP organization [12, 13]. Good
laboratory practice contributes to simple but important aspects o f analytical contract
research, such as getting the results ready within the agreed time-frame; preventing
interchange o f samples/results or the loss o f vital information (e.g. consumer codes,
weights). For consumers, a laboratory which operates according to GLP rules, or
with a form o f laboratory information management system, presents itself as a
reliable partner for research and analysis. This is especially true when the INAA
laboratory has an accredited ‘quality certificate’, which is highly important when
analytical results may have legal implications. M oreover, there are indications that
in forthcoming years in Europe an accredited status will be mandatory for the acqui
sition o f contracts from governments, and possibly also from industries.
Quite often, INAA is performed in university institutions. W hen involved in
the analyses o f large batches o f ‘service’ samples, the workload and strict deadlines
for reporting may cause a certain stress situation, affecting the academic research
efforts o f the laboratory. W hen continuous growth in commercial analyses can be
foreseen, it may be worthwhile to consider a separate service department, though one
in close association with the INAA research group.
Since INAA cannot cover all elements o f environmental interest, an INAA
laboratory which wishes to give complete service or perform independent environ
mental research could consider getting additional instrumentation, e.g. for atomic
absorption spectrometry for lead and cadmium, an ion chromatograph for ions, or
sophisticated equipment, such as for inductively coupled plasma-optical emission
spectroscopy (ICP-OES) or mass spectrometry (ICP-M S).
3.

CONSIDERATIONS ON TH E COMPETITIVENESS
OF INAA W ITH OTHER TECHNIQUES

In publications on environmental research involving INAA, it is not always
clear whether the technique has intentionally been chosen because o f its characteris
tics, or because no other techniques were available. Frankly, it must be concluded
that many publications would possibly have the same content and conclusions if
‘IN A A ’ is replaced by, for example, ‘A AS’ or ‘IC P’.
In contacts with potential users or partners, it is therëfore important to be well
aware o f those characteristics o f INAA which are truly superior to competitive tech
niques. In the opinion o f these authors, these characteristics are: (a) nondestructivity, (b) a high degree o f accuracy over a large dynamic range o f concentra-

IAEA-SM-325/192

359

tions, independent o f sample types; (c) reliability; (d) possibility for samples with
sizes up to a few grams to be analysed, which contributes favourably to sample
representability; (e) sensitivity, an important aspect when only limited material is
available (e.g. air particulate matter). Applications are easier to acquire when these
characteristics appear to full advantage, such as the analysis o f soil, sediment, air
particulate matter, material related from legal control programmes, etc.
Nevertheless, the INAA investigator should be acquainted with the characteris
tics o f other competitive or complementary analytical techniques. Differences in
sampling and sample preparation, analysis cost and time, accuracy, precision, sensi
tivity and quality assessment should be well understood. Several articles and text
books (e.g. Refs. [14,15]) may serve as a starting point. M oreover, nuclear
analytical techniques, including INAA, have already received special attention (e.g.
Refs [4, 16, 17]). In 1986, the IAEA held a consultants meeting to compare nuclear
analytical methods with competitive methods [18].
Instrumental neutron activation analysis can be performed at a cost level which
is comparable with other commonly used techniques [18]. However, this requires a
large series o f similar samples which are not always available. This method is there
fore sometimes regarded as being more expensive than, for example, ICP-O ES.
Laboratories at which several methods are available tend to choose the cheapest tech
nique or the technique most simple in use. The method used most often for single
element analysis seems usually to be A AS, and IC P-O ES for multielement analysis,
with the use o f IC P-M S developing strongly.
The long turnaround times involved in the determination o f certain elements
sometimes present difficulties for customers. An analysis may take several weeks
before being completed and reported. In some cases, quicker answers may be given
by a creative use o f short and medium half-life radionuclides.
Instrumental neutron activation analysis differs from other analytical tech
niques in its availability. It cannot be bought as a ‘stand-alone’ piece o f equipment
with pre-programmed software. It makes implementation o f this method in a labora
tory which is not associated with a reactor establishment quite an accomplishment.
Instrumental neutron activation analysis has often to be contracted out, which can
be a nuisance. Therefore, organizations for environmental protection with their own
laboratory facilities, for example, sometimes prefer to use their own stand-alone
analytical equipment, even with worse analytical performance, rather than pay for
INAA services in another laboratory.

4.

FINAL REMARKS

Trace element analysis is an important cornerstone in environmental research.
For long, INAA has played a leading role in such analyses. However, new multi
element techniques have been developed, have grown mature -and have partly dis-
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placed INAA. This is especially true for samples which can easily be dissolved, or
which are already in a liquid form. M oreover, better sensitivities can sometimes be
offered for a range o f elements.
In general, INAA is and will remain the method o f choice for multielement
analysis o f materials which are difficult to convert into a solution for analysis, and/or
o f which only milligram quantities are available; as mentioned above, it is probably
the only direct chemical analysis technique for very large samples.
W hile focusing on these basic items, the other attractive characteristics of
which all INAA investigators are aware o f can be used to accentuate the potential
o f INAA for application in environmental practice. As the types o f problems are
often complex, and sample matrices may vary, even more satisfactory results and
levels o f sensitivity can be expected when dealing with these problems using INAA
in combination with other analytical techniques.
Not only the scientific and technical community o f a country, but also the pub
lic as a whole can benefit from an INAA laboratory directing itself to an area o f eco
nomic and social importance, such as environmental practice. However, to achieve
a respectable position as an INAA laboratory, everything depends finally on the skill,
expertise and, above all, the motivation of the personnel.
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Abstract
APPLICATIONS OF NUCLEAR BOREHOLE LOGGING FOR MINIMIZING THE
ENVIRONMENTAL IMPACT OF RESOURCE MINING AND FOR MONITORING
ENVIRONMENTAL DEGRADATION.
The mining of natural resources can have severe environmental consequences. Some
of these consequences could be minimized if the resource mining industries were able to obtain
rapid, reliable analyses for particular geological, chemical and mining parameters. Nuclear
borehole logging (NBHL) is now recognized by these industries as the most rapid form of
in situ analysis for the required information. The paper reviews some applications of NBHL
for environmental protection. The review attempts to summarize the more advanced NBHL
technologies and their environmental usefulness. Subsequently, developments and applications
in the verification of the integrity of groundwater supplies, monitoring of nuclear waste dis
posal sites, in situ analysis of heterogeneous media, in situ methods of analysing the quality
of coal and monitoring environmental degradation caused by salination of soil are also
discussed.

1.

INTRODUCTION

Damage to the environment and its repair are increasingly becoming major
concerns throughout the world. The mining o f natural resources can have severe
environmental consequences. Some o f these consequences could be minimized if the
resource mining industries were able to obtain rapid, reliable analyses for particular
geological, chemical and mining parameters. Coal is a major energy source world
wide and is expected to continue to be so in the foreseeable future; however, increas
ing exploitation o f low quality coal contributes significantly to environmental
damage. The emission o f ash, causing fallout, and the emission o f S 0 2, producing
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acid rain, threaten the survival o f forests and cause extensive damage to buildings
through their corrosive effect. Nuclear measurement techniques can be used to deter
mine the various components o f coal which have a bearing on its efficient use and
environmental effects. Nuclear borehole logging (NBHL) is now recognized by the
resource mining industry as being the most rapid and reliable form o f in situ analysis
for the acquisition o f this type o f information. Alternative analysis techniques based
on sampling and laboratory assay frequently produce misleading evaluations o f the
deposit. This is principally due to difficulties in sampling procedures for chemical
analyses and because o f the frequent occurrence o f extensive geological variability.
Nuclear borehole logging deals with these problems and at the same time provides
efficient and rapid results. These advantages are based on the penetrating nature o f
the nuclear radiation used for borehole analysis.
Many aspects o f NBHL are not directly related to environmental problems, but
could readily be applied to some o f them. The spectroscopic techniques that have
been applied to in situ geophysical measurements provide the means for detection
and quantitative determination o f specific elements. This ability, coupled with an
improved understanding o f the application o f nuclear techniques in heterogeneous
m edia, has provided the scope for new applications. Rather than being used just to
conduct a measurement and subsequently relating it to some geological parameter,
nuclear techniques have begun to spawn a variety o f different measurements that can
be applied to the solution o f complex problems, often in conjunction with other types
o f measurements and not just for problems associated within a borehole
environment.
The potential application o f NBHL for the protection o f the environment has
been largely obscured by the misconception that it is invariably associated with
mining activity and therefore contributes to the degradation o f the environment. The
mining and processing o f natural resources is expected to continue for many years
to come and will probably intensify owing to its continuing importance to the
socioeconomic well-being o f many countries. Such activities would proceed
irrespective o f the use o f NBHL. However, the in situ analysis o f geological para
meters o f a mined deposit would at least lead to less disruptive extraction o f the
m ineral resource and the determination of toxic and radioactive pollutants in the
mined product.
A b rief summary o f some o f the more advanced areas o f application currently
being developed is presented below.

2.

USE OF PULSED NEUTRON LOGGING TO VERIFY
THE INTEGRITY OF GROUNDW ATER SUPPLIES

The detection of water movement behind well casings is o f major concern to
the oil, gas and industrial waste disposal industries. The vertical movement o f water
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in channels within a casing borehole annulus can cause contamination o f under
ground supplies o f drinking water. Particularly undesirable is the upward channel
ling o f fluids, such as oil field brines, into shallow freshwater aquifers that are
sources of drinking water. Methods to detect and locate fluid flow behind well
casings are necessary in order to conduct well repairs and therefore prevent contami
nation o f groundwater supplies. The oxygen activation technique is specifically
designed for detecting water flow in boreholes and behind bore casings. The use of
this technique is well known [1-4].
Oxygen activation occurs from a neutron-proton interaction in which a fast
neutron ejects a proton from the oxygen nucleus, producing the isotope 1 6 N. This
isotope decays with a half-life o f 7.13 s, emitting 6.13 and 7.12 MeV gamma
radiation:

1бО (л, p) 16N — ---- 160 + y ’ s
7.13 s
The threshold neutron energy for the oxygen (и, p) reaction is 10.2 MeV,
which is ideally suited to borehole neutron generators that produce 14 MeV neu
trons. Figure 1 shows a typical energy spectrum o f gamma rays produced from oxy
gen activation.

Energy (MeV)
FIG. 1. Typical energy spectrum o f gamma rays produced from oxygen activation [8].
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Upflow in an injection well.

FIG. 2. Schematic o f the geometry o f oxygen logging measurement [7].

Figure 2 shows a schematic o f the geometry o f the oxygen logging measure
ment. If water flows past a high energy neutron source (neutron generator), oxygen
activation will be induced; water flow will therefore be detected as the activated oxy
gen atoms pass nearby scintillation detectors. The pulsed neutron oxygen activation
technique is unique because a radioactive trace ( 1 6 N) is generated in the water,
behind the casing, eliminating the need to perforate the casing and to inject tracer
material.
Ierubino and Ginest [5] described the application of the pulsed neutron logging
technique for monitoring the contamination o f underground aquifers used for drink
ing water in the Springfield North Unit, in Indiana, USA. Two water injection wells
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were chosen to represent the unit. The casing, tubing and packers in each o f these
wells successfully completed mechanical integrity tests. The tool was calibrated to
a no-flow condition in the wells (adjacent to the known position o f cement bonding
between casing and formation). The water flow measurements were performed with
the logging tool stationary at several positions spaced out at 100 ft (30.48 m)
intervals.
McKeon et al. [6 , 7] improved the traditional oxygen activation technique by
eliminating the necessity for a calibration measurement in a known zero flow zone.
Selection of this zone is often difficult and is sometimes impossible. Improper selec
tion can result in a false indication o f flow or in a masking o f flow.
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The water flow log (WFL) is a stationary measurement requiring about 15 min
adjacent to the zone o f interest. The oxygen activation measurement is performed
with a slightly modified dual burst thermal decay time (TDT) tool using three detec
tors: a near and a far TDT detector and a gamma ray (GR) detector. The source to
detector spacings for the near, far and GR detectors are approximately 0.3 m, 0.6 m
and 4.5 m, respectively. The technique is based on a very short activation period
(2 or 10 s), followed by a longer data acquisition period of up to 60 s. The velocity
o f the flow is determined from the source to detector distance and the time taken for
the activated water to pass the detector. Since the W FL measurement is a single
detector measurement, three independent measurements o f flow, from all three
detectors, are obtained. If a zero flow condition exists, the total measured oxygen
count rate will decrease exponentially with a 7.13 s half-life.
Figure 3 plots simulations o f the count rate in the far and GR detectors result
ing from the activation o f oxygen (for 2 s) and water flow outside the casing. Both
the background component and the stationary oxygen activation component (only for
the far detector) must be determined and subtracted from the total count rate for
determination o f the average time between activation and detection. The measure
ment cycle, consisting of a 2 or 1 0 s activation period followed by a 20-60 s data
acquisition period, is repeated 10-30 times to improve the precision o f the measure
ments and to average the flow rate over several minutes (usually 15-20 min).
The far detector is capable o f detecting flow velocities behind the casing from
about 0.6 m /min to 15-27 m /m in, with a maximum sensitivity at about 3 m/min.
The GR detector is used for detecting higher velocities Of flow, i.e. from about
7 m /min to 60 m /m in, with best sensitivity at about 23 m/min. For the United States
Environmental Protection Agency’s purposes, the tool must be able to detect fluid
velocities o f 0.9 m/min.
The HYDROLOG instrument developed by Atlas Wireline Services applies
two detectors only [ 8 ]. The velocity of flow is calculated on the basis o f the ratio
o f two detector count rates. The source to detector spacings have been optimized to
detect the maximum count rate over a wide range o f water flow velocities. The neu
tron source pulses at a 1 kHz repetition rate for 28 ms and is turned off for a period
o f 8 ms to perm it oxygen activation background measurement. The pulsebackground cycle is repeated continuously for the duration o f the stationary
measurement.

3.

MONITORING OF NUCLEAR W ASTE DISPOSAL SITES

The monitoring o f nuclear waste disposal sites is an integral part o f the
environment restoration process after contamination by hazardous and radioactive
pollutants from past nuclear materials process discharges.
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Current site characterization programmes require information on the distribu
tion and concentration of radioisotopes around the sites. This information is being
used to screen and select environmental remediation alternatives and to provide use
ful monitoring data for determining migration rates and confirming models o f the
transport o f the radionuclides through unsaturated zones of the waste disposal site.
Boreholes drilled in and around waste disposal facilities provide the access for
monitoring the migration o f radionuclides, while borehole logging technology pro
vides the means.
Brodeur et al. [9] describe a downhole spectrometric gamma ray logging sys
tem which was built, tested and calibrated for use in the characterization and
monitoring o f nuclear waste disposal sites. The downhole probe o f the above men
tioned borehole logging system is equipped with two gamma ray detectors, has an
efficiency o f 18%, an intrinsic germanium detector and a 5 cm diameter by 20 cm
long Nal(Tl) detector. The germanium detector is cooled by a liquid nitrogen
cryostat system that vents up the hole through a tube in the centre o f the logging
cable, permitting the entire downhole probe to be sealed for use in water filled bore
holes. The high energy resolution/low efficiency germanium detector is used to iden
tify and assay both man-made and natural nuclides, while information from the
sodium iodide detector is for faster scanning and assaying o f K, U and Th. Concen
tration profiles o f naturally occurring radioelements are needed for typical lithological studies, leading to the determination o f environmental corrections.
The borehole logging system was calibrated at the United States Department
o f Energy’s calibration centre in Grand Junction, Colorado, USA. Static logging
data were used mainly for the derivation o f primary calibration factors for potassium,
uranium and thorium and for the determination o f an efficiency function (energy
dependent) that relates the intensity of a gamma ray peak to the absolute intensity
o f the material surrounding the borehole. The efficiency function forms the basis for
in situ determination o f subsurface concentrations o f man-made gamma ray emitters.
In addition, energy dependent casing corrections for steel casings of various thick
nesses were obtained.
The above logging system was acquired for in situ assay of both man-made and
natural radionuclides at the Hanford Radioactive W aste Site. The unsaturated zone
at the Hanford Site is between 70 and 90 m thick in the area where most of the
effluent release sites are found. Radioactive effluent wastes were released into the
unsaturated zone through waste disposal facilities known as cribs, ponds and ditches.
Boreholes were drilled around these sites in the 1960s and 1970s. These boreholes
will eventually be logged to provide subsurface profiles of radionuclide
concentrations.
Another example of NBHL application at the Hanford Site is discussed by
Lanza [10]. During the 1960s, large quantities o f radioactive wastes from the pluto
nium separation process were stored in large, steel lined concrete tanks. Typical
tanks may be around 23 m in diameter and 12 m deep. It is now known that some

370

CHARBUCINSKI

o f the tanks are leaking. To deal with the environmental problem presented by these
tanks and their contents, it is necessary to characterize the material within the tank.
The contents o f the tanks generally consist o f a solid bottom sludge layer, a liquid
region and a thick crust at the top. Determination of the crust moisture content and
o f the liquid level may be accomplished by applying the neutron-neutron technique,
while the elemental concentrations can be obtained from prom pt neutron-gamma
activation logging.
Anderson and Lewis [11] described the application o f NBHL for stratigraphy
determination of the unsaturated zone at the Idaho Radioactive Waste Management
Complex. Boreholes drilled to 210 m penetrate a sequence of ten layered basalt flows
and seven m ajor sedimentary interbeds. Natural gamma ray logs were used as a
primary correlation tool for stratigraphy determination.
Until recently, most interest in the transport o f water soluble pollutants has
been focused on aquifer contamination, i.e. in the zone of saturation. The characteri
zation o f fluid flow and the transport of soluble elements in the unsaturated, or
vadose, zone has been limited. Stein et al. [12] presented results o f a small scale field
experiment in which fluid movement following controlled infiltration was measured.
The aim o f this work was to quantify the horizontal flux o f water, in the unsaturated
zone, after infiltration. The experiment was performed at the Sandia National
Laboratories waste site; the infiltration experiment was simulated on a computer. A
conventional neutron probe was used for measurements o f moisture. Similar applica
tions o f NBHL, mostly natural gamma ray logging and neutron-neutron logging, are
described elsewhere [13-15].

4.

IN SITU ANALYSIS OF HETEROGENEOUS MEDIA

Nuclear borehole logging applied in exploration and/or production holes pro
vides instantaneous information about grade values of an explored or mined element.
Also, detailed stratigraphie information about the thickness and depth o f an ore body
is obtained. Such information is not available from the results o f conventional sam
pling and assaying o f production holes. The production (blast) holes o f most of the
open cut mines are drilled as large diameter ( —250-420 mm) non-cored holes. The
grade control procedure at many open cut mines is conducted by sampling the drill
cuttings deposited on the surface in the shape o f the cones formed around the
perim eter o f the drill holes.
Information about the grade, depth and thickness of an ore body, readily avail
able from NBHL data, enables selective mining o f the deposit. Selective mining
reduces the environmental impact of resource extraction by minimizing the amount
o f barren rock either being blasted, and consequently dumped, or alternatively being
fed through the beneficiation plants. Figure 4 shows a grid of blast holes drilled on
a production bench o f one o f the Australian iron ore mines. The logging results com-
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FIG, 4. Cross-section o f the ore body from NBHL data (vertical scale: 1:200).
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piled for one o f the east-w est rows of blast holes indicate that the thickness of the
iron ore lens diminishes towards the east. A three dimensional representation of the
ore body can be constructed on the basis of results o f borehole logging from the
entire bench. A precise knowledge of the shape and depth of an ore body would
enable the mining engineer to carry out an optimal and least disruptive extraction of
iron ore from that production bench.
The Commonwealth Scientific and Industrial Research Organization (CSIRO)
group successfully researched the applications o f spectrometric natural gamma,
gam m a-gam m a and neutron-gam m a (prompt and delayed) logging to the mining of
disseminated copper ores, iron ore and manganese ore [16-20]. The important fact
relating to the group’s use of radiation sources is that the spectrometric approach to
detection and data interpretation obviates the need for severe source and detector col
limation. In effect, the centralized gamm a-gam ma probes apply gamma ray sources
o f an emission strength which is two orders of magnitude lower than the gamma ray
sources utilized in commercial gamma-gamma probes that are offset against the
borehole wall. Also, the neutron sources for prompt neutron-gam m a logging are
only o f moderate emission intensity, ranging from 1 to 3 fig for 2 5 2 Cf.
The CSIRO group is continually conducting research into the development of
borehole logging technologies based on the application o f passive tools. Lately, the
passive technique, based on the correlation between alumina content and natural
gamma radiation measured in certain spectral windows, has been developed for the
determination o f alumina contamination in iron ore. This simple and environmentally
friendly technology has provided an accuracy for alumina predictions o f 0 . 1 1 %
A12 0 3, which is only slightly inferior to the accuracy of other borehole logging
techniques tested, i.e. delayed gamma neutron activation logging (0.08% A12 0 3),
and significantly better than the accuracy o f conventional analysis from sampling of
the drill cuttings (0.34% A12 0 3) [21]. Another example of the application o f the
passive method is the ash face analyser developed by Borsaru et al. [22] for in situ
determination o f ash in coal on the exposed mining wall. A large volume scintillation
detector well collimated, records the energy spectrum o f natural gamma radiation.
For a given coal seam there is a good correlation between the quality o f coal and
the measured radioactivity.
The scintillation detector spectrometers utilized by the CSIRO group were used
for the continuous dynamic logging of H, Si, Cl, Al, Mn, Ni, Fe, Th, U and K.
Schweitzer [23] lists H, C, O, Cl, Fe, Si, Ca, Gd, S, Ti, Al, Th, U and К as ele
ments that can be quantified from the spectral analysis o f scintillation detector
recorded spectra. Determination o f some o f them is possible only with the applica
tion of 14 MeV pulsed neutron sources. The utilization of high resolution gamma
ray spectrometry allows one to make in situ analyses o f a large number of
elements [24-26]. Many of the geochemical quantities previously derived from the
chemical elemental analysis of rock samples can now be derived from nuclear bore
hole elemental logs. The routine application o f high resolution gamma ray spectro
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meters, however, has yet to be seen owing to the complexity and high cost of the
logging tool and because static, point by point measurements are necessary for some
elements.
A valid alternative to borehole logging applications of high resolution gamma
ray spectrometers is the development o f methods o f spectral analysis and models for
the interpretation o f spectroscopic measurements based on the utilization of a range
o f inorganic scintillators [27-29].

5.

IN SITU CONTROL OF COAL QUALITY
FROM M INE PRODUCTION

Coal consists o f coal m atter (mainly carbon, with some hydrogen, oxygen and
nitrogen) and mineral matter. Coal ash is the oxidized incombustible residue from
the combustion o f coal and is directly correlated with the mineral matter content. In
the operation o f coal combustion plants, it is important to exercise a high degree of
control on the contents o f slagging elements, such as Al, Ca, Si and Fe. The coal
slagging index may serve as a useful measure of the concentration level of noxious
chemical impurities in the coal. In recent years, sulphur has been identified as a
major source o f atmospheric pollution. As a consequence, the in situ determination
of the sulphur content o f coal has become o f increasing concern.
Since information about ash content and the concentrations of S, Al, Fe and
Si can be derived from NBHL data, this logging technique clearly has a potential use
in minimizing the environmental impact o f coal mining.
The conventional (non-spectrometric) logging methods for ash in coal determi
nation are based on density gamm a-gamm a logging. To achieve an acceptable level
o f accuracy, it is essential that a high correlation exists between the density and the
ash content in the coal deposit. W hile such deposits exist, other deposits display sig
nificant fluctuations in the relationship between density and ash content, affecting
quantitative predictions o f ash content.
The spectrometric gam m a-gam ma method for the determination of ash in coal
researched by Charbucinski and Mathew [30] and developed by CSIRO [31-33],
relies on the fact that the constituent chemical elements of the coal matrix measured
approximate a binary mixture with regard to their atomic numbers (Z). Variations
in the ash content would cause changes in the values o f the equivalent atomic number
o f coal and also changes in the coal density. Therefore, a method of analysing spec
tral changes in both energy regions — low, where photoelectric absorption
predominates, and high, with Compton scattering playing a major role, would pro
vide a good accuracy for ash determinations. In its strategic research, the CSIRO
group investigated the relative benefits o f using spectral ratios and more basic shape
parameters, shown in Fig. 5. Although the latter gave better accuracy in controlled
laboratory experiments, these param eters gave no significant advantage in field
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FIG. 5. Selected spectral parameters o f the backscatter gamma ray spectrum [30].

experiments. Consequently, the spectral ratios technique was selected for its greater
simplicity in rapid data processing. The tests for applicability of the spectrometric
gam m a-gam m a ash measurement technique were conducted at more than twenty
sites situated in a belt o f deposits and mines covering an area o f the order of
100 000 km 2 in eastern Australia. The tests carried out have reported accuracies
ranging from 1.4 to 2.6% ash for ash values varying between 5% to around 45% .
Another nuclear technique, based on the prompt gamma ray neutron activation
analysis (PGNAA) method, was developed by the same research group [34-36]. The
technique is based on the existence o f good correlation between the ash content of
coal and the main constituents o f ash: Al, Si and Fe. The logging method relies on
neutron capture reactions involving the main constituents o f the mineral matter in
coal. Owing to its high hydrogen content, coal is an excellent matrix for this tech
nique. This method is particularly effective if used with deposits with high variations
in iron content. The deeply penetrating high energy gamma radiation detected in a
borehole logging probe emanates from a large volume of coal; hence the technique
is not as sensitive to the roughness and condition of the borehole as the gammagamma technique. Also, the depth range o f the technique is significantly larger than
the range o f the gam m a-gam m a technique. This technique was successfully tested
in both dry and water filled boreholes [35, 37]. Generally, the test results for
accuracy in individual deposits produced values ranging from 1.4 to 2.0% ash,
depending on the range of ash content of the coal seam tested.
An important advantage of the spectrometric neutron-gamma technique for
coal logging is its potential for direct determination o f the concentrations of slagging
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components of ash. Borsaru [38] described a neutron-gam m a borehole logging
method using a bismuth germanate (BGO) scintillation detector for the determination
o f Fe in coal. The iron content for this particular coal deposit was well correlated
with the slagging index. However, owing to the complexity o f prompt neutron
gamma ray spectra, a quantitative determination o f the elemental composition o f coal
is feasible only with the application of a high resolution detector.
Neutron induced prompt gamma ray analysis based on the application o f high
resolution detectors, in which the energy and intensity o f gamma rays resulting from
neutron inelastic scattering (fast neutrons) and capture (thermal neutrons) are used
to identify elemental concentrations, offers the capability o f in situ total elemental
analysis o f coal. Borehole logging conducted during coal exploration or routine oper
ation during mine production can give an early indication o f coal quality and the
composition of dirt bands. If a total elemental analysis can be derived, the possibility
exists for directly determining the magnitude o f economic param eters, such as the
calorific value of coal or technical param eters, such as the slagging index of coal.
All significant elements o f coal, except for oxygen, could be measured through ther
mal neutron capture gamma rays. Clayton et al. [39] described laboratory investiga
tions perform ed on a number o f artificial boreholes with coal ranging in ash values
from 7 to 30%. A 5 fig 252C f neutron source and an 11 % efficiency Ge(Li) detector
were used for elemental analyses o f coal for H, C, N, Na, Al, Si, S, Cl, K, Ti and
Fe. The results showed that for a measurement period of about 2 min (static log
ging), most of the important elements in coal can be measured to an accuracy within
about ± 1 0 % ( 1 a).
Proper calibration o f the borehole spectrometer for quantitative elemental anal
ysis is a complex problem because o f the dependence o f the neutron flux and energy
distribution on the sample composition. Also, borehole size, water content, porosity
and the presence of strong neutron absorbers in the surrounding rocks cannot be
anticipated. All of these factors strongly influence the thermal and epithermal neu
tron flux densities. To circumvent the problem o f calibration, Senftle et al. [40] sug
gested an alternative approach based on knowledge of the concentration o f at least
one of the m ajor elements o f the rock (coal) with a relative error of less than 2 0 %.
If that element can be activated, its photopeak can be used with the ratios method
to determine the concentration o f a minor element in the same rock (coal). Although
the possible 2 0 % error in estimating the major element may be unacceptable in
exploration for that element, the same error applied to the minor element may be
quite acceptable.
This approach has been tested by Senftle and Mikesell for the determination
o f sulphur in coal [41]. If the general rank of a coal seam is known, the carbon con
centration can be estimated with reasonable accuracy. Both sulphur and carbon can
be determined simultaneously by thermal neutron capture, and the concentration of
sulphur can be estimated with satisfactory accuracy by a ratio technique with carbon.
Neutron capture gamma ray spectra were collected using a 70 /xg 252C f neutron

376

CHARBUCINSKI

TABLE I. COAL PARAMETERS DETERM INED BY BOREHOLE LOGGING
AND LABORATORY ANALYSIS OF BORE CORE SAMPLES FOR ONE COAL
SEAM [43]

Coal parameter

Logging result3
(± S D )b

Laboratory result

Moisture (wt%)

0.55 ± 0.05

(N)

0.66

Density (g/cm3)

1.35 ± 0.04

(G)

1.38

Concentration of С (wt%)

65 ± 3

(N)

Concentration of S (wt%)

0.5 ± 0.3

(N)

0.57

Concentration of Fe20 3 (wt%)

2.5 ± 0.2

(G)

2.24

Concentration of CaO (wt%)

0.7 ± 0.4

(G)

1.01

Ash content (wt%)

17.5 ± 3.5

(N)

16.54

Calorific value (MJ/kg)

26.9 ± 1.8

(N)

28.2

70.5

a N: neutron-gamma spectrometric logging.
G: gamma-gamma spectrometric logging.
b SD: standard deviation.

source. Two large samples (1.2 m in diameter and 1.5 m in height) o f coal, one with
a known carbon content o f 62.1 % and the other with 83 %, were used in experiments.
Using the sulphur photopeaks at 2380 and 3221 keV and the carbon photopeaks at
3684 and 4945 keV, the four possible S/C ratios were used to determine the sulphur
concentrations. The results obtained using any individual ratio were acceptable for
exploration purposes and the average value for the four ratios agreed well with the
chemical analysis. In real logging conditions, the required spectral accumulation
time is 20-60 min, permitting only static, point by point logging.
The industrial application o f borehole logging probes for the elemental analysis
o f coal, applying high resolution detectors and high resolution fluence rate sources,
has yet to be commercially adopted.
The application o f scintillation detector spectrometry (i.e. using a
35 mm x 70 mm) N al(Tl) detector) for the determination of carbon, sulphur, iron
and calcium in coal, as well as the ash content, calorific value, density and moisture,
has been reported by Chrusciel et al. [42, 43]. A point by point static log was per
formed in boreholes up to 1500 m deep. Both neutron capture gamma ray and scat
tered gamma ray spectra were recorded for further analysis. The interpretation of
the data was performed by applying the method o f spectral parameters and correlat
ing these param eters with the investigated coal properties. The results obtained,
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shown in Table I, indicate the feasibility o f this approach o f static borehole logging
in coal with a scintillation detector probe, at least for the tested coal seam. This com
bined neutron-gam m a and gam m a-gam m a logging technique still needs to be tested.

6

.

MONITORING OF SOIL SALINIZATION

In dry arable lands, one o f the most important factors in soil degradation is soil
salinization. This process afflicts much o f Australia’s hitherto productive land in two
forms, dry and wet land salinization [44, 45].
The M urray-D arling River system, comprising more than twenty major rivers,
is the fourth longest in the world — 3780 km. Almost three quarters of all the water
used for domestic, industrial and agricultural purposes comes from it. Sixteen cities
draw their water supply from it and, in South Australia, more than 40% o f municipal
supplies rely on its waters. The M urray-D arling Basin supports one quarter o f the
nation’s cattle and dairy herds and half of its sheep and cropland. Salinization o f land
in the M urray-D arling Basin is a massive and rapidly growing problem. About
140 000 ha o f irrigation areas in Victoria are now affected by salinity, and a further
395 000 ha are judged to be salt prone and likely to be at risk following wet years.
The Government o f Victoria sees salinity as the single greatest threat facing the
State’s environment. Groundwater levels in irrigation areas in Victoria are estimated
to have risen by 250 mm a year for the past 80 years. If this rate continues, by the
year 2 0 2 0 the water table will be close to the surface over an area of more than
520 000 ha.
Dry land salinity, due solely to raised water tables from the clearance of vege
tation and not to irrigation, is also a problem in about 45 000 ha in Victoria. In much
o f the M urray Basin, little o f the original vegetation (extremely efficient at extracting
water) now remains. As a result, recharge rates are increased by 3-20 mm a year.
Much o f the river’s salt comes from inflows of saline groundwater, caused by
rising water tables. As mentioned before, these have been brought about by two fac
tors — clearing o f native vegetation and irrigation. As the water rises, it brings dis
solved salts to the surface. The amount o f salt stored may be 3000 t/ha, or even
more. Initially it was believed that the salt remained from when the sea covered the
area millions o f years ago. Now experts believe that the salt did not originate from
ancient inland seas, but was carried in by winds from the ocean and deposited by
rain.
It is in the control and prevention o f further salinization that borehole logging
measurements o f chlorine levels in water bores have a potentially useful role. Such
measurements could assist in the understanding and mapping o f salt transport both
across land forms and through strata. Non-nuclear techniques (e.g. resistivity and
electromagnetic induction) are already used successfully in semi-quantitative mea
surements for low and medium levels o f chlorine content. However, the response

378

CHARBUCINSKI

o f these instruments is virtually saturated by NaCl concentrations in excess of
30 000 ppm. It is worth noting that in some dry lands, NaCl concentrations in the
soil are known to approach 200 000 ppm. Also, the nuclear technique provides
information about the chlorine level in soil and not just in bore water.
Chlorine logging is a well established technique in the oil industry. This tech
nique can, under appropriate circumstances, distinguish directly between oil and
water saturation behind the casing, owing to a significant difference in chlorine con
tent between formation water and oil. For more than twenty years [46], chlorine log
ging has been based on pulsed neutron logging devices, which use several different
gating systems. The neutron lifetime log (NLL) [47] and TDT log [48, 49] have
been highly successful in differentiating high salinity formation waters from
hydrocarbons on both a qualitative and quantitative basis.
However, pulsed neutron logging techniques, because o f their hardware com
plexity and related costs, cannot be put forward as the first choice for a method of
salinity determination in the agricultural industry. The proposed technique would
have to be relatively simple and would consist o f low cost instrumentation. This
would entail the use of a radioisotopic neutron source. Chlorine logging based on
the use o f isotopic neutron sources (Pu-В е) was also practiced in the oil industry
[50, 51], but it was applied semiquantitatively only.
It is on these grounds that the Borehole Logging Group o f the CSIRO Division
of Geomechanics considered that research was warranted into the application o f
neutron-gam m a (PGNAA) logging for the control of soil salinity [36]. The logging
was conducted using a tool with a 150 mm source to detector separation, applying
a 38 mm x 76 mm BGO detector and a 5 ng 252C f neutron source. Field tests were
carried out in four different areas in the State o f Victoria. The casings used in these
investigations were tubes fabricated from ABS, iron and PVC. The same materials
were used in laboratory measurements.
Figure 6 shows the high energy part of the spectrum o f prompt gamma rays
from thermal neutron capture, recorded in a sand model saturated with aqueous NaCl
solution o f 15 000 ppm, using an intrinsic germanium detector o f 10% relative effi
ciency. The 6111 keV chlorine peak and its first and second escape peaks are easily
distinguished from silica 6381 and 4934 keV and its first escape peaks.
Figure 7 shows the high energy region o f three neutron-gam m a spectra
recorded with a scintillation detector (bismuth germanate) for various salinity levels
in sand. Although there is a clear indication of increased salinity in the 15 000 ppm
NaCl sand, it is impossible to distinguish any single chlorine line.
The drum models, 90 cm in height, were arranged in increasing order o f NaCl
concentration. Consequently, increasing depth, shown as the x axis in Fig. 8 , is con
sistent with increased NaCl concentration in the model. The ratio of count rates
measured in two windows: 5 .3 -6 .4 MeV and 0.45-0.51 MeV was chosen as a chlo
rine sensitive param eter normalized to a constant thermal neutron flux. The advan
tage o f using an ABS casing is obvious. Practically, it is the only casing for which
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FIG. 6. Neutron-gamma spectrum recorded with an intrinsic germanium detector in a sand
model containing 15 ОООppm NaCl.
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FIG. 7. Neutron-gamma spectra recorded with a BGO detector in models o f different
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FIG. 9. Chart output o f the salinity log recorded in an iron cased hole, Lake Cullen 3
(scale — 1:250; ratio: (250-320)/(20-28); salinity levels: aquifer No. 1 (4-12 m) —
30 0 0 0 ppm NaCl; aquifer No. 2 (15-30 m) — 40 000 ppm NaCl; aquifer No. 3 (66-79 m)
— 50 000 ppm NaCl).
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the quantitative determination o f salinity from the scintillation detectors’ recorded
logs is possible in conditions o f low salinity content. However, for high values of
NaCl concentrations, an iron casing is still acceptable. Figure 9 shows a chart o f a
chlorine sensitive parameter recorded in an iron cased hole. The increases in the
value o f the param eter occurred where aquifers were located during the drilling, and
these increases were commensurate with laboratory data obtained on NaCl concen
trations in the water tables.
The neutron-gam m a logging technique described is capable o f measuring
changes in NaCl content above 2000 ppm in bores lined with a polyethylene (ABS)
casing. The sensitivity of NaCl determination is inferior in holes cased with iron,
but has potential for saline conditions above 25 000-30 000 NaCl, where the
response o f non-nuclear techniques is virtually saturated.

7.

CONCLUDING REMARKS
«

Nuclear borehole logging is an emerging application in the area o f environ
mental protection. Many aspects of NBHL technology are readily applicable to
environmental problems. This review has attempted to highlight some of the more
advanced techniques o f NBHL and their environmental usefulness. The mining of
natural resources will continue for many years to come. The application of NBHL
technology can minimize the environmental impact o f resource mining to a consider
able degree. It is for this reason that NBHL methods should be pursued to a greater
extent in the area o f environmental protection.
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Abstract
USE OF NEUTRON ACTIVATION ANALYSIS IN ENVIRONMENTAL RESEARCH:
EXAMPLES FROM NORWAY.
Neutron activation analysis plays a limited, but significant, role in environmental
studies in Norway. The paper describes some relatively unique applications of this analytical
technique to environmental problems. Studies related to the impact of the long range
atmospheric transport of pollutants and to the spéciation of trace elements in water are empha
sized. Among other applications, retrospective studies of air pollutants using cores from peat
bogs and investigations of persistent organohalogen compounds in the environment may be
of particular interest.

1.

INTRODUCTION

Extensive studies on the sources, pathways and effects of environmental pollu
tants have been carried out in Norway during the last 25 years. Apart from the use
o f radioactive tracers in the study o f interactions between acid rain and soils [ 1 ], and
applications o f wavelength dispersive X ray fluorescence for the determination of
total sulphur on air filters, neutron activation analysis (NAA) is the only one among
the nuclear and nuclear-like techniques that has had any significant impact on these
studies. This paper is therefore limited to the applications of NAA in the environ
mental field. M oreover, common applications, such as the determination o f Hg in
terrestrial and aquatic organisms [2], multielement analyses o f air filters [3-5],
investigations o f trace elements in human tissue [6 ] and multielement studies of coal
and fly ash [7], have been left out, leaving some applications of NAA that have been
reported much less frequently from other countries, and which represent, to a great
extent, novel developments.
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LONG RANGE ATMOSPHERIC TRANSPORT OF POLLUTANTS

2.1. Use of moss analysis to study the geographical deposition pattern
of trace elements from the atmosphere
The study o f the wet and dry deposition o f chemical substances from the
atmosphere requires a certain sampling set-up. Most frequently, precipitation sam
plers that are kept open all the time are taken to represent the total deposition. Wet
deposition only is collected by means o f samplers that are opened automatically
during precipitation events but are otherwise kept closed. In any case, the number
o f sites where sampling can be carried out simultaneously, is limited for practical
and economic reasons. M oreover, most of the components o f interest are present in
the collected samples in very low concentrations, which means demanding analytical
work and the good possibility of errors owing to contamination and adsorption
losses.
The use of biomonitors represents an interesting alternative to ‘absolute’ depo
sition measurements based on precipitation samples, if the aim o f the investigation is
a survey o f relative deposition rates involving a large number o f sampling points.
The use of mosses as monitors o f air pollution has a long tradition in Scandinavia [8 ].
Mosses are suited for this purpose because they absorb nutrients mainly from the air,
and because they have a high capacity to retain many elements. The sampling
is easy and the analysis is also much easier than in the case o f precipitation samples
because the concentrations involved are o f the order o f 104 times higher. What is
obtained is a relative measure o f the integrated exposure over a certain period of
time, the duration o f which may be defined by the manner in which the sampling
is performed.
On the basis o f a comparative study o f several species o f mosses and
lichens [9], the feather moss Hylocomium splendens was selected as the monitor to
be used in a national deposition study in Norway in 1977. Repeated studies were
carried out in 1985 and 1990, co-ordinated with simultaneous studies in the other
Nordic countries. Hylocomium splendens, an epigeic moss (growing on the ground),
is assumed to give a better representation of atmospheric deposition than the more
commonly used epiphytic mosses and lichens (i.e. those growing on trees). Further
m ore, this moss has a growth pattern that makes it easy even for non-botanists to
recognize and define the part o f the plant that represents, for example, the increment
during the last three years.
Instrumental neutron activation analysis (INAA) has a great potential for the
analysis o f lower plants used as biomonitors for trace element exposure. Elements
such as Pb and Ni, however, cannot be determined by INAA, and other elements
(Cu and Cd) are difficult to determine with sufficient accuracy at low levels. The
scheme used in the national Norwegian moss surveys is therefore based on a combi-
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nation of atomic absorption spectrometry (AAS) and INAA [9, 10]. The following
elements are determined:
AAS:
INAA, short irradiation:
INAA, long irradiation:

Cu,
Na,
Sc,
Ag,

Ni,
Al,
C r,
Sb,

Cd and Pb
Cl, Ca, Ti, V, Mn and I
Fe, Co, Zn, As, Se, Br, Rb, Mo,
Cs, La, Sm and Th

An example o f the deposition pattern o f a trace element as is evident from moss
analysis is shown in the case o f Sb in Fig. 1. The excess deposition in southern
Norway is due predominantly to long range atmospheric transport from other parts
o f Europe [11]. As is evident from the figure, this contribution has decreased con
siderably in recent years. Other elements showing this type of deposition pattern are
Pb, Cd, As, V and, partly, Zn. Iodine and Br exhibit a deposition pattern strongly
indicating supply from the marine environment, whereas Se shows a kind of combi
nation pattern, indicating atmospheric input due to anthropogenic input from Europe,
as well as contribution from the marine environment [12]. Further results from this
work have been published elsewhere [13-15].
New aliquots of some o f the moss samples from the 1977 survey were ana
lysed, along with the samples from the 1985 survey, in a random manner. Some
representative results are shown in Table I. Considering the fact that the moss sam
ples are not homogenized before analysis and the sample aliquot is only about 0.3 g,
the agreement between the two runs must be considered very satisfactory. This com
bination o f INAA and AAS has proved to also be very useful in the analysis of air
particulates [4, 5] and precipitation samples [4].
In connection with the 1990 national moss survey, an alternative approach to
the above analytical scheme was tested, employing inductively coupled plasma-mass
spectrometry (ICP-M S). In generâl, ICP-M S showed that it was equivalent to the
INAA/AAS combination [16]. An additional number o f elements, such as Ga, Te,
Tl and Bi could be studied, while no information on halogens and Se was obtained.
F or some elements, such as Cr, Co, Zn and As, the data from IC P-M S appeared
to be inferior to those obtained simultaneously by INAA, but still o f acceptable qual
ity for a large scale screening study.

2.2. Regional surveys of trace elements in natural surface soils
In textbooks on soil science it is usually assumed that the chemical composition
o f soils is determined by the rock material from which they are derived. Research
in Norway during the last two decades, has shown, however, that atmospheric supply
can be very important for a number o f elements present in natural surface soils.
Neutron activation analysis, although not widely used in soil science in general, has
been o f considerable importance in these studies.
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TABLE I. SAMPLES FROM THE 1977 NATIONAL MOSS SURVEY
REANALYSED BY INAA DURING TH E 1985 SURVEY
(values are in fig/g dry weight)
Sample No.

6

37

304

513

Sc

1985
1977

0.26
0.26

0.25
0.22

0.13
0.13

0.56
0.53

V

1985
1977

13.4
10.8

14.4
12.7

2.2
2.3

4.1
4.6

Cr

1985
1977

6.1
7.2

7.2
6.7

1.2
0.7

3.6
3.5

Co

1985
1977

0.81
0.68

0.56
0.44

0.19
0.16

0.71
0.56

As

1985
1977

4.0
3.1

2.6
3.2

0.2
0.2

0.4
0.3

Se

1985
1977

2.62
2.39

1.76
1.54

0.52
0.70

0.17
0.18

Br

1985
1977

31.4
28.2

8.6
6.5

7.8
7.9

17.8
19.6

Sb

1985
1977

2.1
2.0

1.7
1.5

0.15
0.12

0.08
0.09

In a study o f forest soils from three regions o f Norway with greatly differing
influence from the oceanic environment, it was shown by means o f radiochemical
NAA that the halogens Cl, Br and I were present in the soils in far higher concentra
tions in coastal districts than in areas shielded from marine input by major mountain
ranges [17]. Surprisingly enough, Se showed a similar geographical distribution,
indicating that atmospheric supply from the marine environment is also a major
source for this element in the topsoil [18].
From nationwide surveys o f natural surface soils it has become evident that the
long range atmospheric transport o f heavy metals apparent in the moss survey
described above is also reflected in the chemical composition o f surface soils [19].
Elements such as Pb, Cd, As and Sb are consistently about ten times higher in
the surface soils in the southernmost part o f Norway compared with areas
farther north which are little exposed to the long range atmospheric transport of
pollutants [20, 21]. Apparently, the strongly humic natural surface soils were sub
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stantially contaminated from atmospheric supply during the last one hundred to two
hundred years [22, 23]. In these regional soil studies, inductively coupled plasm aemission spectrometry (IC P-ES) and AAS have played a predominant role. Neutron
activation analysis has been used in the simultaneous determination o f As, Se and
Sb in a limited number o f samples in the form of radiochemical NAA [24]. More
recent experience indicates that these determinations can also be adequately carried
out by AAS employing the hydride technique [25, 26].
Recently, the feasibility o f INAA in these surveys of national surface soils was
tested systematically [27]. Using a scheme o f three separate irradiations (30 s,
15 min and 6 h) at a thermal neutron flux o f approximately 10 1 2 n -c m ' 2 - s ' \ and
counting the samples at three different intervals after the long irradiation, it was
possible to determine 18 elements in all, or almost all, samples, and an additional
8 elements in at least 60% o f the samples tested. Elements determined more favoura
bly by INAA than by ICP, the other multielement technique employed in these
studies, were Sc, C r, Co, As, Se, Br, Sb, Cs, La, Sm, Hf, Ta, Th and U. Determina
tion limits were calculated for the various elements as a function o f the concentra
tions o f elements giving rise to major activities in irradiated soil samples (Na, Al,
Sc, Mn, Fe, Co, Br and La).

2.3. Use of ombrotrophic bogs as indicators of atmospheric pollution
An ombrotrophic bog is a peat bog where the upper layer receives all nutrients
from the atmosphere. Early work in Norway indicated that bogs in the southern part
o f the country were contaminated with Pb from atmospheric pollution [28]. A more
comprehensive study comprising 20 bogs distributed all over Norway clearly indi
cated the feasibility o f using ombrotrophic bogs as indicators for spatial and temporal
distributions o f trace elements derived from atmospheric deposition [29]. That study
included 12 elements out o f which three (As, Se and Sb) were determined by radio
chemical NAA, while AAS was used for the remaining elements. A recent investiga
tion indicates that INAA can also be used advantageously in this kind o f study [30].
The results obtained from the investigation o f ombrotrophic peat in Norway
clearly support the conclusions drawn from the studies of atmospheric deposition and
surface soil composition described above with respect to the strong impact of long
range atmospheric transport from other parts o f Europe.

3.

USE OF NAA IN CHEM ICAL SPECIATION STUDIES
IN THE ENVIRONM ENT

Spéciation studies are becoming increasingly important in environmental
research in order to understand the pathways and assess the bioavailability of natur
ally occurring components as well as environmental contaminants. Most techniques
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currently used for the determination of trace elements do not distinguish between
different physical or chemical forms o f a given element in the sample. This is also
the case with NAA. In order to perform spéciation studies, appropriate separations
have to be performed before the activation step. Although one o f the major advan
tages o f NAA, the freedom o f a reagent blank, is lost in this case, other prominent
advantages, such as specificity and high sensitivity for many elements, are retained.
Neutron activation analysis has so far not been extensively used in spéciation studies.
In the author’s opinion, however, the future of NAA is not independent o f the ability
and willingness o f workers in this area to embark upon such studies.

3.1. Spéciation of trace elements in water
In a regional study o f river water in Norway [31], it became apparent that
INAA, in the way it was employed in that study, allowed the determination of
30 elements in most samples, about half of which were present at levels below
1 /¿g/L. This implied that the sensitivity offered by INAA would also be sufficient
for the investigation of different physicochemical forms o f the elements concerned
[32, 33]. Several physical separation techniques, such as ultrafiltration, centrifuga
tion and dialysis (in situ and in the laboratory) were employed to distinguish between
‘truly soluble’ and ‘colloidal’ forms o f trace elements, and useful and consistent
results turned out for Na, Rb, Ba, Sc, C r, Mn, Fe, Ca, Mg, Co, Zn, Al, Cl, Br
and I. In a parallel study it was shown that the use o f radiotracer techniques has
severe limitations in the study o f spéciation in natural waters [34], mainly due to the
slow isotopic equilibration with some o f the corresponding stable species in the
water.
M ore recently, spéciation studies on natural waters employing INAA have
been extended considerably, involving new problems as well as additional separation
techniques, such as filtration through hollow fibre cartridges [35]. Pre-irradiation
and post-irradiation separations o f trace elements from sea water using, respectively,
co-precipitation on M g(OH ) 2 and electrolysis have also been successfully employed
in NAA studies [36, 37].

3.2. Determination of the total amount of organic bound halogens
Persistent organochlorine (DDT, PCB, etc.) and organobromine compounds
are among the most serious environmental toxicants known at present. The determi
nation o f individual compounds o f this group is a time consuming and complicated
task. The introduction of a more easily determined parameter indicative of the
general level o f halogenated hydrocarbons in environmental samples would seem
desirable.
Experience has shown that this goal can be achieved by employing solvent
extraction o f the sample concerned with hexane or cyclohexane, which efficiently
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separates non-polar organohalogen compounds from inorganic halogen compounds
[38]. Further spéciation is achieved by treating the organic extract with H 2 S 0 4,
leaving behind only the more persistent compounds. This technique has proved to
be very useful in the study o f a variety of environmental samples (wastewater, bio
logical tissue, marine organisms, etc.) [39-41].
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Abstract
TOTAL REFLECTION X RAY FLUORESCENCE ANALYSIS AND ITS VERSATILE
APPLICABILITY TO ENVIRONMENTAL SAMPLES.
Total reflection X ray fluorescence (TXRF) analysis is a special method of energy dis
persive X ray fluorescence (EDXRF) analysis and has become a powerful analytical tool in
the analysis of major, minor and trace elements. In addition to the advantage of simultaneous,
multielement detectability, the monotone sensitivity function at constant excitation conditions
offers the possibility of analysing almost all chemical elements qualitatively and quantitatively.
Detection limits are in the ppb (1 billion = 109) (ng/mL) range or picograms in absolute
amounts for medium Z elements and optimized excitation. The applicability to environmental
samples covers a wide range, e.g. from water samples (rain, river, sea water and snow) to
aerosols, soil or biological samples like leaves, needles and algae. The working principles,
theoretical and technical details of the equipment in use, some applications and results are
presented in the paper.

1.

INTRODUCTION

Energy dispersive X ray fluorescence (EDXRF) analysis is a powerful analyti
cal tool for the qualitative and quantitative determination o f almost all chemical
elements in a sample. As can be seen in Fig. 1, an EDXRF system consists of several
components, all offering many possible variations for excitation and detection,
mainly with the goal of improving the lower limits o f detection (LLD) and enlarging
the range o f detectable elements. Basically, the fluorescent signal is induced by high
energy charged particles or by photons. The fundamental information is the charac
teristic energy used to identify the element and the intensity o f the fluorescent line,
which is proportional to the mass or concentration o f that respective element. X ray
fluorescence therefore requires the source o f radiation, the sample which is irradi
ated and the detection system. With these the spectrometer is complete and through
computer support all necessary calculations to transfer the intensities into concentra
tions and to identify the elements can be carried out from the measured spectrum.
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FIG. 1. Schematic arrangement o f the necessary components fo r a standard EDXRF
spectrometer (ADC: analogue to digital converter; MCA: multichannel analyser;
PC: personal computer).

Detector
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Sample reflector
FIG. 2. Scheme o f excitation in total reflection geometry.

The power of this analytical instrument is due to the energy dispersive (ED)
detector, the simultaneous determination o f all elements. Information is obtained
rapidly and no element which is present can be overlooked. Detection from boron
upwards is possible with the new generation o f ED detectors. There are Si(Li) or
high purity germanium (HP(Ge)) detectors, which are commercially available, with
liquid nitrogen or Peltier cooling, and room temperature detectors like Hgl or CdTe
with worse energy resolution, but which are simple in design. For standard excita
tion — with the detection geometry as shown in Fig. 1 — the LLD are in the pg/g
(ppm) range, or nanogram absolute. This is sufficient for many applications, but for
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FIG. 3. Schematic arrangement o f the components fo r the attachment o f the TXRF module.

environmental problems in particular these detection levels are too high. Owing to
the physics involved through the interaction of radiation with matter, some improve
ments to achieve a better LLD can be made.
In particle induced XRF, heavy charged particles were chosen and successfully
used as the proton or heavy ions, instead o f light electrons, but with some effort as
regards the equipment ‘accelerator’.
In photon induced XRF, an increase in the primary intensity by the use of high
power X ray tubes or synchrotron radiation as sources leads to improved LLD, but
the excitation geometry can also be modified so that the angle o f incidence of the
exciting radiation is very small, only a few milliradians, and is practically parallel
to the surface of the sample carrier. This leads to external total reflection. Since the
features and the working principle o f XRF in total reflection geometry (TXRF) have
been described in many papers (Refs [1-5]) only a short review o f the most important
features is given here. The spectral background produced from scattered radiation
on both the sample and the substrate is drastically reduced and the fluorescent signal
is almost doubled as the primary beam as well as the reflected beam pass through
the sample, leading to efficient excitation. This principle is illustrated in Fig. 2.
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Some rem arks should be made regarding the requirements to establish this
technique, the need for an intensive, perfectly parallel beam, a suitable reflector with
a plane smooth surface and a goniometer with enough mechanical precision to adjust
to the small angles involved in achieving total reflection. In fact, all technical
requirements can be fulfilled and there are some complete systems available com
mercially [6 - 8 ], as well as low cost attachment modules for TXRF, as shown in
Fig. 3 and described in Ref. [9]. W ith such a TXRF spectrometer system and a suit
able X ray source, detection limits, which are in the pg range or are expressed in
terms of concentrations in ng/g (ppb)1, are achievable for medium Z elements. With
chemical preconcentration techniques, the pg/g (ppt) level is reached, demonstrating
the large capacity for applications in the chemical analysis o f environmental samples

[10, 11].

2.

EXPERIM ENTAL DETAILS

2.1. Sampling
Owing to the extremely low concentrations o f some trace elements in environ
mental samples, the greatest care is required during the sampling process. There are
some standardized procedures for cleaning the sampling and storage vessels and also
for collecting the various types o f samples, such as natural waters, rain, fog conden
sate, soil, sediments, etc., with special techniques which can be developed in
individual cases.

2.2. Sample preparation
The best procedure is to leave the sample as it is, but in many cases this is
unrealistic. Any process to transfer samples on a substrate or preparation needs safe
treatment so as to guarantee that the processed sample is representative of the
original. Homogeneity o f the sample to be investigated and contamination free sam
ple preparation are the basic requirements in each technique. There are many papers
describing the most suitable method for the preparation o f samples for TXRF
[12-18]. In particular, environmental samples which were investigated are listed in
Table I. As a general rule, samples for TXRF are preferable in liquid form, where
the liquid m atrix can be easily evaporated leaving only a residue o f some ng absolute
as a thin film or as tiny grains on the reflector. Pipetting of a few microlitres o f the
liquid and drying by freezing or infrared or vacuum are standard techniques. It
should be pointed out that it is advantageous to have a small sample volume, espe
cially if the total sample mass available is small, if the substance is o f high value,
1 1 billion = 109.
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TABLE I. TYPICAL ENVIRONM ENTAL SAMPLES W HICH
HAVE BEEN INVESTIGATED AND ANALYSED BY TXRF
AS REPORTED BY SEVERAL AUTHORS
Sample

Ref.

Rain

[12]

River water

[13]

Sea water

[14, 15]

Wastewater

This paper

Coal fly ash

This paper

Needles

[13]

Soil-5

[13]

Algae

This paper

Aerosols

[16, 17]

Air filters

[18]

or when radioactive substances are being investigated to minimize the radiation
hazard. In atmospheric trace element analysis, the short collection time is advanta
geous as the total mass on the reflector need not exceed a nanogram. In some cases,
the restricted volume which can be pipetted is a disadvantage if extremely small con
centrations are present and m ore absolute mass is required for the analysis. Precon
centration techniques are necessary [ 1 0 ] in such cases and the advantage o f simple
sample preparation is lost.
2.3. R eflectors fo r TX R F
The sample reflector serves as the substrate, which can be o f any material,
crystalline or amorphous. The material chosen must fulfil certain requirements: it
should be pure, have chemical resistance against acids, have a smooth surface, have
no pores, should be easy to machine with respect to the polishing o f the surface and
have a low cost. New materials, are available which have been tested. Starting with
the standard quartz glass reflectors Suprasil and Synsil, hyperpure silicon was posi
tively tested and was not attacked by HF. Germanium was tested [19] and is recom
mended if the Si characteristic К line disturbs the investigation. Ordinary perspex
(plexiglass) is the cheapest reflector material available [2 0 ] and is free of any inter
fering characteristic radiation. The material characteristics o f perspex for total
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reflection are slightly worse compared with quartz reflectors, because o f the deeper
penetration depth o f the exciting radiation. Boron nitride is also reported [21] to be
a suitable reflector material. The geometric shape o f the reflectors can be chosen so
as to be convenient for the set-up in the spectrometer. The experience with disc like
reflectors 30 mm in diameter and 4 mm thick is excellent. Rectangular shaped
reflectors seem to be superior in special cases where high energy photons up to
100 keV energy have to be reflected [22, 23].

2.4. D etectors
As standard detectors, liquid nitrogen cooled Si(Li) or HP(Ge) detectors are
well accepted. An energy resolution of around 150 eV at 5.9 keV is usual. Peltier
cooled detectors are available and offer two advantages: the liquid nitrogen is not
required and the geometry of the spectrometer can be freely chosen, whether upside
down or downward looking crystals, i.e. any position is possible. Room temperature
detectors like H gl and CdTe are available, but with an energy resolution in the range
o f 300 eV at 5.9 keV. For the detection o f low photon energies as emitted from light
elements, the Be window is replaced by an ultrathin window, e.g. a ‘diamond’ win
dow (trade name) with a thickness o f 0.4 /яп; this spectrometer can detect energies
down to boron [24, 25].

2.5. Sources o f X ray s
An X ray tube with fixed and rotating anode and synchrotron radiation is the
best suited source for excitation. Monoenergetic excitation is preferred because it
leads to perfect background conditions over the entire spectral region, but its produc
tion normally is accompanied by an extreme loss in intensity (Bragg crystal reflec
tion). Semimonochromators, like the cut-off reflector [6-28], have high reflectivity,
leading to high intensities and suppression o f unwanted high energy photons above
the characteristic energies of the respective anode material. This altered primary
radiation allows perfect excitation o f the sample and is shown to have a very low
background in the low energy range which is advantageous for low Z detection. New
multilayer structures offer high line reflectivities, produce good monochromacy and
were successfully used in TXRF [29-31]. The physical properties o f the synchrotron
radiation as regards brilliance and linear polarization offer the best excitation condi
tion [32, 33]. Access to dedicated synchrotrons to perform analytical experiments is
difficult and therefore restricts routine application with this source.

IAEA-SM-325/196

403

E nergy (keV)

FIG. 4. Spectrum o f a multielement standard with 10 ppm o f the metals in aqueous solution.
Sensitivities are given in the inset and refer to a 1 ¡J.L solution pipetted on the reflector, giving
10 ng absolute mass fo r each element (TXRF module: Mo, 45 kV; 15 mA; 100 s;
S(Se): 3.3 (counts/s)/ng; S(Co): 2.4 (counts/s)/ng)).

Mean difference: 4.9302E + 000 %

Concentration of Ti (ppm)
FIG. 5. Plot o f the intensity ratio R = l(Ti)/l(Se) versus the concentration o fT i.
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Atomic number

FIG. 6. Sensitivity curve fo r the TXRF module operated Mo anode (45 kV, 15 mA) versus the
atomic number Z.

TABLE II. EXTRAPOLATED LLD FOR A 1000 s COUNTING INTERVAL
AND SOME ELEMENTS
(all spectra taken with К shell excitation)
Excitation condition
Element

LLD (pg)
Anode

kV

mA

С

Cu

25

25

10 000

О

Cu

25

25

7 000

F

Cu

25

25

1 400

Na

Cu

25

25

1 300

Mg

Cu

25

25

1 500

Ti

Cr

40

12

8

Mn

Cu

40

60

6

Sr

Mo

55

14

8

La

Au

94

4

300

Lu

Au

94

4

1 400
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Coal fly ash
о

<N

E nergy (keV)

FIG. 7. Spectrum o f coal fly ash from the United States National Institute o f Standards and
Technology NIST-1633a operating conditions: Mo anode, 40 kV; 4 mA; 800 s counting
interval).
W astew a ter

Energy (keV)

FIG. 8. Spectrum o f wastewaterfrom an incineration plant (operating conditions: Mo anode;
40 kV; 16 mA; 100 s, with cut-off energy adjusted to 20 keV).
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Oil

Energy (keV)

FIG. 9. Spectrum o f an oil standard containing 300ppm o f each of the metals, with no matrix
removal and a thin layer o f oil on the reflector (operating conditions: Mo anode; 40 kV; 4 mA;
100 s).

FIG. 10. Spectrum o f algae material collected in Giudecca, Italy (operating conditions:
Mo anode; 45 kV; 17 mA).
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3.

RESULTS

To obtain results the measured spectra must be evaluated as to line energies
and line intensities, with only the net intensity used for the quantification. Standards
are used to establish sensitivity curves which exist due to the experimental
parameters used during the measurement. Once this correlation is found, comparable
sample types measured under the same conditions can be quantified. To avoid
problems resulting from geometric changes during sample preparation and sample
change in the spectrometer, an internal standard is added to the sample to which all
data are referred, as the concentration is known. As an examples Fig. 4 shows the
spectrum from a synthetic standard with the same 10 ppm concentration of the ele
ments K, Ti, Cr, Fe, Co and Se. Choosing one element as an internal standard, the

TABLE III. CONCENTRATION OF TRACE ELEMENTS IN
ALGAE COLLECTED IN ULVARIGIDA (GIUDECCA),
ITALY
Ulvarigida
Element

__________ :_______ _
С (ppm)

Error

s

45 000

424

к

13 450

71

27 900

424

80

25

Mn

415

7

Fe

1595

64

Ni

—

—

Cu

35

5

Zn

181

5

As

—

Br

255

10

Rb

40

5

Sr

106

5

Pb

3

1

Ca
Ti

'

—
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correlation between the intensity ratio R — I (element)// (standard) and the concen
tration of that element can be calculated. Taking a set of standards with different con
centrations, but always the same internal standard concentration, the resulting curve
for R versus the concentration is a straight line, as can be seen in Fig. 5. Calculating
from a set of curves for different Z elements, a new correlation can be derived which
is called a sensitivity curve. Keeping the experimental conditions constant, the sensi
tivity curve, as shown in Fig. 6, results from a series of measurements of several
elements, taking into account all of the available R-C data and fits for unmeasured
elements through the data points. With the known concentration of the internal stan
dard and the measured intensities of the characteristic lines, the straightforward
calculation of the unknown elemental concentrations is possible.
These simple calculations are only valid if the sample is present as a thin film
and no absorption problems occur, which is the case in TXRF and which makes this
technique also well suited from this point of view. The calculation of net intensities
implies that the background under each spectral line was calculated. Statistical con
siderations allow the extrapolation of the lower detection limits, where the 3 sigma
rule [34] is commonly accepted. Table II shows extrapolated detection limits for
some elements with TXRF in various excitation and detection modes. To perform
all the mathematical operations there are software packages available that lead in
a short time to the data required, namely the concentrations of the unknowns. Over
lapping peaks can be deconvoluted, and scatter peaks and escape peaks can be deter
mined and corrected in the proper way. Some typical spectra from environmental and
related samples are shown in Figs 7-10. Table III shows quantitative results for
some algae which were analysed and data were found according to the above descrip
tion with established sensitivities.

4.

CONCLUSIONS

Total reflection X ray fluorescence analysis is capable of detecting ultra traces
of almost all elements of the periodic system. If the proper sampling and sample
preparation techniques are chosen, TXRF is well suited for environmental investiga
tions because of its sensitivity and the LLD achievable, and also because of the rapid
and simultaneous acquisition of information on the elements present. The software
available permits the quantitative determination of trace elements within a short time
once the calibration function for the system is established. The mechanical stability
of TXRF spectrometers and the optimization of the excitation source, the reflectors
in use and the detectors lead to the versatile applications described. The systems
available are user friendly and work fully automatically on the basis of ‘sample in
and results out’.
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The feasibility of using the absolute method in proton induced X ray emission (PIXE)
analysis was tested using reference materials, Bowen’s Kale and IAEA Soil-7, and differences
were found to be within the quoted errors for certified values. In addition, elemental concen
trations were determined by the comparator and the absolute methods for a number of pro
posed reference materials, United States National Institute of Standards and Technology
(NIST) apple (A-8) and peach leaves (P-8) and IAEA diet samples (Fl-9, F2-9 and F3-9) and
found to be in reasonable agreement. These sets of results therefore suggest the adoption of
the absolute method for routine monitoring under certain conditions.

1.

INTRODUCTION

In studies where the elemental composition of environmental and bioenvironmental samples is required, a comparative method of analysis is usually
adopted. This is done by comparing signals from the elements of interest in the
sample to the corresponding signals from an appropriate standard. However, when
analytical techniques, such as proton induced X ray emission (PIXE) analysis, are
employed where the matrix composition plays an important role in defining the
volume of interaction between radiation probe and material, then the use of suitable
reference materials which have the same gross elemental composition as the sample,
as well as the trace elements of interest at the required concentration, becomes neces
sary. Sometime such materials may not be readily available or may not contain the
required element(s) at a certified concentration which is above the detection limit of
the technique employed. In such a situation, another way of determining the elemen
tal concentrations is by the so-called ‘absolute method’. To obtain accurate results
with the absolute method, one relies on the available database. For PIXE analysis
this is proton ionization cross-sections, proton stopping powers in the sample matrix,
411
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photon attenuation coefficients of the matrix for the characteristic X rays emitted,
the detection efficiency of the system and the accuracy of charge integration.
To test the feasibility of employing the absolute method on a routine basis for
environmental monitoring, using PIXE, various established and proposed reference
materials have been analysed. These materials are normally employed for quality
assurance or as comparators in the analysis of environmental samples or environ
mental biomonitors and include soil, plant and vegetable matrices.

2.

THEORY AND METHODS

In any PIXE experiment, the immediate information received is the number of
X ray counts as recorded by the detection system. Thus, any mathematical model
of the experiment adopted should be able to calculate the X ray yield in terms of
detected events per unit charge per unit concentration of the element of interest in
the sample matrix. To determine the yield of the characteristic X rays, two assump
tions were made. The first is that all of the incident protons are stopped inside the
target matrix and the second is that secondary ionization produced in the target is
negligible. Then the number of X ray counts from a homogeneously distributed
element of concentration, C, in mass of the element of interest per unit mass of
sample, can be calculated by the following equation:

Y, =

Ae4ir

Í

ox(E)F(E)

dE
S(E)

( 1)

and

F(E) = exp

cos 0,
cos 60

Î

dE'
S(£')

(2)

where
Yz
Nm
A
Q
e
fi
e

is the number of X rays of element Z detected by the detector,
is Avogadro’s number,
is the atomic weight of the element of
interest,
is the total incident proton charge,
is the charge on a single proton,
is the solid angle subtended by the Xray detector at the beam spot on the
target,
is the intrinsic efficiency of the detector at the X ray energy of interest,
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ax

is the X ray production cross-section of the element Z by protons, defined
by ox = o,uK,
a,
is the X ray ionization cross-section by protons,
со
is the fluorescence yield,
К
is the X ray intensity of the line of interest,
S(E) is the mass stopping power of the target matrix atproton energy E,
¡i
is the X ray mass attenuation coefficient of the targetmatrix,
Ep is the incident proton energy,
6j, 0Oare the angle of incidence of the proton beam and the take-off angle of
X rays, respectively, as measured from the normal to the target.
Charge particles lose their energy as they penetrate into the target matrix and,
therefore, the reaction cross-section keeps on changing with penetration depth. The
X rays produced en route undergo self-attenuation and the stopping power of the
matrix varies with the proton energy. Hence, integration of these parameters over
the proton energy range of interest makes the problem numerically complex. Abso
lute PIXE analysis requires these calculations to be carried out.
It should, however, be noted that both S(E) and /x depend on the elemental
composition of the target matrix. In order to obtain information, it was therefore
found necessary to carry out Rutherford backscattering spectroscopy (RBS) analysis
simultaneously with PIXE analysis.
The basic principle involved in RBS is to detect the ions which are scattered
at backward angles from the surface and from deep in the surface. The energy of
the backscattered ions carries information about the major constituents of the volume
of interaction in the sample. However, when protons are used, the cross-section of
light elements deviates from the pure Rutherford scattering cross-section (RSC)
above a few hundred keV proton energy. Therefore, whenever RBS calculations for
matrix composition are mentioned here, this refers to the use of elastic scattering
cross-sections for elements Si and below, whereas RCS is used for higher elements.

3.

SAMPLES AND EXPERIMENTS

Bowen’s Kale and IAEA Soil-7 reference materials were first used to test the
accuracy of the absolute method using PIXE. Then the proposed reference materials,
IAEA diet samples (FI-9, F2-9 and F3-9) and United States National Institute of
Standards and Technology (NIST) apple (A-8) and peach (P-8) leaves were analysed
using the comparator and absolute methods.
The diet samples were received from the IAEA as part of an intercomparison
programme to investigate whether these were suitable reference materials as far as
their fluorine content was concerned. Apart from the fluorine concentration, which
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was determined using proton induced gamma ray emission (PIGE) analysis, determi
nation of the concentration of other elements in these samples was also carried out
to assess their potential as multielemental human diet reference materials. Samples
of apple and peach leaves were received from the NIST to be analysed for elemental
content as part of the American Society for Testing and Materials Task Group’s Bio
logical Material Quality Assurance Intercomparison. These leaf samples will eventu
ally be certified by the NIST as standard reference materials.
All the samples were in fine powder form, except the IAEA diet samples,
which were comprised of coarse grain powder. Pellets 7 mm in diameter and 1 mm
thick were prepared from the samples. The samples were stuck on a 3 mm thick
aluminium plate using double sided adhesive tape, of which the elemental composi
tion was known, and the target plate was carbon coated to ensure electrical conduc
tivity. Before pelletizing, no grinding of the samples was carried out. However, the
diet samples were thoroughly mixed with a polyethylene, spatula because of their
coarse grain nature. Homogeneity tests for these samples had been carried out previ
ously and are reported elsewhere [1].
The target plate holding the samples was loaded into the vacuum chamber of
the Van der Graaff accelerator beam line used for PIXE analysis. A 2 MeV proton
beam was focused down to a diameter of 0.5 mm on the surface of the samples with
a nominal current of 8 nA. The PIXE spectra were collected on a SUN computer,
whereas the simultaneous RBS spectra were collected on a PDP-11 computer. To
attenuate the lower energy and high intensity characteristic X rays emitted, a 350 цт
thick mylar filter was used. This was necessary to cope with the problems of pulse
pile-up and dead time. All the PIXE spectra were normalized to 10 /xC of charge
collected and were later analysed for peak areas by the PIXAN program [2].

4.

RESULTS AND DISCUSSION

Elemental concentrations in all the samples were determined by the compara
tive as well as the absolute, or standardless, method. As the samples analysed
were of a biological nature, the comparator chosen was Bowen’s Kale reference
material. All the results except those for NIST A-8 and P-8 leaf samples were
corrected for matrix effects. The major matrix composition of the leaf samples was
effectively the same as that of Bowen’s Kale and, with corrections being less than
1%, were ignored.
The elemental concentrations obtained from absolute analysis of Bowen’s Kale
and IAEA Soil-7 are compared with certified values in Table I. As the values
obtained by the absolute method are from single determinations, the error quoted is
the precision associated with the individual peak areas. Figure 1 is a plot of the certi
fied concentrations versus those obtained by the absolute method. It shows that most
of the values obtained by the absolute method are within 30% of the certified values.
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TABLE I. ABSOLUTE AND CERTIFIED CONCENTRATIONS (in ¿ig/g) IN
BOWEN’S KALE AND IAEA SOIL-7
IAEA Soil-7

Bowen’s Kale
Element
Cref ± error (%)

C lb

3.56

Cabs ± error (%)

± 12

5

Cref (range)3

± 12

—

Kb

24.37

±

6

24.1 ±

0.4

12.1 (11.3-12.7)

Cab

41.06

±

5.4

38.6 ±

0.2

163 (157-174)

T ib
Cr
Mn
Fe

0.369 ± 27
14.82
119.3

—

3 (2.6-3.7)

—

60 (49-74)

11.5

±

1.1

133.7

±

0.15

2.61 ±
23.2

±

7.6

±

1.4
0.2

19.7 ±

6.9

631 (604-650)

± 12

125.5 ±

2.0

25.7b (25.2-26.3)

21.5

±

—

26 (21-37)

30

± 13

5.6 ± 20

11 (9-13)

10

± 16

104 (101-113)

97

±

13.4 (12.5-14.2)

19

± 23

7

± 35

37

± 40

0.895 ± 15

Cu

4.89

Zn

32.29

± 13
±

8.5

42

0.131 ± 34

Br

24.9

±

9.9

Rb

53.4

± 10

Sr

75.7

± 39

±

6

—
34

± 11

77.5 ± 13

121

7 (3-10)
51 (47-56)

603

0.7

± 11

Ni

As

Cabs ± error (%)

6

108 (103-114)

87

Zr

185 (180-201)

168

± 18

Nb

12 (7-17).

19

±29

±

9

± 15

a Range of the concentrations in Soil-7.
b Concentrations are in mg/g.

It also shows that low concentrations are more scattered about the certified values
when compared with the high concentrations. The absolute concentrations of rela
tively high Z number elements in Bowen’s Kale are overestimated, whereas in Soil-7
they are slightly underestimated. This may be attributed to relatively poor precision
and localized areas of high inhomogeneity at the submillimetre scale. A graphical
comparison of certified and absolute concentrations as a function of Z number of the
elements is shown in Fig. 2.
Tables II and III list the comparative and absolute values obtained for IAEA
diet samples and NIST leaf samples, respectively. Errors quoted with these values
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Absolute concentration (ppm)

FIG. 1. Certified versus absolute concentrations in Bowen’s Kale ( О ) and IAEA Soil-7 ( ■ ).

are the standard deviations on four to six determinations. The errors on the concen
tration of the element in the comparator and the X ray yields for the same element
in the comparator and sample are implicitly included in these standard deviations
because an average of two to three determinations on Bowen’s Kale was taken to
represent the signal from the standard. Errors quoted with the absolute concentra
tions are again in terms of the precision associated with a single determination.
The two values obtained by absolute and comparative determinations agree
very well with each other. However, there are a few exceptions, such as Cl in F2-9,
Ca, Fe and Cu in F3-9 and Sr in A-8 and P-8. As the absolute results are from a
single determination, from a spot of diameter 500 /tm, high levels of inhomogeneity
for these elements may be giving rise to the discrepancies. Such high levels of
inhomogeneity at the micrometre scale for a few elements were found by Jaksic et al.
[3].

5.

CONCLUSIONS

The results indicate that, in general, the elemental concentrations determined
by the absolute method when using PIXE analysis are within the quoted errors and
uncertainties on the certified values of reference materials, such as Bowen’s Kale and
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FIG. 2. Plot o f absolute (bold bars) and certified (light bars) elemental concentrations in
(a) Bowen’s Kale, and (b) IAEA Soil-7.
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TABLE П. ELEMENTAL CONCENTRATIONS (IN ¿ig/g) AS OBTAINED BY
THE COMPARATIVE (COMP.) AND ABSOLUTE (ABS.) METHODS IN IAEA
DIET SAMPLES
IAEA Diet Fl-9

IAEA Diet F2-9

IAEA Diet F3-9

Element
Comp.

Abs.

Comp.

Cla

5.7 ± 1.0

5.8 ±

5.7

Ka

9.3 ± 1.2

8.7 ±

0.4

Caa

3.3 ± 0.4

3.1 ±

0.6

Cr

-

6.5

6.8 ±

1.6

9.0 ±

3.4

11.2 ± 1

8.1 ±

0.4

11.1 ±

1.9

8.0 ±

0.4

4.0 ±

3.5 ±

0.4

4.9 ±

0.9

2.6 ±

0.5

0.6

¡0 5 ± 2.2

10.5 ±

5.5

10.2 ±

Fe

45.6 ± 9.6

60.7 ±

2

54.0 ± 13

Cu

3.5 ± 1.1

Zn

56.9 ± 9.7

68.9 ±

Br

16.2 ± 2.5

10.4 ± 14.8

11.7 ±

1.5

Rb

9.5 ± 1.3

8.5 ± 30

8.4 ±

1.9

Sr

4 ± 0.6

1.4

2 .6

5.6 ± 41

6.3 ±

2.2

12.6 ±

3.9

¡2 6 ±

53.3 ±

1.7

64

8

6.2 ±

2.4

6.8 ±

57.4 ± 13.6

62.1 ±

5 ±

0.8 ± 46

0.8 ± 45

-

± 14.6

Abs.

3.8 ±

6.2 ± 2.1

Mn

4

Comp.

Abs.

2.1

±9
0 .8

2.3 - 50.1 ± 10.3

7.2 ± 15.3

13.4 ±

3.7

35.7 ±

2.1

15.4 ±

4.5

40.1 ±

2.9

±

1.7

7.5 ± 14.8

8.3 ± 23

11.4 ±

1.8

9.9 ± 20.5

6.7 ± 26

5.7 ±

1.4

5 ± 35

8 .8

a Concentrations are in mg/g.
The errors quoted for comparative concentrations are expressed in terms of the standard deviation.
The errors quoted for absolute concentrations are per cent precision.
—: Not detected.

IAEA Soil-7 and, in addition, compare well with the values obtained by the compara
tive method for a number of proposed new reference materials.
Because knowledge of the major elemental components of the material is
required in order to carry out absolute PIXE analysis, it is important to carry out
RBS analysis at the same time to provide matrix information, especially for samples
not previously encountered.
The adoption, therefore, of the absolute method for routine environmental
monitoring has advantages not only in reducing the time spent in the preparation and
analysis of comparators or standards and in searching for suitable reference materials
with a similar matrix composition as the sample, but also in analysing bioenvironmental and environmental samples, for example, air particulate ‘streaker’ samples,
which may have widely different matrices. Its limitations are associated with the
accuracy of the database employed for the calculations. Routine analysis, generally,
can contend with such errors.
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TABLE Ш. ELEMENTAL CONCENTRATIONS (IN /xg/g) AS OBTAINED BY
THE COMPARATIVE (COMP.) AND ABSOLUTE (ABS.) METHODS IN NIST
LEAVES
NIST peach leaves P-8

NIST apple leaves A-8
Element

Comp.

Abs.

Comp.

Abs

Ka

15.7 ±

2.3

14.8 ±

0.3

22

±

4

25

±

0.3

Caa

18.5 ±

1.1

13.0 ±

0.3

16

±

3

14.1 ±

0.3

Mn

47.4 ± 10

53.3 ±

2.6

76

± 14

86

±

2

Fe

74.8 ± 14.5

75.2 ±

2.1

230

± 47

269

±

1.2

Cu

5.1 ±

1.3

Zn

11.1 ±

1.7

3.4 ±

0.7

8.5

14.2 ±

3.1

17.8 ±

2.7 ± 41.3

9.8 ±

2.1

11

± 17

5.5 ± 15
12.9 ±

3.8 ± 17.5
6.1

Br

3

±

0.7

Rb

13

±

2

15

± 23

17.1 ±

3.8

18

± 20

Sr

18.2 ±

3.4

27

± 19

38

8.7

55

± 10

±

a Values are in mg/g.
The errors quoted for comparative concentrations are expressed in terms of the standard
deviation.
The errors quoted for absolute values are per cent precision.
— : Not detected.
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Abstract
A N A LY T IC A L E LEC TR O N MICROSCOPY FOR SOURCE TRACING OF POLLUTION
SOURCES.
Electron probe X ray microanalysis is a useful technique for the analysis of air particu
late matter. Recent developments have shown that it is possible to analyse thousands of
particles within a reasonable span of time by using an electron microprobe in combination with
an automation system and multivariate statistical techniques. Particles can be characterized
morphologically and chemically and can be apportioned to their respective sources.

1.

INTRODUCTION

Analytical electron microscopy is one of the most widely used methods for the
non-destructive characterization and analysis of bulk and particulate samples. The
method uses an electron microprobe (EMP) or a scanning electron microscope
(SEM), with one or more X ray spectrometers for the measurement of the X ray
photons emitted upon interaction of the electron beam with the material studied. Both
types of instruments generate a fine electron beam with a diameter of about 5 nm
in the 0.5-40 keV range and a probe current between 10“12 and 10“15 A. The main
emphasis in the design of an EMP is on achieving quantitative chemical anlysis with
maximum precision and accuracy, compromising, if necessary, on the optical resolu
tion and image quality, which is the main aim in the SEM. The emitted X rays are
recorded by wavelength dispersive (WD) (in the EMP) or energy dispersive (ED)
X ray spectrometers (in both types of instruments). The technique of electron probe
X ray microanalysis (EPXMA) can be considered as a microprobe and a surface
421
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analytical technique and has been used for bulk specimens and particulate analysis
in the range of 0.1 to 100 /xm.
Digital X ray mapping implies that an electron beam, controlled by an automa
tion system, is raster scanned over the sample surface, pausing at each pixel to
accumulate X rays from one or more selected elements. Then, the data are stored
and can be corrected for background radiation and artefacts that arise during scan
ning. Finally, the data are converted from intensity to concentration by some suitable
calculation scheme. Also, the data can be manipulated further by advanced image
processing algorithms for extracting multivariate statistical information, or for
quantifying selected features within the image. With all corrections applied, analysis
at 1000 ppm is routinely achievable, while, exceptionally, trace levels of 100 ppm
are possible.
Almost every manufacturer of EPXMA (and SEM) systems now offers auto
mation systems for acquiring digital X ray maps obtained by EDX or WDX systems.
Often these systems are improved further by the users, or adapted for specific appli
cations. Automation systems interfaced to the EMP developed rapidly during the last
decade, with a trend towards larger and more compact computer systems and
increasingly complex and reliable software.
Until recently, only EDX mapping seemed to be used extensively. This is
probably due to the fewer technical and analytical considerations required in order
to use the technique and because of the ability to collect counts for many elements
simultaneously, and hence allow for the rapid acquisition of data. Nonetheless, EDX
mapping has the disadvantage of a lower beam current needed to keep the Si(Li)
detector electronics from becoming oversaturated. Hence, counting rates are
considerably lower than for WDX and each pixel requires a considerably longer
counting time. This, and the much higher peak to background ratios in WDX,
provide lower detection limits suited for minor and trace element detection.
However, a major disadvantage of WDX is that it is subject to defocusing effects
of the spectrometer for scan areas larger than about 200 /xm and spectrometer
dependent errors, leading to imprecision in excess of 50%. Mykleburst et al. [1]
described an attempt to counter these difficulties through a technique called
‘defocus modelling’. For more detailed information, we refer to the articles of
Fujioka et al. [2] and Newbury et al. [3].

2.

AUTOMATED EPXMA IN AIR POLLUTION

Our laboratory has been involved for several years in the development of
analytical procedures for the automated X ray analysis of individual atmospheric
particles. The collection of statistically reliable information on the chemical compo
sition, particle size and morphology of the individual particles is a far from trivial
task. When particles need to be selected by the operator, EPXMA soon becomes too
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time consuming and expensive to be applicable in any large scale practical situation.
Therefore, a fully automated EPXMA is preferable, offering two distinct
advantages:
(a)
(b)

In automated measurements: Electron beam control, data acquisition, digital
X ray processing and standardization.
For collected data: Data processing and data interpretation.

The automated analysis of a set of particles as sampled from the air with, for
example, a filtration or impaction sampling device, involves a sequence of consecu
tive steps:
(1)

(2)

(3)

Localization o f particles. By using different electron detectors of the EMP, it
is usually possible to discriminate between the atmospheric particulates and the
underlying substrate. Depending on the features searched for, one can use
secondary electrons, that have a pronounced surface topography dependence,
or backscattered electrons, that are composition dependent. The particle is then
recognized by the ratio of its image intensity signal to that of the substrate
background (the contrast).
Accumulation o f X ray spectra with an EDX system (Si(Li) detector pulse
counting system with multichannel analyser). The use of this system puts the
detection limit of a number of elements to 0.1%, which is roughly one order
of magnitude worse than what would be achievable with a WDS system.
However, as the counting sensitivity is larger with EDS than with WDS
systems, a low electron beam current can be used and particle damage is
minimized. Also, large areas can be analysed without any ‘defocalization’ of
the X ray beam and quantitation becomes more straightforward.
Collection o f the data in a format small enough to be contained in the computer
memory. In the system used in our laboratory, an electron beam, usually with
an energy of 20 or 25 keV, is raster scanned over the sample surface according
to a particular grid pattern, e.g. 410 X 410 pixels. Whenever a particle is
detected, the grid pattern is increased, e.g. by a factor 10 or 20, to search for
the particle boundaries. When the particle is thus localized, an X ray spectrum
is recorded at the particle’s centroid, or while the electron beam is scanning
within the particle boundaries. Hence, the entire particle analysis is carried out
on-line, as a ‘dynamic’ part of the analytical process. In equivalent ‘static’
systems it is possible to analyse the particles on the basis of pre-recorded
images. However, in this case repositioning of the electron beam on a
particular sample spot could induce inaccuracies in the analysis.

The limiting time factor of the systems as used in our laboratory is the time necessary
to search for and measure a particle and the time required for the analysis of the
spectrum. If it occurs on the basis of a fast derivative algorithm, the latter is done
during the search and the X ray measurement of a particle. For detailed work more
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elaborate spectrum evaluation based on more accurate Gaussian peak shape models,
e.g. AXIL [4], may be considered.
The geometrical modelling method for converting the intensities to concentra
tion, as developed by Armstrong and Buseck [5, 6] and modified by Storms
et al. [7], requires a three dimensional geometrical description of the particles, i.e.
on information which is not available from the measurements. The normalization of
the concentration (to a sum of 100%) reduces the differences between various
geometrical shapes and justifies the selection of the spherical particle as a more or
less accurate model. In our laboratory’s work we relied on ‘standardless Z A F
(atomic number, absorption and fluorescence) correction procedures for the quantita
tive analysis of individual particles in the aerosols [8]. Tested on alloy standards and
mineral particle standards, it was found that this compromise between speed of
calculation and accuracy yielded an accuracy for atomic numbers above 14 of better
than 10%.
The information finally contained in the particle’s object vector then consists
of the energies characteristic for the detected elements, their net X ray intensities and
a set of morphological parameters (the co-ordinates of the particle in the data set,
shape and dimensional information). The entire set of object vectors is stored and
transferred to an off-line computer system, where it is subjected to a quantization
procedure and finally to data reduction with multivariate and statistical packages.
Given the number of automated EMPs and SEMs now in use, and the consider
able potential of this methodology for automated particle analysis, published results
on their use in the fields of air pollution and related field studies are remarkably
scarce. Earlier work on automated and individual particle analysis is reviewed by
Lee et al. [9] and Post and Buseck [10].

3.

CLUSTER ANALYSIS

With the automated EPXMA it is possible to analyse, within a reasonable span
of time, thousands of particles deposited on a suitable substrate. Data matrices of
1000 objects (the particles) times approximately 25 variables which are the elemen
tal concentrations measured, as well as the morphological parameters, as the particle
diameter and its shape factor are not uncommon. The need for cluster techniques
arose from the demand to obtain statistically valid information from data sets too
large to be reliably overseen by the human operator.
Cluster analysis applied to a data set of individual particles has one distinct
mathematical goal, namely to divide a particle data set in a number of subsets —
clusters — without altering its information structure. As a result of the clustering
process, a number of goals may be achieved:
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(a)

(b)

(c)

(d)
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Identification of the particle types as they occur on the substrate. Instead of the
1000 or more individual observations to be considered, only clusters have to
be dealt with. Each is completely characterized in an m dimensional Euclidean
space by its centroid, which represents a vector containing the arithmetic mean
values for all elements over all particles in the cluster. Hence, identification
becomes a question only of comparing the centroids with bulk data, reference
samples, standards and other data.
The unravelling of emission patterns or trends through the analysis of cluster
abundances, expressed as a number, volume or mass percentage relative to the
total particle set analysed. As particulate samples are taken mostly as a
sequence in time and space, the evolution of cluster abundances may reveal
specific local emission sources and/or the impact of meteorological circum
stances, such as, for example, wind direction, smog formation and the
presence of specific atmospheric circumstances, such as inversion layers.
Detection of barely occurring and chemically unusual particles out of a mass
of more common particles. These may be used as indicators for specific
pollution (or natural) sources or for special atmospheric circumstances.
Quantitative estimations of source contributions in the aerosol. Aspects
associated with these goals are: data preparation, the nature of the division
process (and how it is done mathematically), the goodness of fit of the cluster
model applied and the underlying data structure, the discriminative power of
the cluster technique used (i.e. how well the clusters are defined) and
the errors of the elemental cluster compositions and abundances. We refer to
the extensive specialized literature for details (e.g. the recent book by
Jackson [11]).

Historically, source apportionment techniques were first developed for analyti
cal data originating from the analysis of total filter samples. They gave rise to
valuable information when used with crustal enrichment factors and elemental size
distributions. Developments in multivariate techniques and computer technology
stimulated the development of source apportionment models based on factor analysis
related techniques. These receptor models are applied to data sets of elemental con
centrations in order to unravel the underlying concentration patterns. Receptor
models are increasingly being used to study the sources of air particulate matter in
an aerosol, first for macroscopic samples, but increasingly also in conjunction with
individual particle analysis. The objectives of receptor models are to utilize informa
tion about pollutants at a particular (receptor) site in order to define their sources
and to quantify the elemental emissions. Multivariate methods have been used for
the interpretation of environmental data, e.g. in air pollution work for the analysis
of analytical data originating from the analysis of total filter samples or impactors.
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APPLICATIONS IN AIR PARTICULATE ANALYSIS

Our laboratory has been involved for several years in developing the analysis
and application of the combination of receptor modelling and individual particle
analysis. Our experience with this methodology concerns a number of environmental
studies dealing with:
— Source characterization and apportionment;
— Particle transport and deposition, including atmospheric reaction mechanisms,
such as sulphation and condensation.
In what follows, a few characteristic examples are briefly mentioned for which a
more detailed description is given in the literature.
4.1. Lead particles in the urban atmosphere

In particulate matter sampled in the air in Antwerp [12], attention can be
focused on certain clusters of particles with a specific composition for more detailed
investigation. Table I summarizes the particle types and the elements detected in the
X ray spectra for a particle collection of 7200 analysed particles sampled during the
summer season. We report briefly on some results obtained for Pb containing
particles with projected diameters between 0.2 and 15 /лп [13]. They originate from
car exhausts, which is the principal source of particulate lead in the urban
atmosphere, as identified by a set of Pb containing particle types containing, besides
lead, S, Cl or Br. Also, other anthropogenic sources, such as non-ferrous industries

TABLE I. GENERAL COMPOSITION OF THE ANTWERP URBAN
AEROSOL IN TERMS OF PARTICLE ABUNDANCES

Particle type

Major elements

Abundance

in X ray spectra

(% number)

Soil dust

Mg, Al, Si, Ti, Fe

30.0

Auto exhausts3

S, Cl, Br, Pb

19.0

Pure sulphates

S

18.9

Sea salt

Na, Cl

3.2

Biological

P, S, К

2.3

Anthropogenic3

Heavy elements

a Types with Pb containing particles.

26.6
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TABLE II. CLUSTER ANALYSIS FOR LEAD CONTAINING AEROSOL
PARTICLES IN ANTWERP

Particle type

Abundance mass

Average diameter

Other elements

(%)

w

Pb-sulphate

66.7

0.58

S, Ca, Cu, Zn, As

Pb-halide

27.8

0.80

Al, S, Cl, Fe, Cu, Br

Pb-silicate

2.3

0.89

Al, Si, S, K, Fe

Pb/medium Z

2.0

0.84

Al, S, K, Ca, Fe, Zn

Pb/high Z

1.2

1.10

Different categories with As,
Sb, Ag, Ba, Ni, Cr

or refuse incineration, could be identified. Further cluster analysis of 1550 lead con
taining particles reveals 16 distinct types belonging to 5 main types: lead sulphates,
lead halides, soil related lead, lead associated with medium atomic number elements,
and lead associated with heavy elements, such as Ni, Zn, As, Se, Ag, Cd, Sn and
Sb. Table II gives a summary of the results obtained and shows the prominence of
the Pb-S particles with an abundance of 66% by mass of the Pb particles. They could
be tentatively identified as originating from car exhaust Pb halides transferred
into Pb sulphates in the atmosphere. Laser microscope mass analysis revealed
ammonium sulphate associated with these particles, probably as a surface coating.
A large second category of Pb particles are Pb halides with a varying concen
tration of Br and Cl (Fig. 1). Lead associated with medium Z elements, such as P,
К and Ca, presumably originated from refuse burning sources. The association of
lead with heavy metals was responsible for only 6% of the particles and 1.2% of the
particle mass and originated with anthropogenic emissions, such as refuse burning
and the non-ferrous industry.
From this example also, the unique potential of microscopic analysis follows
from parallel analysis and receptor modelling using factor analysis by particle
induced X ray emission (PIXE) analysis [14].
4.2. Particle analysis o f remote aerosols

The systematic analysis of individual particles in remote aerosol samples pro
vides valuable information on long range transport and on less common sources of
particulate material in the troposphere. We will briefly review one recent study on
a size fractionated aerosol sampled during one year at four different locations at
various altitudes in rural Switzerland, near Bern [15]. Bulk analysis and principal
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FIG. 1. The Br/Pb ratio for individual aerosol particles belonging to the clusters Pb-Br-Cl
and Pb-Br. The squares represent the individual data points; the theoretical ethyl ratio is
shown as a solid line.

component analysis revealed a number of natural and anthropogenic sources, some
of which indicated long range transport of pollutants from Eastern Europe. Single
particle analysis of the summer and winter samples of 2-4 цт particle sizes provided
a variety of previously documented particle types, including soil type particles,
halide salts and the Pb containing auto exhaust particles of the previous example. In
addition, a previously undocumented Si-Ni containing particle of unknown origin
was systematically detected. Particle analysis confirmed the results of principal com
ponent analysis of the size fractionated data and adds clarity to the correlation of the
different elements within the particles.

5.

CONCLUDING REMARKS

The analysis of atmospheric particulate matter can be regarded at several levels
of complexity. Present standards for toxic metals in air are based mostly upon mea
surements of the total ambient concentration of the metals regardless of the size of
the particles which contain them. Bulk filter samplers which collect all airborne
particulates up to a large, rather undefined, size are used to collect material which
is analysed with one of the following analytical techniques: neutron activation
analysis, X ray fluorescence, PIXE, flame or furnace atomic absorption spectro
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metry, inductively coupled plasma with emission spectrometry, or with mass
spectrometry. A recent review of all these methods for the analysis of air particulate
matter is given by Maenhaut [16].
Air particulate matter is, however, a complex and heterogenous system and
there are many reasons to study the system in a more detailed way. If one is
interested in particle size dependent measurements, the same methods are often
applied after sampling of the particles in several aerodynamic size fractions. This can
be done with cascade impactors for collection in a number of different sizes or with
dichotomous samplers or virtual impactors for a separation in two sizes of specific
interest. For such work the analytical problems become a lot more complex, but the
reward is a better understanding of the system studied.
In this paper, we went one step further and emphasized the virtues of electron
beam methods when applied with automated electron probe and X ray analysis for
the study of individual atmospheric particles. Except for the quantitation, the analysis
of a single particle is simple. The complexity arises because a large number of these
entities must be analysed (and statistically processed) to derive any meaningful data
on the environmental system under study. We provided a general discussion with a
few examples selected from our laboratory practice to highlight the potential of this
methodology for air pollution studies.
Through its fast and automated application mode, EPXMA provides informa
tion that cannot be obtained by any other analytical technique at present. It has the
advantage that both morphological and chemical information is made available.
Compositional mapping with the EMP requires standardization of the raw X ray
data, followed by instrumental and matrix corrections, before one achieves a truly
quantitative elemental analysis of each pixel location in a map. This is a formidable
task which is at present adequately controlled.
Continuous efforts have been made to develop generally applicable individual
particle analysis methods for EPXMA. The ongoing development at present of the
electron microscope as a routine (and, considering its intrinsic complexity, rather
low cost) analytical tool and the increasing accessibility of computer hardware and
software will enhance the use of such systems for applied environmental analysis in
the coming years.
There are, of course, several alternative microanalytical techniques which
have been applied to the study of air particulate matter, such as laser microprobe
mass spectrometry, secondary ion mass spectrometry, the Raman microprobe
analyser and scanning Auger microscopy and, with some limitations in spatial reso
lution, X ray photo electron spectroscopy. Generally speaking, these methods are
too complicated in their application to analyse large particle collections on a routine
basis. Reference [17] is devoted entirely to this analytical environmental topic.
The disadvantages of EPXMA, on the other hand, are the limited elemental
range and detection limits, in the most favourable cases 0.1% when using energy dis
persive X ray spectrometers. Both EPXMA and PIXE require that the specimen to
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be analysed be placed within the vacuum chamber. Recent developments in electron
microscopy provide set-ups, in which the sample can be analysed in an atmosphere
óf a relatively high pressure of a maximum of 50 torr (the environmental electron
microscope), which allows the observation and analysis of wet or fragile
specimens [18].
Wavelength dispersive spectrometers could increase the detection limits by at
least one order of magnitude, but give rise to more complex exploitation which is
not yet routinely documented. Several other techniques might also be considered as
high sensitivity replacements for EPXMA. Micro-PIXE, which can be regarded as
a substitution of the electron beam by a focused proton beam, could evolve into a
sensitive, but complicated, replacement for EPXMA in the future. Synchrotron
radiation sources are capable of generating intense, highly collimated beams of
linearly polarized electromagnetic radiation. Several recent studies have explored the
properties of microscopical X ray fluorescence analysis with synchrotron radiation
sources.
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Abstract
R EC E N T A D V A N CES A N D FU TU R E D EV ELO PM EN TS IN TH E APPLICATION OF
N U C L E A R A N A L Y T IC A L M ETHODS TO AIR POLLUTION STUDIES.
In the past twenty years, neutron activation analysis (NAA) has been extensively used
for the trace element determination of airborne particulate matter in environmental and
atmospheric transport studies. While the techniques of N A A and air sampling are very well
known, there have been important advances in instrumental analytical development and air
sampling, while there has been extensive application of the methodologies in source-receptor
modelling. Known methods, such as epithermal NAA, have been employed to increase the
sensitivities for the determination of elements which have high resonance integral crosssections, such as arsenic, indium, iodine, molybdenum and uranium. Compton suppression
methods are also being used to further increase the analytical sensitivities of radionuclides
belonging to cadmium, which are otherwise lost in the background continuum. Recent
advances in receptor oriented methods improve the ability of the previous generation by incor
porating meteorological information. Examples of these methodologies include quantitative
transport bias analysis and potential source contribution function analysis. The paper focuses
on sampling techniques, epithermal and Compton suppression N A A and source-receptor
modelling in airborne particulate matter and the recent advances and possible future directions
that this field may take.
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INTRODUCTION

There are a variety of reasons to sample and analyse airborne particulate
matter. Sampling may be carried out to determine if the concentrations of total par
ticulate matter are high enough that public health may be adversely affected. Thus,
sampling may be part of exposure assessment in which the risk is being assessed,
information is being gathered to permit risk management, or monitoring is being
conducted to support epidemiological studies. Sampling may be conducted to deter
mine compliance with air quality laws or regulations. Alternatively, studies of
atmospheric transport, transformation and deposition processes may require particle
sampling and characterization of the composition. Similarly, visibility degradation
is in large part due to airborne particle concentrations, particularly in the sub
micrometre size range, and information may be needed regarding particle concentra
tions to relate to other observed properties of the atmosphere. These various
purposes lead to quite different requirements for sampling and analysis and it must
be understood that it is not possible to establish a single sampling and analysis pro
tocol that will provide satisfactory results for all of these possible types of studies.
There are also a wide variety of options available to buy or build sampling equipment
and to utilize a number of different filter media. The choice of a particular combina
tion of sampler, media and analytical method will depend greatly on the ultimate pur
poses to which the data are aimed at and the resources available to conduct the study.
Neutron activation analysis (NAA) is a very powerful technique for the non
destructive, multielemental determination of many trace elements in aerosols, both
in the natural and polluted environments and in the occupational workplace. Owing
to the differences in nuclear properties of the stable isotopes, sensitivities and, hence,
analytical detection limits vary from element to element, with large fluctuations. For
instance, elements such as aluminium, arsenic, antimony, indium, manganese,
selenium, sodium, vanadium, uranium, zinc, halogens and many rare earths are
easily detected by neutron activation methods with very good precision. On the other
hand, elements such as cadmium, sulphur and lead are difficult or impossible to
determine non-destructively in airborne particulate matter. Typically, 25-35 trace
elemental concentrations can be determined in the aerosol containing very small
amounts (less than a milligram, although many samples have much higher quantities
depending on the area being investigated) of material. Because neutron activation
methods are multielemental, an enormous amount of information can be gathered
from a relatively small number of analysed samples. The results can be used either
in undertaking background monitoring, to conduct epidemiological studies, to inves
tigate source apportionment methodologies using source-receptor models, to study
long range transport phenomena and to establish a more cost effective plan to control
air pollution.
In the past twenty years, NAA has been used extensively for the trace element
determination of airborne particulate matter in environmental and atmospheric trans
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port studies. While the techniques of NAA and air sampling are very well known,
there have been important advances in instrumental analytical development and air
sampling techniques, and the application of the methodologies have been used exten
sively in many areas of source-receptor modelling. Known methods, such as epither
mal NAA, have been employed to increase the sensitivities for the determination of
arsenic, cadmium, indium, iodine, molybdenum, uranium and other elements which
have high resonance integral cross-sections. Compton suppression methods are also
being used to further increase the analytical sensitivities of radionuclides which are
otherwise lost in the background continuum. There are still many areas of potential
inaccuracies that are unique to airborne particulate matter. These areas include the
following:
(1)
(2)
(3)
(4)

Calibration of the sampler along with flow controllers and temperature and
pressure measurements are essential for proper air flow calculations;
Choice of the filter sample, filter weighing and humidity control;
Field blanks;
Calibration of the NAA system for elemental analysis.

Ongoing protocols to ensure the reliability of analytical data, including the
analysis of new reference materials and participation in interlaboratory comparison
studies, are also essential. In air pollution monitoring, NAA, as well as other nuclear
methods, have played a crucial role in advancing the state of the art of sourcereceptor modelling. The mass balance analysis and multivariate methods, including
principal component analysis, factor analysis and target transformation factor analy
sis, all depend on the quality of the multielemental data provided by nuclear methods.
In particular, NAA has always been capable of determining the trace elements that
yield unique source signatures, such as indium, and antimony, for example, not eas
ily determined by other nuclear or chemical methods at typical environmental con
centrations. In addition, more sensitive analytical methods are needed since the
elemental concentrations in the atmosphere may be at least one order of magnitude
lower. Recent advances in receptor oriented methods improve the ability of the
previous generation by incorporating meteorological information. Examples of these
methodologies include quantitative transport bias analysis and potential source con
tribution function analysis. This paper will focus on sampling techniques, epithermal
and Compton suppression NAA and source-receptor modelling in airborne particu
late matter and the recent advances and possible future directions that this field may
take.

2.

SAMPLERS

During the last decade several types of samplers have been available on the
market. The most widely used airborne particle sampler is the high volume sampler.
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In the USA, it has been designated as the standard method for sampling total sus
pended particulate (TSP) matter and determining compliance or non-compliance with
the old US National Ambient Air Quality Standard (NAAQS) for Particulate
Matter [1]. The exact maximum size of particles collected by the sampler depends
very much on the ambient wind speed and direction [2]. Thus, although this sampler
has been the ‘standard method’ for collecting airborne particulate samples, it is not
a very desirable sampler in that it does not provide samples with a well defined range
of particle sizes. An initial approach to improving sampling is to utilize an inlet to
provide an upper size cut-off. Initial designs were for 50% efficiency collection at
10 /xm [3, 4]. These samplers eliminate most of the wind speed and direction
problems, as well as being able to prevent most of the passive loading difficulties.
For many purposes, including the better assessment of exposure to respirable
toxic materials or the identification of the sources of particles and quantitative appor
tionment of the observed mass to those sources, it is useful to recognize that different
types of source processes give rise to different size particles. Fine particles (< 2 /xm)
arise primarily from the condensation of vapour or chemical conversion of gaseous
compounds to low volatility vapours that can subsequently nucleate. These initially
very small particles coagulate into relatively stable particles. Coarse particles
( > 2 /xm) are generated principally by mechanical action. Thus, the separation of
particles into different size categories may provide samples that are affected by fewer
sources or which behave differently in the human respiratory tract. A device devel
oped to provide such a separation is the dichotomous sampler. The separation of the
fine (< 2.5 /xm) particles from the coarse fraction is provided by a virtual impactor.
In the early 1980s, interest shifted to a sampler with a 50% efficient size cut-off of
10 /xm as it was decided that this represents better the maximum size of inhalable
particles. New inlets were designed to provide the separation and also address the
wind speed dependency of the previous designs [5]. The dichotomous sampler is thus
a very useful device where well characterized size range samples of different ranges
are provided.
Another comparable system available is the stacked filter unit. Two filters are
placed in series, whereupon the coarse particles are collected on the first filter and
the fine particles on the second. These particles are usually collected on Nuclepore
or Teflon filters. A distinct advantage of this system is that different pairs of pore
sizes can be used. In general, the coarse fraction is collected on a filter with a pore
size of 8 /xm and the fine fraction is collected on a filter with a pore size of 0.4 /xm.
As mentioned earlier, an initial approach to improving high volume sampling
is to utilize an inlet to provide size cut-off. Initial designs were for 50% efficiency
collection at 10 /xm [5]. These samplers eliminate most of the wind speed and direc
tion problems, as well as being able to prevent most of the passive loading difficul
ties. A significant improvement in the collection of a well defined sample is
represented by these inlets. With the advent of new air pollution guidelines in the
USA, samplers were needed to separate the particles with 50% efficiency at 10 /xm
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(PM10) for the NAAQS for Particulate Matter. The NAAQS for PM10 is defined so
that any sampler that meets a series of performance criteria can be designated as a
reference method and thus can be employed to monitor and enforce the standard [6].
There are high volume flow heads built by several companies that meet these require
ments and have been certified as reference methods [6]. One device uses a
cyclone [4] to provide the 10 цт particle separation, while the other uses an impactor [4]. In both cases, as a result of problems with particle bounce from the collection
surfaces, the manufacturers now require the use of coatings on the collection sur
faces. Thus, more maintenance in the field is required by the samplers if they are
to retain their specified separation efficiency. To eliminate this problem, Marple
et al. [7] have developed a high volume virtual impactor inlet so that the size separa
tion is carried out as in the dichotomous sampler without the use of a physical
impaction surface.
It is possible to obtain detailed information on the size distribution of the air
borne particles and their constituents using a cascade impactor. There has been con
siderable use of cascade impactors that provide multiple samples in various size
ranges with the particles collected in each stage of the impactor. A recently published
monograph describes the types and uses of cascade impactors in great detail [8].
These samplers can be single or multiple jet devices that sample air over a wide range
of flow rates. The impactor is designed so that the air stream carrying the entrained
particles is forced to change direction rapidly. Particles with sufficient inertia detach
from the streamline and impact on the collection surface. A major difficulty with
impactors is the bouncing of particles after collision with the collection surface.
Problems of this nature have been reviewed by Esmen and Lee [9]. It is necessary
to exert some care and effort toward minimizing this problem in order to yield
properly size segregated samples.
A final consideration in sampling is the interaction of gaseous species with the
sample as it is collected on the filter. This can be prevented by the use of a denuder
— a tube with a reactive surface coating which is installed upstream of the filter to
absorb the offending gases before they reach the filter. The increased use of such
methods can be expected to occur as more attention is paid to the possible chemical
interactions that can occur between the gaseous and particulate species in the sam
pling process. This is particularly important when trying to attribute bromine or
chlorine to specific sources.
3.

NEUTRON ACTIVATION ANALYSIS

A complete description of the theory and application of thermal and epithermal
NAA of air particulate matter is beyond the scope of this paper. Many papers have
appeared on this subject [10-25]. Subjects discussed in these papers also include
short lived activation analysis, cyclical activation analysis, epithermal NAA of air
particulate matter, the use of low energy photons and uranium fission interferences.
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GAMMA RAY SPECTROMETRY

Most of the measurements in NAA are performed using high resolution (about
2.0 keV or less full width at half maximum (FWHM) for the 1332 keV 60Co peak)
gamma ray spectrometers with a high purity germanium detector. It is very advanta
geous to have a high efficiency (25% or greater) detector for counting. In particular,
counting times can thereby be reduced significantly for the longer lived radio
nuclides. More recently, detectors with extremely high efficiency (even greater than
100%) are available. To maximize the amount of information obtainable from radio
active samples, detectors are now available that are capable of processing both low
and high energy gamma rays. Hence, an additional low energy photon detector is
not necessary. Well type detectors, which greatly increase analytical sensitivity,
have been more rarely used. Although several groups use them quite effectively, no
detailed study has been made of their effectiveness when compared with conventional
detectors.

5.

REFERENCE MATERIALS

The most common method used to assure quality control for airborne particu
late matter NAA is to analyse certified reference materials of fly ash or coal available
from the National Institute of Standards and Technology (NIST), USA, the Bureau
Communauté de Reference (BCR), Belgium, the Institute of Radioecology and
Application of Nuclear Techniques (IRANT), Czechoslovakia, or other similar
agencies. Until now no single reference material has been made available for the
neutron activation analysis of airborne particulate matter on filters. However, fly ash
and trace elements deposited on filters specifically made for proton induced X ray
emission (PIXE) and X ray fluorescence (XRF) is attainable from BCR and NIST,
respectively. Deposited trace elements in liquid form on other filter papers, also
produced by NIST, are amenable for NAA. More recently, the International Atomic
Energy Agency has sponsored the development of a particulate filter made from the
resuspension of vehicle exhaust reference material for NAA, XRF and PIXE. The
results from an interlaboratory round have been recently published [26].

6.

EPITHERMAL AND COMPTON SUPPRESSION NAA

In our laboratory we have successfully employed epithermal NAA in conjunc
tion with Compton suppression methods to augment the sensitivities of several cru
cial trace elements seldom or never reported before. In particular, we have
determined antimony, arsenic, cadmium, indium, iodine, molybdenum, silicon and
uranium in airborne particulate matter. The relevant nuclear data of these isotopes
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FIG. 2. Medium lived spectrum o f an air filter sample (by Compton suppression) (irradiation
power: 1.5 MW; epithermal neutron flux: 6.3 x 10" n-cm~2■s ' ; irradiation time: 1 h;
decay time: 2-3 d; counting time: 6 h).

is shown in Table I. An epithermal NAA spectrum is shown in Fig. 1. The photo
peaks belonging to uranium, indium, iodine and silicon appear quite clearly, with
good signal to background ratios. These elements are usually difficult to determine
in conventional thermal NAA. The combination of epithermal NAA and Compton
suppression is suited excellently to the determination of the medium lived isotopes
of molybdenum, cadmium, arsenic and antimony. A typical spectrum is seen in
Fig. 2. Typical detection limits for these elements collected on Teflon filters is less
than 1 ng for arsenic and antimony, while for cadmium and molybdenum it is 4 ng.
Both cadmium and molybdenum are almost impossible to determine in conventional
NAA owing to the high backgrounds arising from the sodium and bromine
photopeaks.
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RECEPTOR MODELLING

7.1. Urban scale models
The advent of a US national ambient air quality standard for total suspended
particles (TSP) in the early 1970s created the need to identify particle sources so that
effective control strategies could be designed and implemented. The initial efforts at
identification of particle sources focused on the dispersion of models of point sources
and, in most cases, resulted in substantial reductions in TSP levels. However, as the
increment of additional control needed to reach standard levels became smaller, the
model uncertainties led to difficulties in identifying the actual sources of continuing
problems. In addition, fugitive and other non-ducted emissions are generally not
treated, or are handled poorly in these models. Thus, additional methods were
required to identify and quantitatively apportion particle mass to sources. These new
methods are called receptor models. In them, the measured properties of the
collected ambient samples are used to infer the contributions of the sources to the
ambient pollutant concentration. These methods require that samples be obtained at
locations of interest and receptor sites, and that the samples so collected are analysed
for the properties that are characteristic of the pollutant sources.

8.

PRINCIPLE OF MASS CONSERVATION

All of the currently used receptor models are based on the assumption of mass
conservation and the use of a mass balance analysis. For example, let us assume that
the total airborne particulate lead concentration (ng/m3) measured at a site can be
considered to be the sum of contributions from independent source types, such as
motor vehicles, incinerators, smelters, etc.:
P b r

P ^ a u to

"I" P ^ s m e lte r +

^ ^ in c in e r a to r +

***

0 )

However, a motor vehicle burning leaded gasoline emits particles containing
materials other than lead. Therefore, the atmospheric concentration of lead from
automobiles in ng/m3, Pbauto, can be considered to be the product of two co-factors:
the gravimetric concentration (ng/mg) of lead in automotive particulate emissions,
aPb,auto > and the mass concentration (mg/m3) of automotive particles in the
atmosphere, / auto:
P ^ a u to

^ P b ,a u to ./au to

The normal approach to obtaining a data set for receptor modelling is to deter
mine a large number of chemical constituents, such as elemental concentrations in
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a number of samples. The mass balance equation can thus be extended to account
for all m elements in the n samples as contributions from p independent sources:
p
*ij ~~

&ikfkj

(3)

к= 1
where x¡j is the /th elemental concentration measured in the у th sample, aik is the
gravimetric concentration of the /th element in material from the fcth source, and f kj
is the airborne mass concentration of material from the fcth source contributing to
the jth sample. There are several different approaches to receptor model analysis that
have been successfully applied, including chemical mass balance (CMB) and
multivariate receptor models, including principal component analysis and target
transformation factor analysis (TTFA). These models can be applied to both particu
late and gaseous species. The basis for each of these methods will be presented in
subsequent sections of this paper, along with examples of their application in the
identification of pollution sources in the atmosphere.

9.

CHEMICAL MASS BALANCE

The chemical mass balance, sometimes called the chemical element balance,
solves Eq. (3) directly for each sample by assuming that the number of sources and
their compositions at the receptor site are known. This approach was first indepen
dently suggested by Winchester and Nifong [27] and by Miller et al. [28]. The com
position of an ambient sample is then used in a multiple linear regression against
source compositions to derive the mass contribution of each source to that particular
sample. Miller et al. modified Eq. (3) to explicitly include changes in composition
of the source material while in transit to the receptor:
p
XU = £ a ik aikfkj
(4)
к= 1
where aik is the coefficient of fractionation, so that if a'ik were the composition of
the particles as emitted by the source, aik is the composition of the particles at the
receptor site (aik = a ika'ik). In practice, it is generally impossible to determine the
aik values and they are assumed to be unity (aik = a 'ik). Reviews of prior applica
tions of this approach are provided by Норке [29] and Watson et al. [30].

10.

ILLUSTRATIVE EXAMPLE OF CMB ANALYSIS

To illustrate the use of the CMB method, an example will be taken from the
study of Glover et al. [31] of the sources of airborne particulate matter in Granite
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FIG. 3. Local point sources in Granite City, Illinois, USA ( • : ambient sampler;
fied emission source).

H:

identi

City, Illinois. With the promulgation of the new NAAQS for Particulate Matter —
10 /xm (PM10) — it has been necessary to review the State Implementation Plan
(SIP) in each state for those areas most likely to be out of compliance with the new
standard. In Illinois, one such area is Granite City, an industrial city northeast of
St. Louis, Missouri, that has a history of total suspended particulate and airborne
lead non-attainment.
The locations of the major industries in Granite City and that of the ambient
airborne particulate sampler are shown in Fig. 3. The local industries include steel
mills (American Steel and Granite City Steel), a secondary lead smelter (Terracorp),
an aluminium smelter (SCI) and a chemical plant (Jennison Wright). There is also
a US Army Corps of Engineers storage facility located at the edge of town. Figure 4
shows the locations of the major industries in the greater St. Louis metropolitan area
and their location relative to the ambient airborne particulate sampler.
Receptor modelling has been applied to elemental composition data for 24 h
airborne particle samples taken in Granite City using an automated dichotomous
sampler. This sampler collects particles with an inlet that excludes large particles by
having a 50% transmission efficiency for 10 /xm particles. The particles that pene
trate into the sampler are separated into two aerodynamic size fractions: <2.5 цm
(fine) and 2.5-10 p,m (coarse). The particles are collected on Teflon filters which
are then available for chemical analysis.
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UMT Co-ordinates (km)

FIG. 4. Point source locations in the greater St. Louis area (©: ambient sampler; о : coal
fired power plants: ♦ : oil fired power plants: x : iron/steel works; т ; non-ferrous metals;
ж; incinerator; © : other; UMT: Universal Mercador Transect).

The particle samples were subjected to both XRF and instrumental neutron
activation analysis (INAA) in order to provide the input data for receptor modelling.
Forty-eight sample pairs (fine and coarse) were thus analysed for 33 elements. Each
of these samples was then subjected to CMB analyses. To supplement the source pro
files available in the literature, 12 dust samples were collected in and around Granite
City. These were ‘aerosolized’, sampled and analysed by XRF and NAA to provide
site specific source profiles for the second CMB analysis.
In an attempt to account for more of the mass on each ambient filter, total car
bon was measured seven times during the ambient sampling period. A Sierra PM10
sampler equipped with quartz fibre filters was collocated with the dichotomous sam
pler for this purpose. Each quartz filter was analysed for total PM10 mass and total
carbon mass. After the PM10 mass of each filter was determined, the filter was
treated with HCl to remove any carbonate. Each filter was then oxidized at 800°C,
converting the elemental and organic carbon to CCV The amount of C 02 released
was measured with a Dohrmann carbon analyser. A linear regression was used to
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relate the mass of total carbon to the total PM10 mass of each quartz filter. This
regression is given by:
TC = 0.074 PM10 + 3.129

(5)

where TC and PM10 are both measured in /xg/m3.
Computer controlled scanning electron microscopy (CCSEM) [32] was used to
partition-the total carbon measurements between the fine and coarse fractions. The
first and last quartz filters collected were analysed by CCSEM. The number, physi
cal mass and aerodynamic mass distributions of the particles on each filter were
determined, along with an elemental analysis of the particles. The CCSEM measure
ments determined that the total carbon was apportioned between the fine and coarse
fractions by:
TCfine = 0.919 TC
(6)

TCcoarse = 0.082 TC
The PM10 mass on each of the quartz filters was scaled to the PM10 mass collected
on the Teflon discs. The mass of each pair of fine and coarse Teflon discs was added
to find the total РМШmass on the Teflon discs. TCfine and TCcoarse for the Teflon
discs were found by multiplying the scaling factor for each sample with Eqs (2) and
(3), respectively.

11. CHEMICAL MASS BALANCE EXAMPLE
By including the local dust samples among the potential source profiles in the
CMB analysis, a marked improvement in the quality of the predicted results was
achieved compared with the results obtained using only literature values for the
source profiles [32]. The analysis with the local source profiles did not change the
types of sources identified by the analysis. However, the apportionment between
sources varied enough to cause the relative importance of the sources to change. The
improvement in the results could be seen by the increase in the average value of the
adjusted R 2 for both size fractions. The adjustment in the R 2 values was made to
account for the number of different sources that were identified for each sample. This
increase was especially apparent for the coarse fraction, where the average negative
change was less than one quarter of one per cent, while the average positive change
was above seven per cent. Figure 5 shows that the predicted mass of the fine fraction
became closer to the observed mass than an analysis without the additional source
profiles. Using the additional profiles caused the predicted mass of the coarse frac
tion to increase, while the associated error decreased. The predicted masses of the
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FIG. 5. Predicted mass fraction o f selected fine fraction CMB results, March 1986 to June
1987, Granite City, Illinois, USA.

fine fraction fitting elements were generally underpredicted. Similar results were
obtained for the coarse fraction samples. Underprediction is the more desirable error
since, during the fitting process, there can always be other unidentified sources that
explain the unaccounted for mass.

12.

TOTAL CARBON RESULTS

In the CCSEM analyses, carbon was found to be a major component of the fine
fraction. However, in the CMB analyses, carbon never fit well. Lack of carbon
information in many of the source profiles compounded the problem of having few
ambient data.

13.

CONCLUSIONS

By measuring ambient filters by both XRF and NAA, a relatively complete set
of elemental measurements was obtained. The usefulness of these data was limited
by the current unavailability of source profiles including these elements. The lack
of data on carbon was a special problem in the present study since the limited ambient
information did identify carbon as being an important part of the fine mass. The
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inclusion of site specific profiles in a receptor oriented source apportionment
programme improved the overall quality of the source apportionment results from
those using only literature profiles. While not identifying new sources, the site
specific profiles significantly improved the R 2 of the coarse fraction. It also
decreased the errors in the coarse fraction’s predicted results. The collection and
analysis of site specific fugitive dust profiles should be obtained, if possible, during
the course of future studies employing receptor models.

14.
14.1.

REGIONAL SCALE MODELS
Introduction

Receptor models have generally been concerned with urban scale problems of
airborne particulate matter or volatile organic compounds. Yet there are a number
of problems that require the identification of source-receptor relationships over dis
tance scales of hundreds to thousands of kilometres. There has been limited work
in this area relying on a limited number of elements to identify geographical areas
by some characteristic elemental ratios. However, these limited source profiles have
limited applicability and do not localize the source areas to regions that are still large.
Thus, the opportunity remains open to develop and apply techniques that can help
elucidate the long range transport of pollutants.
One statistical method, called residence time analysis, was developed by
Ashbaugh et al. [33, 34]. This method can be used to estimate the residence time of
air parcels over a given geographical area. A probability function was formulated
based on the residence time analysis. This function was called the potential source
contribution function (PSCF) by Malm et al. [35]. The PSCF method has been used
to locate source areas of fine particles at Grand Canyon National Park for the pur
pose of a visibility study [35, 36].
The important feature of PSCF analysis is its capability of geographically
locating pollution sources, in contrast to most of the commonly used receptor
models [36] that identify pollution sources by their chemical characteristics rather
than their locations. Obviously, the locations of airborne pollutant sources are impor
tant pieces of information for air quality management. Although the distribution of
pollutant emissions over the studied region may be available in some cases, it may
not be necessarily true that high emission rate areas are the dominant contributing
source areas to a specific receptor site because atmospheric conditions may not create
a pathway to transport the pollutants to the receptor. Therefore, localized study of
a receptor area is usually necessary to determine where the sources are located.
The PSCF is a probability function based on the air parcel trajectory data, cou
pled with information regarding the nature of the contaminants measured in that air
parcel. It is the ratio of the probability of a contaminated air parcel having traversed
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a 10 latitude by 1e longitude area to the probability that any air parcel traversed that
area. Regions with high PSCF values thus have a higher probability of contributing
pollutants to the measured concentrations at the receptor site.
In this study, except for some minor modifications to the PSCF method, the
emphasis is on exploring the potential of the PSCF method, including: (1) applica
tions to acidic precipitation, as well as ambient particles, and (2) the capability of
providing information on atmospheric processes leading to acidic deposition. These
studies will be presented in a subsequent section after a review of the PSCF method.

15.

PSCF METHODOLOGY

In a PSCF analysis, both chemical analytical data for samples collected at a
receptor site and the related meteorological data are needed. From the meteorologi
cal data, air parcel back trajectories ending at the receptor site can be calculated with
a trajectory model [37-39]. In this study, each trajectory consists of a sequence of
three hour segments. The trajectory segment end point at a particular time relative
to the starting time of the trajectory is given by the longitude and latitude. Thus, for
a 48 h back trajectory, 16 end point locations are calculated. Figure 4, shows an
example of such trajectories. To calculate the PSCF, the whole geographical region
covered by the trajectories is divided into I o longitude by I o latitude cells, so that
the PSCF will be a function of longitude and latitude.
Let N represent the total number of trajectory segment end points over all cells
during the whole study period, T. If ni; end points fall into the ijth cell, the proba
bility of this event, A¡j, is given by

(7)
P[A¡j\ represents the residence time of a randomly selected air parcel in the ij th cell
relative to time period T. In the same i/th cell, if there are m¡j end points that cor
respond to the trajectories that arrived at the receptor site with pollutant concentra
tions higher than some selected criterion value, then the probability of this event,

P[B¡j], similar to P[A,j] , is related to the residence time for these contaminated air

parcels. The PSCF is then defined as a conditional probability:
PSCFy = P[BU\AU] =

P[B,J

n Ajj]

P[A,j]

_

P[B¡j]

_ jn¡J_

P[Aiji

nu

(9)
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PSCFy is the probability that an air mass with specified pollutant concentrations
arrives at a receptor site after having been observed to reside in the y'th cell. Cells
containing the pollutant sources will have high conditional probabilities. Therefore,
the conditional probability function, PSCF, will identify those source areas that have
the potential to contribute to the high concentrations of contaminants observed at the
receptor site [36].
As described above, mi; is counted when an air parcel arrives at the receptor
with a high pollutant concentration. Therefore, the PSCF can be calculated on the
basis of a single pollutant (chemical species). It can also be computed on the basis
of a group of pollutants that come from the same source. For the latter case, factor
analysis can be incorporated with PSCF analysis. A factor can represent a type of
source and the scores of the factor for samples can serve as a measure of the
influence of that source on each sample. When a factor score is higher than a certain
value, the corresponding sample is considered to be contaminated by the source. The
corresponding trajectory will contribute to the mi; counting. We have applied these
methods to data from airborne particulate matter collected in the high Canadian
Arctic. Several examples will be presented to show how the source area can poten
tially be identified.

16.

SOURCE LOCATIONS FOR SPECIES OBSERVED
IN ARCTIC HAZE

Airborne particle samples have been collected at three distinctive points in the
Canadian high Arctic since late 1979 by the Atmospheric Environment Service
(AES) of Canada using a custom built sampler identical to that used at Barrow,
Alaska [40]. A volume of about 15 000 m3 was drawn through Whatman 41
8 in x 10 in filters.1 Some eight hundred samples have been collected during the
past decade.
To examine the source regions responsible for the elemental concentrations
that have been observed at the three sites, we have completed the potential source
contribution function analysis of these sites. At this level of scale, it has been neces
sary to use a 5° latitude by 5° longitude grid cell. Preliminary results for Alert (83°N
latitude) were presented by Cheng et al. [41]. In this case, it is necessary to include
transport of the particles at various levels within the atmosphere. Thus, the PSCF
methodology has been extended to incorporate trajectory data from more than one
height. The trajectories were calculated at three heights, 1000, 925 and 850 mb.
This extended analysis has been termed the total potential source contribution
function (TPSCF). The probabilities for each cell can be calculated by combining
1 1 inch (in) = 25.4 mm.
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FIG. 6. Map o f the TPSCF for indium in the ‘dark’ period (1 November to 31 March).

the PSCF values calculated for each trajectory height. The question then arises as
to how to combine the information in these three maps into a single, complete picture
of the source-transport relationships that give rise to the observed concentrations at
the receptor site. Let A 1, A2 and A3 constitute a set of mutually exclusive and nearly
exhaustive events for the three different pressure layers. Since air parcel segments
end at a grid cell through one layer, they cannot be transported simultaneously
through the other two layers. Let В denote the subset events of Ai, i = 1 , 2 and 3,
which are identified as interesting events. In order to gain an overall picture of how
pollutants were transported to a sampling station through the three atmospheric
layers, the TPSCF probability is summarized as follows:
P[B ]

=

Р[В\АЦР[АЦ

+

P[B\A2]P[A2] + P[B\A3]P[A3]

(10)

where P[B] is the total probability of the occurrence of the event Вт, P[B\Ai,
i = 1, 2, 3] is the conditional probability of the occurrence of the event В as the
individual e v e n ts occurs, and P[Ai, г = 1 , 2 , 3 ] is the probability of the occurrence
of the event Ai. The conditional probability of a single layer is just the PSCF proba
bility presented above. We define here a new probability field called TPSCF to inte-
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grate the three PSCF fields obtained through the three single layer analyses. The
field of TPSCF for a gridcell (if) is computed as follows:
P[B]

¿ P[B\Ai]P[Ai]

TPSCF = --------------- =
¿
i= i

-------------------

P[Ai]

(11)

¿ P[Ai]
i

= i

The right hand side of this equation represents the value of the TPSCF for the cell
ij. The TPSCF falls within a numerical range of 0 and 1. A grid cell of probability
value 0 is extremely unlikely to be a source region where a value of 1 is very likely
to be a source region. This two dimensional probability field, TPSCF, therefore inte
grates the three single layer PSCF probability fields.
To illustrate the use of this approach, the sources of indium will be examined.
Indium is an element that is typically associated with non-ferrous metal smelters. In
the Arctic region, there are substantial differences in the circulation patterns between
the winter, when there is very little solar insolation, and the summer. In the ‘dark’
period (1 November to 31 March), there are intrusions of Arctic high pressure fronts

0 .8-1.

0 .6-0.8

0.4-0.6

0.2-0.4

0.0- 0.2

None

FIG. 7. Map o f the TPSCF fo r indium in the 'light’ period (1 April to 30 October).
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southward to lower latitudes, resulting in the transport of material from these
inhabited areas to the Arctic so that high airborne particle mass values are often
observed in January and February of each year. Figures 6 and 7 present the TPSCF
maps for indium for both dark and light periods.
There is a notable region of high probability in southern Canada. In Ontario
there is a large nickel smelter that has an extremely tall stack. There are also very
large smelters in Thompson and Flin Flon, Manitoba. These are likely to be the
sources that have been identified in the dark period map. Because of the lack of trans
port from these regions to the Arctic during the late spring, summer and early fall,
these regions do not appear on the light period map. Thus, the PSCF concept can
apparently be extended to very long transport problems.

17.

SUMMARY

The availability of methods that combine meteorological data with chemical
composition data have the promise of providing improved information on the origin
of species observed to be present in the atmosphere. At this time, the PSCF method
is a qualitative analysis. For studies in the future, it is desirable to improve the
method so that the responsibility of pollution events at a receptor can be quantita
tively partitioned by the locations.

18.

FUTURE ANALYTICAL DEVELOPMENTS

There are several areas in which further analytical method development can
be expected. One is a comprehensive study using epithermal NAA to categorize the
distinct advantages for certain trace elements in air particulate matter. Some previous
work has been done in this area [18, 42, 43]. However, much more detailed investi
gation is needed, including the use of both cadmium and boron filters. Recent
advances in NAA have been reviewed [13] and the authors have referenced a number
of papers in which epithermal NAA has been employed. However, none have
included the analysis of air particulate matter. A re-evaluation of the use of low
energy gamma rays should also be studied. Very little work has been performed in
this area for air particulate matter [18, 42]. In principle, this method should not be
nearly as complicated for the analysis of air filters as for geological samples. The
self-attenuation of the gamma rays is minimized, since the mass of the sample is
usually small and close matrix matching with standards is possible. The use of well
type germanium detectors is also very advantageous since their efficiency is dramati
cally improved [44], thus decreasing the counting time, but little work has been
reported on airborne particulate matter. Other techniques, including prompt gamma
NAA and cold NAA, are possible. Few such facilities exist, and they should be

IAEA-SM-325/105

455

considered to be more research oriented and not suitable for routine environmental
analysis. These two methods have been reviewed by Ehmann and Vance [13]. The
methods of epithermal NAA with and without Compton suppression are extremely
useful when studying the elemental composition of airborne particulate matter and
should be considered as important additional techniques.
There are several important directions that receptor modelling will be taking
in the near future. With the improvements in computer capability at a much lower
cost, more computer intensive methods can be utilized. Thus, the incorporation of
chemical and physical processes during transport from the sources to the receptors
can now be included in the analysis. More stringent error analysis through resam
pling techniques like bootstrapping now become practical. In addition, the use of new
algorithms for deconvolution of the source profiles offers new opportunities to obtain
better information on the composition of the source material after it arrives at the
receptor. Thus, the field continues to evolve and improve and the future holds
promise for further developments.
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Abstract
CHARACTERIZATIO N A N D SOURCE DETERMINATION OF AIR POLLUTION IN
AN KA RA .
The sources of air pollution in Ankara and the effect of these sources on rainwater com
position were studied by collecting rainwater and aerosol samples over a one year period in
1988. The rain water was not acidic owing to high concentrations of alkaline soil particles in
the atmosphere. However, the concentrations of acid forming ions, such as SO*' and NOJ,
were higher than concentrations expected in a typical urban atmosphere. Most of the SO|~ in
rain water was in the form of CaS04. The ions most efficiently scavenged from the
atmosphere were found to be SO 4' and Ca2+. Atmospheric concentrations of approximately
thirty elements indicated that road dust, motor vehicles, coal and oil combustion are the main
components of aerosols over the city. Elements which have origins in industrial processes
were not enriched substantially and do not show seasonal dependence, whereas elements
which originate from coal combustion for residential heating are highly enriched and have
higher concentrations in the winter. Road dust was enriched in Pb and Br and does not show
characteristic soil composition.

1.

INTRODUCTION

In spite of the measures taken (i.e. the use of high quality coal and natural gas),
in the last few years, air pollution is a serious problem in Ankara. The capital of
Turkey, Ankara has a population of 3 000 000 and is located in central Anatolia, as
shown in Fig. 1. It is not a heavily industrialized city. The main sources that are
expected to contribute to atmospheric particles are: a cement factory, located approx
imately 10 km west of the city, and two oil fired power plants, one in the downtown
area and the other approximately 10 km outside Ankara. None of these sources has
any pollution control devices installed on their stacks. In addition to these major
459
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FIG. 1. Map o f Anatolia.

sources, there are several small scale manufacturers, especially of wood products,
located mostly in the northern sections of the city.
Owing to the lack of extensive industrialization, residential heating is the main
source of observable pollution in Ankara. The common fuel types are coal and fuel
oil. Wood is also used to a limited extent. Area wide heating systems are not com
mon. Before 1980, the majority of buildings were heated by fuel oil; however the
rapid increase in fuel prices after the 1974 oil crisis has shifted the mode of heating
from oil to coal.
Motor vehicles are also an important source of particles in Ankara’s
atmosphere. In recent years, diesel traffic has increased drastically owing to the
increase in gasoline prices. Diesel particles are now expected to be a major compo
nent in Ankara’s aerosols.
Winds blow mostly from the west to the south, which makes the cement factory
a potentially important source of particles in Ankara’s atmosphere. The most impor
tant characteristic of the meteorology of Ankara is the inversion which occurs
throughout the year. Topographically, Ankara is surrounded by hills in all four
directions; consequently, the inversion which forms during the night usually remains
until noon in winter and until about 10 a.m. during the summer. The coupling of this
inversion with already high pollutant levels produced several instances in the past of
alarmingly high levels of pollutants in the atmosphere. In the last few years,
imported low sulphur coal is being used for heating purposes in the city. Within the
next few years, natural gas will be used for residential heating.
Although existence of the air pollution problem in Ankara was known for a
long time, very limited scientific work to understand the sources of pollution was
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performed. In general, the pollution is believed to be due mostly to residential heat
ing. However, the fractions of pollutants emitted from coal and oil burning in resi
dences are not known. Similarly, motor vehicle emissions are believed to be an
important source of pollution. The evidence for this comes from the summer haze
over the city, which can consist of photochemical smog or diesel particles. As in
residential heating, the magnitude of motor vehicle contribution to observed pollu
tion is not known. Contributions by industrial sources are believed to be negligible,
which may not be a legitimate assumption because the main industrial source, namely
the cement factory which is located about 10 km west of the city, puts out enormous
quantities of particulate matter, most of which is carried to the city as the winds are
predominantly from the west. Owing to a lack of information on the sources of pollu
tion, all regulatory action must be taken without much of a factual foundation. Since
the observed concentrations of S 02 and particulate matter have reached alarming
levels in recent years, government and local regulatory agencies have decided to
replace high sulphur containing lignite by low sulphur (1%) imported coal as a fuel
in residential heating. Coal imported from South Africa is the only type permitted
since 1985. However, the results of S02 and particulate measurements made after
1985 at six stations around Ankara by the State Health Department did not show a
significant decrease in concentrations of S02 and particulate matter compared with
results obtained before 1985. Preparations are now being made to replace coal by
natural gas imported from Russia as a fuel in residential heating. However, since
source information on ambient particles is not available, the consequences of such
a major change in fuel use are again difficult to predict.
In this paper, the authors estimate, for the first time in the history of the study
of air pollution in Ankara, the sources contributing to the observed ambient concen
trations of particles, through statistical analysis of trace element data obtained from
the analysis of ambient samples. Such a source apportionment study, if successful,
will provide necessary information on the sources contributing to particulate
pollution and may help in providing more realistic regulatory action. Recently,
recognizing the need for information in order to direct pollution control measures
in Ankara, the World Bank and the World Health Organization have proposed,
designed and funded an extensive research and monitoring programme to examine
the sources contributing to air pollution in Ankara and the health effects of pollution.
The study will involve the monitoring of S02 particles, NOx and 0 3 at several sta
tions around Ankara, an emission inventory study for these pollutants, and modelling
and epidemiological studies to establish the relationship between air pollution and
health effects. Our work will provide preliminary information on the sources of
pollution and will be used in testing emission inventory and dispersion models which
will be developed in the course of the study.
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EXPERIMENTAL

2.1. Sampling
Samples were collected from two stations. One was located in downtown
Ankara, which is seriously affected by residential heating and motor vehicle emis
sions during the winter and mostly by motor vehicle emissions in the summer. The
second station was set up on the Middle East Technical University (METU) campus,
which is about 10 km outside the city. This station was free of any major emissions.
The campus is centrally heated by fuel oil and the only significant source of pollu
tants that could affect the station is a nearby road within the campus with relatively
light traffic. The locations of the sampling stations and the potential pollution sources
are shown in Fig. 2. In this paper, the station in downtown Ankara will be referred
to as the ‘Ankara station’ and that on the METU campus will be called the ‘METU
station’.
Since residential heating is the main type of pollution occurring during the
winter, and it diminishes in the summer, the elemental concentrations of particles in
the atmosphere are expected to be significantly different for the summer and winter

FIG. 2. Sampling sites in Ankara (scale

—

1:200 000).
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seasons. Because of this difference, samples were collected during both seasons. The
sampling duration for both was 20 days. Winter samples were collected between 15
March and 15 April 1988. Owing to the climatology of the region, residential heating
in Ankara continues until the end of April. Summer samples were collected between
7 September and 2 October 1988.
Samples were collected at approximately 15 and 40 m from ground level at the
Ankara and METU stations, respectively. At the Ankara station, filter holders were
extended 2 m from a second floor window in the Public Health Laboratory building.
At the METU campus, samplers were installed on the roof of the Engineering
Faculty administration building, which is a 20 storey high-rise.
At both stations the samples were simultaneously collected on two filters. One
of the filters was of 47 mm diameter polycarbonate (Nuclepore) with a pore size of
0.5
and the other one was of 47 mm diameter cellulose fibre (Whatman 41). Half
of the Nuclepore samples were used for instrumental neutron activation analysis
(INAA) and the remaining half for the analysis of sulphate, nitrate and ammonium
ions by ion chromatography, and Pb and Ni by atomic absorption spectrometry
(AAS).
Samples for S02 analysis were obtained by bubbling air through a dilute
hydrogen peroxide solution. The total particulate mass on each filter was determined
by diffractometry. Samples were collected between 22 and 24 h. The samplers were
stopped at 10 a.m. and restarted after approximately 1-2 h (to cool the pumps).
Sampling of wet precipitation was carried out only at the METU station by
using an Andersen wet-only sampler. This sampler has a humidity detector which
initiates a mechanical system to open the lid of the container after the first drop of
rain hits the detector. In this way contamination of rain samples by dry deposition
is avoided.
2.2. Analytical techniques

During the sampling period, 80 filters and 27 rain samples were collected using
the procedures described above. Half of the filter samples were collected by polycar
bonate filters and the remaining half collected on cellulose filters. These samples
were analysed for trace elements (excluding Pb and Ni) by INAA, for sulphate and
nitrate ions by ion chromatography, for ammonium ions by spectrophotometry and
for Pb and Ni by AAS. Whole polycarbonate filters were analysed by INAA, as trace
metal analysis is the main theme of this work. Cellulose filters were cut into two
halves, with one half used for ion analysis and the second half saved for analysis of
Pb and Ni by AAS.
For INAA, polycarbonate filters were folded and heat sealed in prewashed
quartz vials, which were then placed in ‘pneumatic tube sample carriers’ (‘rabbits’),
together with Ni flux monitors. Samples and monitors were irradiated for 5 min in
a thermal neutron flux of 1 x 1013 n-cm“2-s“’. After about 5 min of cooling time
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FIG. 3. Temporal variations of ions measured in Ankara ’s atmosphere.

the spectra were collected for 5 min for the determination of Al, Ca, Cu, V, Ti and
Mg. The samples were then allowed to decay for approximately 20 min and a second
spectrum was accumulated for 20 min for the analysis of Na, Cl, Mn, Zn, I, In, Br
and Ba. After analysis of spectra for these short lived isotopes was completed, the
samples were allowed to decay for several weeks, then irradiated for 4 h, together
with Co flux monitors (which were made of Al wire containing 5% Co), at the Çekmece research reactor, Turkish Atomic Energy Agency, in a thermal neutron flux
of 1 x 1013 n-cm_2-s_I. A 4 h spectrum from each sample was collected after a
2 d decay interval. Collected spectra were analysed for Na, K, Zn, Ga, As, Br, Mo,
Cd, La, Sm, Yb, Lu, W and Au. After ‘first long counts’, the samples were allowed
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to decay for approximately one month, and then counted for 12 h. The spectra were
analysed for Sc, Cr, Fe, Co, Zn, Se, Zr, Rb, Ag, Sb, Ba, Cs, Ce, Nd, Eu, Tb, Yb,
Lu, Hf and Ta isotopes. The concentrations of elements in each sample were deter
mined by comparing the activities of isotopes with the activities of corresponding iso
topes in prepared mixed standards which were irradiated together with the samples.
The accuracy of the method used was checked by analysing standard reference
materials along with the samples. A flow diagram for the INAA procedure described
above is given in Fig. 3.
For Pb and Ni analysis, samples were dissolved in 0.1M HN03 and subse
quently measured using a Pye Unicam model PU-9200 atomic absorption spectro
meter equipped with a PU-9390 electrothermal atomizer.
Collected rain samples were divided into three parts right after the measure
ment of the pH in the sampling area. The first part of the samples was analysed for
SO 4 ", N O 3 and СГ by ion chromatography using the procedure developed by
Jaklevik et al. [1] and optimized by Sava§ [2]. Ion chromatography was successfully
used on the environmental samples like rain, fog, aerosol and wastewater. Because
of the simple matrices of the samples, direct injection to the system was possible.
Ion chromatography is a combination of an ion exchange column, a liquid
chromatography detector and a computer for estimating the peak area. The type of
ion exchange column and detector determines the sensitivity of the system.
In this work, a Varian 2110 model ion chromatograph with Vydac 302 anion
colon and UV detector, which is interfaced to the Amstrad CPC-6126 computer, was
used. As a mobile phase, potassium hydrogen phthalate was used because of its low
conductivity. Rain samples after filtration were injected directly into the system
using a 100 fxL manual loop injection system. The second part of the rain samples
was used to determine Ca2+, K + and Na+ with a Pye Unicam PU-9200 model
atomic absorption spectrophotometer. NH4+ in the samples was determined by using
spectrophotometric methods.

3.

RESULTS AND DISCUSSION

3.1. Rain samples
The averages and standard deviations of the measured anions and cations in the
collected rain samples are given in Table I. The average pH of rain water in Ankara
was found to be 6.1. The sulphate, nitrate, calcium, potassium, sodium and ammo
nium ion concentrations ranged between 64 and 326, 33 and 94, 62 and 526, 1.8 and
19, 2.7, and 67 and 2.2 and 11 /¿eq/L, respectively. The heavily loaded components
of rain water in Ankara were sulphate and calcium, with average concentrations of
29 and 17 /xg/mL, respectively. Although it is not surprising to have such high con
centrations of sulphate in a city like Ankara, which has a high loading of S02 in the
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TABLE I. AVERAGE ION CONCENTRATIONS AND STANDARD
DEVIATIONS IN ANKARA’S ATMOSPHERE

AM
STD
GM
Min.
Max.
NS

pH

H+

N03
"

so42-

Ca2+

Na +

K+

NH4
+

6.1
0.82
6.1
4.5
7.8
27

3.7
6.7
0.76
30
0.02
27

61
13
59
33
94
27

150
65
135
64
326
27

210
104
184
62
536
27

21
21
14
2.7
67
27

7.1
4.9
5.3
1.8
19
27

19
19
13
2.2
11
25

A M : arithmetic mean; GM : geometric mean; STD: standard deviation; NS: number of
samples.

TABLE II. COMPARISON OF MEASURED PARAMETERS WITH
LITERATURE VALUES (¿teq/L)
Parameters

Minnesota

Agra

Beijing

Albany

Ankara

pH

5.85

6.30

6.54

4.20

6.10

H+

3.75

0.50

0.28

4.00

3.70

4+

54

18

160

42

12

S04
2"

59

152

162

86

150

no3

35

40

34

52

62

Ca2+

55

237

460

8.20

210

Na +

43

101

44

5.30

21

K+

40

41

21

3.10

19

nh

atmosphere, such a high average concentration of Ca2+ was not expected.
However, this concentration can explain the high pH observed in rain samples. In
a clean atmosphere, the pH of rain water is usually around 5.6, owing to carbonate
buffer as a result of C 02 dissolved in rain droplets. But in polluted areas, the addi
tion of acid causing substances to the rain lowers the pH. The pH higher than 5.6
observed in Ankara is due to high loading of calcium in the form of CaC03 because
of the alkaline nature of the soil in this region.

TABLE III. COMPARISON OF THE DATA OBTAINED FROM THE LITERATURE

Katowice

Denver

4 000

Al (ng/m3)

15 800

2 758.9

Cl (ng/m3)

14 600

1 446

К (ng/m3)

4 800

Ca (ng/m3)

8 000

Sc (pg/m3)

2 900

Ghent

41

Tokyo

Santiago

369

1 400

210

408

2 000

44.4

630

350

6 500

693

103.36

270

428

770

1 940

678

250.99

250

2 610

2 700

3 000

180

2 140

Barcelona

40

6.76

17

Cr (ng/m3)

104

8

9.35

Mn (ng/m3)

580

28

7.09

15

Fe (ng/m3)

8 900

1 006

222.36

200

Ni (ng/m3)

113

7

2.91

Zn (ng/m3)

2 100

76

49.34

Ga (ng/m3)

20

As (ng/m3)

40

6.07

7

Se (ng/m3)

42

0.28

1.4

Br (ng/m3)

320

3.2

6.2
90

21.6
1 100
11.8
273

11

27

15

21.5

Ankara
(winter)

417

1 773

6 865

697

3 677

1 556

281

Ankara
(summer)

METU
(summer)

1 221

363

670

390

7

5

589
10 437

128

9 607

1 149

910

540

131

15

17

27

100

97

122

24

8

2 200

3 130

3 590

2 100

1 300

1 500

600

63

95

52

49

20

98a

91

92

45

24

10
370

5.8
310

1.7

2.8

METU
(winter)

1 997

360

V (ng/m3)

Pb (ng/m3)

Athens

4.1

0

31

1.6

0

2

0.1
23

1.2

0.02
16
1.7
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Na (ng/m3)

Reading

0.4

11
0.9

99

15.51

43

130

17

71

418

188

84

676

205

357

174.68

170

699

170

360

1 116

236

253

321

472

467
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A comparison of the parameters measured in rain water with literature values
is given in Table П. For comparison, Agra, India, and Beijing, China, cities with
pollution similar to Ankara, were selected. Heavy pollution and high atmospheric
dust loading were reported in Agra, India. The rainwater composition in Agra is
expected to be similar to that of Ankara. A highly populated city, Beijing, also with
an air pollution problem, is a good choice for comparison with Ankara. Albany, New
York, is a typical city in the United States of America which controls emissions. For
that reason the parameters measured in Albany can be used as an example of a rela
tively unpolluted urban atmosphere. In general, the data in Table II indicate that the
rainwater composition in Ankara is typical of urban areas, except that there is a high
level of calcium, causing high observed pH values, as in the cases of Agra and
Beijing.
In Albany, the observed pH is 4.2. The city, located in the northeast part of
the USA, is seriously affected by coal fired power plant emissions from the Ohio
River Valley. Since the atmosphere is not heavily loaded with alkaline dust, the
observed pH in Albany is 4.2, which indicates the acidic nature of the rain water.
The pH measured in Ankara is 6.1 and this is close to the values measured in
Agra and Beijing. As was mentioned before, the observed high pH of the rain, in
spite of the high sulphate concentrations measured in samples, is due to the
neutralizing effect of calcium, which is at high levels in Ankara’s atmosphere.
Sample to sample variations in the measured parameters are given in Fig. 3.
The striking feature of this figure is the close relationship between the sulphate and
calcium ions. Neither pH nor the other parameters show similar variations. This
variation can be justified with the calculated correlation coefficient of 0.68
(P[0.68, 27] > 95%).
Some of the organic acids and bases which might contribute to the acidity were
not measured in this study. However, previous research shows that organic compo
nents are not as important as their inorganic counterparts [3, 4]. In Ankara, the S0 2
emissions from residential heating have such a dominating effect on the formation
of acidic substances that the effect of organic acids and bases on the acidity of rain
water should be low. In order to verify this, the total anion and cation concentrations
were calculated. The total anion/total cation ratios in collected samples are given in
Table Ш. The average of the calculated ratios is 0.9. This indicates that most of the
ions in the rain of Ankara are accounted for and organic acids and bases make up
a negligible fraction of the ionic composition of the rain water.
3.2. Aerosol samples

Table IV shows the average concentrations of elements in the atmosphere of
Ankara. Twenty-eight elements are reported. A comparison of the concentrations
observed in Ankara’s atmosphere with other sites is given in Table Ш. The concen
trations of most of the elements are high in Ankara when compared with the rela-
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TABLE IV. AVERAGE CONCENTRATIONS OF ELEMENTS IN ANKARA
AND METU STATIONS DURING WINTER AND SUMMER PERIODS
Ankara

M ETU

Ankara

M ETU

(winter)

(winter)

(summer)

(summer)

(ng/m3)

(ng/m3)

(ng/m3)

(ng/m3)

Na

1900 ± 1100

420 ± 230

Al

6900 ± 5 1 0 0

690 ± 530

Cl

1500 ± 900

280 ± 130

К

590 ± 260

1200 ± 800

360 ± 300

0.7 ± 0.5

0 .4 ± 0.4

Ca

9600 ± 8300

1100 ± 800

Sc

0.9 ± 0.8

0.5 ± 0.5

Ti

1000 ± 600

V

130 ± 85

15 ± 13

Cr

17 ± 14

27 ± 18

7 ± 5

5 ± 5

Mn

19 ± 15

8 ± 5

10 ± 7

5 ± 5

Fe

2100 ± 1800

1300 ± 1100

1600 ± 900

540 ± 500

Co

2.7 ± 1.6

2.5 ± 2.3

4 .7 ± 2.3

2.2 ± 2.2

Ni

95 ± 55

52 ± 33

49 ± 40

20 ± 20

Zn

90 ± 70

90 ± 90

45 ± 32

24 ± 18

As

31 ± 29

14 ± 11

16 ± 11

11 ± 8

Se

2.1 ± 1.2

1.2 ± 1.2

1.7 ± 1.9

0.9 ± 0.5

Br

180 ± 150

80 ± 60

600 ± 500

210 ± 170

Ag

0.15 ± 0.12

0.04 ± 0.04

0.03 ± 0.03

Sb

0.37 ± 0.40

0.34 ± 0.38

0.60 ± 0.30

0.24 ± 0.16

I

2.6 ± 1.6

0.6 ± 0.2

Cs

0.6 ± 0.3

0.5 ± 0.4

0.5 ± 0.7

0 .4 ± 0.3

La

3.0 ± 2.5

3.7 ± 2.7

1.3 ± 0.9

0.3 ± 0.3

Ce

6.0 ± 4.3

6.5 ± 4.0

10

2.0 ± 1.1

Sm

0.54 ± 0.52

0.58 ± 0.53

0.24 ± 0.17

0.08 ± 0.06

Eu

0.11 ± 0.08

0.15 ± 0.12

0.22 ± 0.22

0.76 ± 0.76

W

1.9 ± 1.0

0.06

0.07 ± 0.3

0.02 ± 0.02

Aua

43 ± 42

11 ± 5

2.7 ± 2.8

1.8 ± 1.5

230 ± 100

250 ± 250

320 ± 250

470 ± 360

Pb
a In pg/m 3.
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Elem ents
fej&g&li A nkara
F IG . 4.

METU

W in te r /s u m m e r r a tio s o f e le m e n ts m e a s u r e d in A n k a r a a e r o so ls.

tively polluted urban atmospheres given in Table 1П. The observed concentrations
confirm the polluted nature of the atmosphere in Ankara.
The winter to summer ratios of elements in Ankara’s atmosphere are given in
Fig. 4. For most of the elements, the winter concentrations are higher than summer
concentrations. This is expected because the atmosphere is heavily polluted with par
ticles from coal burning during winter months. The difference between winter and
summer is not very great for crustal elements. Although elements like Sc, Fe, Al,
etc., are conventionally known as crustal elements, it should be noted that their
source may also be fly ash particles from coal combustion, which are known to have
similar compositions to soil particles (with minor differences). The enrichment of
anthropogenic elements in fly ash particles is due to a fractionation process during
formation. In Ankara, coal is burned inefficiently for residential heating. Unburned
coal particles are emitted from chimneys. Some of the crustal elements may also
originate from these unburned coal particles. Normally, one expects to see higher
concentrations of crustal elements during the summer months because the ground is
damp in winter and road dust cannot easily become airborne. However, the ratios
shown in Fig. 4 indicate rather similar concentrations in the winter and summer
months.
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Lead and Br, which are markers for motor vehicle emissions, show an opposite
trend, with higher concentrations during the summer months. This may be due to
driving habits in Ankara, because an emission inventory compiled by Gôle [5]
showed that a larger number of automobiles operate on roads during the fall months,
which correspond to our sampling period (October). The reason for this is not clear.
Normally, the density of motor vehicles on the roads is reduced drastically in July
and August as most people go on vacation during these months. However, October
is the time when everyone is back in Ankara.
Figure 5 shows the crustal enrichment factors (EFs) of elements at both sta
tions. These factors are calculated using the relation
EF =

(X/Fe)samp|e
(X/Fe)crust

where (A7Fe)sample is the ratio of the concentration of a test element X to the concen
tration of Fe in the sample and (X/Fe)crust is the same ratio in average crustal
material. Aluminium is the common reference element for crustal particles in EFC
calculations. However, since Д1 data in the summer samples were missing, Fe was
used as an alternative. Elements for which alumina silicate particles in the
atmosphere are the main source should have EFC values around unity. Elements
which have other sources as well as crustal dust have enrichment factors higher than
one. Since Ankara soil was not analysed, Mason’s [6] average crustal abundance
table was used in calculations. Although there are other average abundance tables,
differences between different tables are usually not large enough to change conclu
sions. Since there may be differences in Mason’s composition of average soil and
the elemental composition of actual dust particles collected on our filters, elements
which have EFC values up to 5 are not considered to be enriched.
Enrichment observed in Ankara for elements emitted from industrial combus
tion, such as Zn, Sb, etc., lower than what we expected to see. The reason for this
is: ( 1) high dust loading in the atmosphere (as can be seen from concentrations of
crustal elements) and the masking effect of this airborne dust in whole filter samples;
and (2) lack of major industries in Ankara. However, the enrichment of elements
which originate from coal combustion, such as As and Se, are comparable with those
observed elsewhere. This indicates the importance of residential coal combustion on
particulate pollution in the city of Ankara. For crustal elements there is not much
of a difference between summer and winter enrichment factors, as expected.
The elements As, Se, Ni, Zn, Sb, W and Au are more enriched in the winter.
High winter enrichment is understandable because these elements are mostly from
coal burning and should occur in higher concentrations in the winter.
The Pb and Br which are marker elements for motor vehicles show an opposite
trend. This agrees with emission inventory results in Ankara, which indicate higher
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TABLE V. FACTOR ANALYSIS RESULTS FOR THE ANKARA DATA SET
Factor
1

Factor
2

Factor
3

Na

Factor
4
0.78

Sc

0.93

Cr

0.30

Fe

0.75

Co

0.92

0.22
0.81

Ni

0.69

Zn

0.93

As

0.96

Se

0.95

Br

0.94
0.44

Sb

0.87

La

0.96

Sm

0.99

Eu

0.98

Pb

0.25

0.51

6.05

2.97

1.71

1.13
79

motor vehicle emissions in the summer. Another explanation may be that Pb and Br
are enriched in road dust. Since during the summer more dust becomes airborne the
observed level of enrichment increases.
The enrichment of crustal elements is identical in two stations, as expected.
However, some of the pollution derived elements, namely Ni, V, Zn, As, Sb and
Au, are more enriched at the METU station while others, such as Br, Se and Pb,
have comparable levels of enrichment at both stations. But no elements are signifi
cantly more enriched at the downtown station. The enrichments observed of elements
are due to two factors. One is the source strengths, which are definitely higher at
Ankara station. The other factor is the different elevation of the two stations. Because
the METU station is about 50 m from ground level, most of the large particles which
are collected at the Ankara station (approximately 15 m high) settle before they reach
the samplers. Since these large particles are mostly soil particles, the masking effect
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TABLE VI. FACTOR ANALYSIS RESULTS FOR THE METU DATA SET
Factor
1

Factor
2

Na
Sc

Factor
3

Factor
4

0.73

0.28

Factor
5

0.99

Cr

0.30

Fe

0.69

Co

0.92

0.48
0.31

Ni

0.40

Zn

0.92

As

0.93

Se

0.98

Br

0.77

Sb

0.84

La

0.96

Sm

0.99

Eu

0.98

Pb

0.25
5.23

0.62
3.63

1.51

0.40
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of crustal dust particles at the METU station is not as much as the masking at the
Ankara station. The observed enrichment of elements are the result of these two
countereffects.
A Varimax rotation principal component analysis (PCA) was applied using
Statgraphics software to determine the types of sources affecting the observed con
centrations. Since PCA requires relatively large data sets, summer and winter data
at both stations were combined and PCA was run separately on Ankara and METU
data sets. Fifteen elements, namely Na, Sc, Cr, Fe, Co, Ni, Zn, As, Se, Br, Sb,
La, Sm, Eu and Pb were included in the factor analysis. These elements had data
in more than 80% of the samples. Some important elements, such as Al and V, were
not included because they were not measured in summer samples.
Factor analysis output of Ankara data is given in Table V. There is no estab
lished rule for the number of factors to be accepted. A four-factor solution for
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Ankara data was accepted as the fifth factor, but did not add much to the variance
explained.
The first factor includes most of the crustal elements, identified as road dust.
However, the same factor also includes substantial loadings of Sb and Pb. The Pb
emitted from motor vehicles may accumulate on road dust and the appearance of Pb
with these factors may be due to such Pb enrichment. However, it is not certain why
Sb appears in the same factor.
The second factor, which includes As, Se, Br and Pb, and which is obviously
anthropogenic, appears to be a combination of coal burning and motor vehicle emis
sions. We were not able to separate these two components by increasing the number
of factors. The third factor, which consists of Cr, Zn and Sb, is another anthropo
genic component. The fourth factor includes Na, Ni and a small loading of Sc. This
factor is identified as an oil combustion factor as Ni is a marker element for oil
burning.
A five-factor solution used in the METU data set is given in Table VI. The
first factor is similar to that observed in the Ankara data and is road dust. It includes
Pb, but not Sb. The second factor is different from that observed at the Ankara sta
tion. It includes most of the pollution derived elements, such as Ni, Zn, As, Se, Sb
and a little Cr. It is a general anthropogenic factor and must be related to coal com
bustion, as the highest loadings are for As and Se. The third factor is a motor vehicle
factor. The fourth factor did not contain substantial loadings of any element. We
were not able to identify this factor. The last factor was identified as oil combustion
as it contains a high loading of Ni.
3.3. Scavenging ratios

The ions observed in the rain water are present because of the washout of
particles and gases from the atmosphere by rain droplets and the incorporation of
particles in cloud droplets before it rains. However, in a heavily polluted
atmosphere, such as that in Ankara, the washout of particles has a determining effect
on rainwater composition. The relation between airborne particle concentration and
rainwater concentration is given by the so called ‘scavenging ratio’, which is given
by [7]:
SR = (Cr!Ca)Sa
where SR is the scavenging ratio, Ca is the concentration observed in the aerosol
phase, Cr is the concentration measured in the rain and Sa is the density of air which
is used to make the ratio a dimensionless quantity. The availability of this ratio per
mits the calculation of rainwater composition, and hence deposition, using aerosol
composition data. This is important because collection and analysis of rainwater sam
ples are more difficult than obtaining information on aerosol composition. The
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TABLE VII. SCAVENGING RATIOS OF THE IONS
Sample No.

NO 3

Sample 1

so¡-

Ca2+

Na +

K+

n h 4+

304

886

1396

965

652

558

Sample 2

318

818

1088

627

685

481

Sample 3

347

944

1415

726

819

556

Sample 4

554

1326

1561

800

750

520

Sample 5

696

1963

1059

1059

400

492

Sample 6

826

1598

2369

947

700

565

Sample 7

684

821

1072

486

404

906

Sample 8

852

1309

1581

857

533

846

Sample 9

925

1622

2400

685

631

686

scavenging ratio must be calculated in the rain and aerosol samples, which are col
lected simultaneously. The scavenging ratios calculated from aerosol and rainwater
data collected in this study are given in Table VII. Literature values for scavenging
ratios are also included in the table for comparison [8].
The scavenging ratios calculated in this work show reasonably good agreement
with literature values. The highest scavenging ratio (1600) was found for the Ca2+
ion. Sulphate follows Ca2+ with a small difference. The scavenging ratio of a para
meter is partly determined by its solubility in rain droplets ¿ Consequently, sulphate
is expected to have a high scavenging ratio, as the S0 2 which dissolves in droplets
and subsequently oxidizes to sulphate has high solubility in water. For Ca, the
scavenging ratio depends on the rate of scavenging of Ca containing aerosols by
rain, which in turn depends on the size of Ca containing aerosols. Large particles
have a short residence time in the atmosphere but they can be scavenged efficiently
by rain. Calcium in the air originates from the airborne soil particles. The size range
of the particles in wind blown dust is usually larger than 2.5 /лп. Therefore, Ca,
which is scavenged efficiently, can have a large scavenging ratio. This indicates that
the most effectively scavenged ions in the atmosphere are sulphate and calcium.

4.

CONCLUSIONS

The aerosol and rain chemistry in the atmosphere of Ankara has been studied
to understand the sources of particles and the effect of these sources on rain.
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Although concentrations of acid forming ions in rain water are high for an
urban atmosphere owing to S0 2 and NOx emissions from residential heating and
motor vehicles, the rain water in Ankara is not acidic because of the neutralizing
effect of alkaline soil particles, which have high atmospheric concentrations.
The high correlation between S04‘ and Ca2+ in rain water indicates that most
of the SO 4 " is in the form of CaS04, which is the product of the reaction between
CaC0 3 from soil particles incorporated into rain droplets and H2S04, which is
formed in the droplets by the dissolution of atmospheric S02. Other forms of
sulphate, such as (NH4)2S04, Na2S0 4 and H2S04, are present in minor quantities.
The calculated scavenging ratios showed good agreement with literature values
and indicate that S04~ and Ca2+ are the ions which are scavenged most efficiently
from the atmosphere. This is believed to be due to the high solubility of S0 2 in
water and the large size of Ca2+ bearing soil particles.
The high concentrations of ions measured in rainwater samples indicated that
washout predominates over rainout in determining the ionic composition of Ankara
rain water.
Approximately thirty elements were measured in aerosol samples collected in
the summer and winter seasons at two stations in Ankara. The concentrations of most
of the elements were high compared with data from urban areas with effective
emission controls.
The majority of calcophilic elements was enriched due to emissions from coal
combustion.
Comparison between summer and winter concentrations indicated that
enriched elements, which are mostly the products of industrial combustion, do not
show much seasonal differences, but elements such as As and Se, which are enriched
in the atmosphere due to coal combustion, have higher concentrations in the winter.
A PCA separately applied to Ankara and METU data sets showed that road
dust, motor vehicles, oil and coal combustion are the sources that contribute to the
observed aerosol composition in Ankara’s atmosphere.
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Abstract
USE OF INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS IN THE MONITOR
ING OF ATMOSPHERIC POLLUTANTS AND QUALITY ASSURANCE OF THE
ANALYSES.
The chemical composition o f fly ash from several lignite fired power plants and o f
aerosols from both impact and background stations in Czechoslovakia was determined by
instrumental neutron activation analysis to study the mechanism o f pollution and to identify
the types o f pollution sources. Using both short and long time irradiation o f samples and
standards at a thermal neutron fluence rate o f up to 6 x 1013 n -cm ‘2-s “' and subsequent
gamma ray spectrometry with high efficiency and high resolution HPGe detectors, up to
36 elements were determined in fly ash and aerosol samples. The results for fly ash samples
presented in the form of crustal enrichment factors show that large quantities o f several ele
ments, such as As, Br, Cs, Cu, Hg, In, Sb and Se are released into the atmosphere from coal
combustion. Association o f the elements As, Cs, Sb, Se, W and Zn with finer fly ash particles
was noticed on examination o f fly ash collected at several points on an electrostatic precipitator
and o f aerosols collected in the vicinity o f a power plant. The mean composition o f aerosols
collected in both impact and background stations was evaluated and the origin o f aerosols was
studied by receptor modelling using factor analysis. The highest relative contribution o f coal
combustion to the aerosol composition in impact stations was demonstrated. The quality assur
ance o f analyses was pursued by control analyses o f suitable reference materials and participa
tion in interlaboratory comparisons. Results for the United States National Institute of
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Standards and Technology Standard Reference Material (NIST) SRM-1648, Urban Particu
late, were in excellent agreement with the NIST and/or literature data for the majority o f ele
ments. Also, very good agreement was obtained with the intercomparison results on natural
and synthetic particulate loaded filters. In this way, the reliability o f the results for samples
similar in composition to aerosols from clean regions was also proved.

1.

INTRODUCTION

Air pollution monitoring is an important part of environmental pollution
studies in Czechoslovakia because of the high level of air pollution in several areas
of the country. Emissions from different industrial sources, especially from large
coal fired power plants, make up the major part of this pollution. It has been
estimated that about 70% of solid emissions released into the air in Czechoslovakia
originate from combustion [1]. However, long range transport from other parts of
Europe also contributes to the air contamination. Therefore, regular air pollution
monitoring is carried out both in the vicinity of large power plants in air pollution
impact stations and in background stations in rural, locally unpolluted, regions as
well. Emission sources are also examined [1] to study the efficiency of separating
devices, the mechanism of formation of aerosols, and to permit an evaluation of the
contributions of individual emission sources to the level of pollution in a particular
area by receptor modelling.
Instrumental neutron activation analysis (INAA) is a very suitable method for
such studies because of the sufficiently low determination limits for many elements,
the high potential for accuracy of element determination even at the nanogram level
and below, and for its multielemental character, which is especially valuable for
receptor modelling. The principles of receptor modelling have been given in detail
by Норке [2]. Numerous examples of the use of INAA for the study of the elemental
composition of emissions and aerosols can be found in a review by Alian and Sansoni
[3] and in recent literature [4-6].
Several typical examples of the use of INAA for pollution monitoring and con
trol studies in Czechoslovakia are given in this work. Considering the high cost of
pollution control and abatement programmes, great care is devoted to the quality
assurance (QA) of analysis to provide highly reliable and defensible data. Our data
are also used in several international programmes, such as the United Nations Eco
nomic Commission for Europe Heavy Metals Emissions Programme (HEMET) and
the Environmental Monitoring and Evaluation Programme (EMEP), World
Meteorological Organization Background Air Pollution Monitoring Network (WMO
BAPMoN), etc. Quality assurance is pursued by concurrent analyses of suitable
reference materials, which are available in a satisfactory selection for various fly ash
samples [7]. For aerosols, United States National Institute of Standards and
Technology Standard Reference Material (NIST) SRM-1648, Urban Particulate, is
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analysed as a control sample. Inferences on the accuracy of our results for aerosol
samples can also be made from interlaboratory comparisons on the analysis of air
particulate filters, organized recently within the IAEA Co-ordinated Research
Programme (CRP) entitled ‘Use of Nuclear and Nuclear Related Techniques in the
Study of Environmental Pollution Associated with Solid Wastes’ [8 , 9].

2.

EXPERIMENTAL

2.1. Samples and sampling techniques

Solid emission samples of fly ash were collected in bulk from hoppers and
from stack breeching upstream and downstream of the electrostatic precipitators
(ESPs) of coal fired power plants. The samples were collected isokinetically by
means of a heated tube with a dust collector equipped with a special filter according
to the Czechoslovak standard CSN-12 4070, which is equivalent to Methods 1-5 of
the United States Environmental Protection Agency [1].
Samples of aerosols (suspended particulate matter (SPM)) from background
and air pollution impact stations were obtained by low volume sampling using Synpor 4 membrane ultrafilters (Barvy a laky, Czechoslovakia) with a pore diameter of
0.8 /¿m and a filter diameter of 35 mm. The filters were held in Teflon heads with
their open sides down. A sampling period of one week was used and the air flow
rate amounted to 50-80 m 3/week. To collect a sufficient mass of SPM, two filters
collected at one sampling site were always analysed together. The filters were halved
and one half was then analysed using INAA, with the second analysed by atomic
absorption spectrometry (AAS) to determine the Cd, Ni and Pb contents [13].
For an impact study at the Chvaletice power plant, SPM was collected using
Nuclepore membrane ultrafilters with a pore diameter of 0.8 цт, a filter diameter
of 60 mm over a sampling period of 24 hours, with an air flow rate of
about 2 m 3/h.
In intercomparison studies, two natural air particulate samples were collected
on Whatman 41 cellulose filters using high volume samplers at the Bhabha Atomic
Research Centre, Trombay, Bombay, India [8]. Synthetic air particulate filters were
prepared by suspending Japanese National Institute of Ecological Studies (NIES)
reference material, Vehicle Exhaust Particulates on Teflon filters at the Illinois State
Water Survey and University of Illinois, USA [9].
2.2. Instrumental neutron activation analysis

Fly ash samples weighing 20-60 mg and aerosol samples on filters with an
SPM loading of < 1 -3 mg were heat sealed into polyethylene (PE) bags prepared
from precleaned PE foil. Multielement synthetic standards were prepared by
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pipetting 20-100 fiL aliquots of solutions with a known element content onto filter
paper or PE foil. After careful evaporation of the solutions, the standards were heat
sealed into the PE bags.
Both short and long period irradiation was applied in most cases at the LWR-15
nuclear reactor of the Nuclear Research Institute (NRI) at a thermal neutron fluence
rate of 6 x 1013 n -cm ^-s”1. For short period irradiation (1 min), the samples and
standards were irradiated separately with neutron fluence monitors (the Cu foil was
about 1 mg in weight) with the aid of a pneumatic transport facility. Two counts after
decay times of 10 and 25 min were carried out for 5 and 20 min, respectively, using
an Ortec coaxial high purity germanium (HPGe) detector (relative efficiency: 11%,
resolution full width at half-maximum (FWHM): 1.75 keV for 1332.5 keV photons
of ^Co). For long period irradiation (4-8 h), 30-40 samples, together with the
standards and monitors (Fe foil weighing about 50 mg), were irradiated in one can.
Again, two counts, after decay times of 3-4 d and 3-4 weeks, were carried out for
20-60 min and for 40 min-4 h, respectively, at a distance of at least 2 cm from a
cap of a Schlumberger coaxial HPGe detector (relative efficiency: 23%, resolution
FWHM: 1.9 keV). The detectors were coupled to Nuclear Data (ND) 66 or 76
multichannel analysers controlled by a PDP 11/73 computer using a ND gamma ray
spectrometry software package. Associated linear electronics employed included a
ND 599 Loss-Free Counting Module to correct for dead-time and pile-up losses in
all counting regimes. Other details of the nuclide parameters, counting equipment
and element determination limits have been given previously [ 1 , 10].

3.

RESULTS AND DISCUSSION

Up to 36 elements were determined in fly ash and aerosol samples using the
INAA procedures described. The elements Al, Ba, Br, Ca, Cl, Cu, Dy, I, In, Mn,
Sr, Ti, U and V were usually determined after short period activation, while the
elements As, Се, Co, Cr, Cs, Eu, Fe, Ga, Hg, Hf, K, La, Na, (Ni), Rb, Sb, Sc,
Se, Sm, Ta, Th, W and Zn were determined after long period activation. There are
several ways of utilizing the large data sets on the elemental composition of fly ash
and aerosol samples in air pollution studies. One of them consists of the calculation
of crustal enrichment factors, EF, defined as
Ep = (Cr/Cref) sample
(Cx/Crei) crustal
where Cx is the concentration of the element considered and Cref is the concentration
of a reference element (usually Al, Sc or Fe) in the samples and the Earth’s crust.
Elements with EFs significantly larger than 1 are assumed to originate from
anthropogenic sources. The ranges of EFs calculated for fly ash samples (Al and
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FIG. 1. Crustal enrichment factors (EFs) fo r coal fly ash.

TABLE I. ENRICHMENT FACTORS3 (EFs) FOR SELECTED ELEMENTS
FOR FLY ASH FROM THE CHVALETICE POWER PLANT AND FOR SPM IN
THE VICINITY (ESP: ELECTROSTATIC PRECIPITATOR)
Sampling site, mean particle sizeb (д т )
Element
ESP hopper,
15-30

ESP inlet,
30-40

ESP outlet,
3-10

SPM,

As

37.5 ± 10.5

59.2 ± 12.0

342 ± 31

449 ± 243

Co

1.52 ± 0.31

1.94 ± 0.23

3.20 ± 0.35

2.26 ± 0.70

Cr

1.16 ± 0.07

2.15 ± 1.22

2.46 ± 2.19

1.96 ± 1.20

Cs

3.30 ± 0.47

5.41 ± 0.31

6.80 ± 0.59

6.36 ± 2.60

Sb

6.5 ± 3.0

16.0 ± 8.6

58.6 ± 15.7

219 ± 87

Se

11.4 ± 1.8

13.3 ± 2.5

670 ± 588

750 ± 265

22.9 ± 4.4

18.2 ± 8.4

8.87 ± 1.42

38.6 ± 10,4

W

5.9 ± 0.8

8.9 ± 3.1

Zn

1.45 ± 0.92

3.84 ± 1.65

<10

a Arithmetic mean ± standard deviation o f 4 fly ash samples and 18 SPM samples.
b Determined by the granulometric method according to Andreasen.
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TABLE II. ELEMENTAL COMPOSITION OF SPM (IN ng/m3) AT THE
KOSETICE AND SVRATOUCH BACKGROUND STATIONS FOR THE
PERIOD 1985-1990
Kosetice

Svratouch

Element

( N )b
Mean

SD a

As

4.4

Au

5.1

Ba
Br

Range

Mean

SD a

2.8

1.5-11.3

10.4

12.0

3.1

0 .8 -1 2 .9

26.0

8.5

13.2-40.5

23.6

3.4

1.9

1.3-7.2

6.4

Cd

0.75

0.40

0.21-1.43

0.93

Ce

0.37

0.31

0.1 1 -1 .3 4

0.94

Со

0.31

0.16

0.0 9 -0 .6 9

0.64

0.51

Cr

2.4

1.6

0.4 -6 .3

7.1

5.2

Cs

0.12

0.09

0 .0 1 -0 .2 8

0.27

Eu

0.01

0.01

0 .0 1 -0 .0 4

0.01

Fe

250.9

202.7

5 5.2-863.4

0.01

625.3

Range
0 .7 -4 9 .4

10

0.004-0.14

10

19.0

4 .4 -9 7 .0

18

5.9

0. 8- 22.6

10

1.27

0.1 1 -6 .9 8

10

0.87

0 .08-3.93

18

0 .09-2.65

18

1.3-25.6

18

0.29

0.0 2 -1 .3 8

18

0.01

0.004-0.03

18

0.02

538.4

87.6-2715.6

18

Ga

0.68

0.63

0.1 7 -1 .7 7

0.89

0.87

0 .0 6 -3 .8 0

4

Hf

0.03

0.01

0 .0 1 -0 .0 6

0.02

0.01

0 .0 2 -0 .0 4

18

2.71

0.0 6 -8 .9 5

2.88

0 .05-18.10

18

61.0-2126.2

10

Hg
K

1.29
385.1

303.1

51.6-927.1

1.62
418.6

427.8

La

0.20

0.19

0 .0 3 -0 .6 8

0.42

0.39

0 .02-1.95

10

Mo

0.50

0.20

0.2 3 -0 .8 5

0.73

0.69

0 .05-3.03

10

Na

220.9

95.2

8 5.8-425.8

447.8

483.2

90.4-2690.9

10

Ni

25.9

32.2

0 .7 -1 0 2 .6

27.3

50.5

1.2-282.3

18

Rb

1.7

0.4

0.9 -2 .3

2.6

2.3

0 .4 -1 1 .7

18

Sb

0.52

0.60

0 .0 6 -1 .8 0

1.61

1.36

0 .3 1 -5 .3 5

18

Sc

0.07

0.05

0.01- 0.21

0.14

0.13

0.02- 0.66

18

Se

0.58

0.31

0 .1 6 -1 .2 2

1.34

1.26

0 .0 5 -4 .9 0

18

Sm

3.34

5.61

0.005-17.34

0.07

0.07

0.0 1 -0 .3 4

10

Ta

0.03

0.02

0 .0 1 -0 .0 7

0.01

0.005

< 0 .0 0 5 -0 .0 1

18

Th

0.06

0.05

0 .0 1 -0 .1 7

0.12

0.13

0.0 1 -0 .6 2

18

U

0.43

0.78

0 .0 6 -2 .7 5

0.56

1.19

0 .0 1 -7 .2 6

10

W

0.19

0.09

0 .0 6 -0 .3 3

0.36

0.33

0 .0 6 -1 .3 2

10

7.2

7 .0 -2 8 .5

Mass 0

21.2

a Arithmetic mean ± standard deviation (SD).
b Number o f measurements.
c In ¿¿g/m3.

48.3

25.0

8.0-136.0

12
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TABLE III. COMPARISON OF THE MEAN SPM COMPOSITION FOR
SELECTED ELEMENTS (IN ng/m3) AT THE BACKGROUND (KOSETICE
AND SVRATOUCH) AND IMPACT STATIONS (TEPLICE AND ORE
MOUNTAINS)
Kosetice

Svratouch

Teplice

Ore Mountains

As

21.2

48.3

206.0

115.0

Br

3.4

6.4

34.6

11.6

Ce

0.37

0.94

5.20

Co

0.31

0.64

3.50

Element

2.4

7.1

Fe

250.9

625.3

К

385.1

418.6

Cr

La

0.20

0.42

12.8
3130
876.0
2.80

2.91
2.06
13.7
1650
532.0
1.93

Na

220.9

447.8

663.0

408.0

Pba

35.0

46.8

316.0

115.0

Sb

0.52

1.61

4.10

1.50

Sc

0.07

0.14

1.54

0.86

Se

0.58

1.34

10.40

5.30

Sm

3.34

0.07

0.45

0.32

Th

0.06

0.12

0.59

0.39

W

0.19

0.36

1.77

1.10

Mass (/¿g/m3)

21.2

48.3

206.0

115.0

a Determined by atomic absorption spectrometry.

Wedepohl’s crustal values [11] were used for normalization) taken in six different
power plants fuelled with northern Bohemian lignite and in four power plants fuelled
with central Slovakian lignite [1] are shown in Fig. 1. The latter lignite is character
ized by a very high As content, which results in an enormous increase in EFAs to
3010, compared with 178 observed for fly ash from the former lignite. Other ele
ments with very high EFs are mainly Br, Cs, Cu, Hg, In, Sb and Se. A very similar
picture can be obtained when direct, single normalization is carried out by concentra
tions in the Earth’s crust, as used by Maenhaut et al. [12]. Obviously, the above ele
ments are released in large quantities into the atmosphere from coal combustion
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because they are mostly bonded to finer particles of fly ash [ 12], which are not suffi
ciently retained by separating devices and thus remain in the atmosphere in aerosols
for a long time. This can be demonstrated by the mean EF values given in Table I
for selected elements in fly ash samples collected at several ESPs at the Chvaletice
power plant in central Bohemia and in SPM collected at a 15 km distance from the
plant. Values of EFs for the easily volatilized elements, especially for As, Sb and
Se, increase with decreasing particle size (ESP hopper ~ ESP inlet > ESP outlet),
the highest being observed in SPM.
The concentrations of 28 elements in SPM at the Svratouch and Kosetice back
ground stations (Bohemian-Moravian uplands) measured during the period
1985-1990 are presented in Table П. The concentrations of selected elements from
the northern Bohemian impact region [13], where many lignite fired power plants
are located, are shown for comparison in Table III.
Receptor modelling using factor analysis (FA) was applied to study the origin
of SPM in both background and impact stations. Factor analysis, one of the multivar
iate statistical techniques, is based on the assumption that a SPM sample is composed
of particles originating from various emission sources that contribute to the total
mass of SPM at a given location [14]. This can be expressed by the following
equation
M(x) = Мл{х) + M2(x) + • • • + Mk (x)

(2)

where M(x) is the concentration of an element, x, in SPM, Mk (x) the concentration
of the element x originating from the fcth source to the total mass of the element in
SPM. The aim of FA in air pollution studies is to determine a number of independent
factors, i.e. types of emission sources, which contribute to SPM composition, and,
with knowledge of the emission elemental composition, to allocate these factors to
the individual source types. Contributions from the individual sources can then be
determined by solving a matrix of linear equations assuming that the concentration
of each element is a sum of the fractions from all sources that contribute to the total
mass of SPM at a monitored location.
The concentration of trace elements in SPM was considered to be influenced
mainly by five basic types of emissions: soil weathering, lignite combustion, road
traffic, oil combustion and marine aerosols. These source types can be represented
by the following ‘marker’ elements: soil — Al, Fe and Mn; lignite combustion —
As and Se; oil combustion — Ni and V; road traffic — Br; marine aerosol — Na.
Evaluation of the matrix of the standardized composition of the basic source types
for 28 elements yielded the average difference of 35 % between the estimated and
measured concentrations of all elements in SPM. The contribution from emission
sources to the total mass of SPM at the Svratouch background station and in two
impact stations in the town of Teplice and in the Ore Mountains, is depicted in
Fig. 2. The soil dust in the vicinity of the sampling sites contributes significantly to
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Svratouch

Teplice

Ore Mountains

FIG. 2. Individual emission source type contributions to the SPM concentration.

the total mass of SPM. The highest relative contribution of soil to the total mass of
SPM at the Svratouch background station is due to agricultural activity in the vicinity
of the station. The highest relative contribution of coal combustion is at the impact
station in the Ore Mountains, while the highest concentration of SPM is at the
Teplice station, in a town in the centre of the industrial impact region. However, the
evaluated soil contribution to the SPM concentration in all stations can be slightly
overestimated due to the very similar contents of the elements Al, Fe and Mn in soil
and in Czechoslovak lignite. The contributions from road traffic and marine aerosols
are quite negligible at all stations.
A computerized QA system in our laboratory [15] is routinely used to monitor
that the INAA procedures produce results within statistical control and of the
required quality. The results of analyses of NIST SRM-1648, Urban Particulate,
which is regularly analysed in approximately 5 mg aliquots as a control sample with
aerosols, are listed in Table IV [16]. Excellent agreement between our values and
those of the NIST certified and/or information values for the majority of elements
proves the accuracy of our results. For several elements, such as Ba, La, Sc and Se,
our results compare better with compiled literature values [17] than with the
NIST ones.
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TABLE IV. RESULTS OF CONTROL ANALYSES OF NIST SRM-1648, URBAN
PARTICULATE (IN /¿g/g UNLESS OTHERWISE STATED)

Element

This work
mean ± SD (N = 8)

NIST value [16]a

Literature values [17]
mean ± SD

(AO

Al (%)

3.44 ± 0.09

3.42 ± 0 .1 1

3.23 ± 0.16

(8)

As

115 ± 5

115 ± 10

116 ± 3

Ba

812 ± 103

(737)

780 ± 40

(5)

Br

498 ± 25

(500)

506 ± 25

(6)

Ca (%)

5.79 ± 0.37

—

5.83 ± 0.33

( 8)

Cd

67.8 ± 6.7

72 ± 2

(13)

Ce

54.6 ± 3.6

(55)

55 ± 4

(4)

Cl

4580 ± 100

(4500)

4760 ± 230

(3)

Co

17.6 ± 0.5

(18)

17.4 ± 1.8

(7)

Cr

381 ± 22

± 14

(9)

Cs

3.28 ± 0.23

Cu

604 ± 86

Dy

2.6 ± 0.2

—

—

Eu

0.74 ± 0.14

(0. 8)

0.85 ± 0.13

(3)

Fe (%)

3.96 ± 0.22

±

(15)

75 ± 7

403 ± 1 2

(3)
609 ± 27

3.91

±

0.10

Ga

21

±

5

Hf

4.64

±

0.35

(4.4)

Hg

2 .0

±

0.7

—

I

18.8

±

2.5

(20)

In

0.88 ± 0.06

K(%)

1.02 ± 0.06

La

34.7

±

2.1

—

±

3.5 ± 0.2

(3)

600 ± 23

(17)

3.92

0.24

40 ?

(2)

±

(3)

4 .6

0.5

—
18

(1.000)
1.05

397

(П)

0.01

± 2

(3)

0.980

(1)

±

(6)

1.03

0.05

(42)

39 ± 3

(5)

Mn

785 ± 21

(860)

822 ± 45

(19)

Mo

21.8 ± 5.9

—

18.2 ± 1.9

(4)

Na

4036 ± 231

4230 ± 260

(4)

Rb

47.6 ± 8.9

(52)

54.5 ± 2.6

(4)

Sb

45.6 ± 4.9

(45)

44 ± 2

(5)

Sc

6.11 ± 0.30

(7)

6.70 ± 0.12

(4)

Se

23.2 ± 1.9

27 ± 1

4250 ± 20

24

±

2

(6)
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TABLE IV. (cont.)
Sm

4.14 ± 0.23

(4.4)

4.4 ± 0.3

(5)

Sr

212 ± 25

—

207 ± 15

(3)

Ta

6.50 ± 1.00

—

6.98

(2)

Th

7.02 ± 0.38

(7.4)

7.6 ± 0.2

(3)

Ti

4080 ± 2 1 0

(4000)

4070 ± 200

(9)

U

5.4 ± 1.2

5.5 ± 0.1

5.5 ± 0.3

(4)

V

130 ± 6

140 ± 3

122 ± 8

(8)

w

4.8 ± 0.4

(4.8)

4.2 ± 0.7

(3)

Zn

4606 ± 140

4760 ± 140

4740 ± 70

(21)

a Information values in parentheses.

Participating in interlaboratory comparisons is also an important part of our
QA activities. An intercomparison of fly ash samples using INAA, X ray fluores
cence (XRF) and AAS methods was reported recently [18].
Intercomparison results on air particulate filters (Whatman 41) are summarized
in Table V. Two filters, A and B, with air volume samples per filter of 7.37 m 3 and
15.31 m3, respectively, were analysed, along with one blank filter in nine laborato
ries participating in the IAEA CRP [8]. Net results obtained by INAA, proton
induced X ray emission (PIXE) and XRF methods were subjected to statistical and
technical evaluation in this work. Overall means and the 95% confidence intervals
of the contents of the elements were calculated after outlier elimination using the
G + D + S + K + H test [19]. It can be seen from Table V that our results are
again in good agreement with the evaluated values.
In the same way, the IAEA CRP intercomparison study on synthetic particulate
filters [9] was evaluated, again with nine laboratories1 taking part. Two Teflon
filters loaded with a coarse fraction (2.5-10 (tm) and a fine fraction (< 2.5 /xm) of
the NIES Vehicle Exhaust Particulate and two blank filters were analysed in the
study. The overall results are summarized in Table VI. Blanks reported by participat
ing laboratories varied considerably and low filter loadings (about 0.4 mg and
1.2 mg for the fine and course fractions, respectively) and the low contents of ele
ments caused problems in several laboratories [9]. This can be seen from a larger
number of outliers and broader 95 % confidence intervals when comparing the data
1 These were not all the same laboratories that took part in the previous inter
comparison, though they used the same methods as in the earlier evaluation.
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TABLE V. RESULTS OF THE INTERCOMPARISON OF AIR PARTICULATE
SAMPLES COLLECTED ON WHATMAN-41 FILTERS (ng/m3)
Filter A

Filter В

Element

This work
Participants’
mean ± 95% CLa (N,n)b

Al

4157 ± 984

(3,0)

As

84.0 ± 12.8

Au

0.02

Ba

36.2

Br

This work
Participants’
mean ± 9 5 % CLa (N, n)h

—

8564 ± 1004

(3,0)

(6,0)

81.6

188.4 ± 24.3

(6,1)

198.1

(2,1)

0.02

0.042

(2,1)

0.054

(2,0)

<118

99.8

(2,0)

<244

40.5 ± 1.7

(4,3)

40.6

81.0 ± 10.6

(6,1)

87.2

Ca

3667

(2,1)

<13460

9086

(2,1)

<34330

Cd

9.33

(2,0)

9.3

26.2

(2,0)

29.7

Ce

4.13 ± 1.29

(3,1)

4.51

9.95 ± 4.56

(ЗД)

11.3

Cl

2227 ± 110

(3,1)

—

6970 ± 570

(3,1)

—

Co

4.66 ± 1.83

(6,1)

3.79

10.33 ± 2.86

(5,1)

10.6

Cr

152.1 ± 16.1

(6,3)

175.0

503.0 ±108.7

(6,3)

650

Cu

428.8 ± 108.0

(4,1)

413.0

1099 ± 289

(4,1)

1289

Cs

0.34

(2,2)

0.40

0.64

(2,2)

0.90

Eu

0.115

(2,0)

0.10

0.235

(2,0)

0.20

Fe

5245 ± 892

(6,3)

5470

10391 ± 1920

(6,3)

13580

Hf

0.30

(2,0)

0.26

0.95

(2,0)

0.73

К

1155 ± 125

(5,1)

1310

2505 ± 331

(5,1)

2930

La

1.78 ± 0.21

1.70

4.21 ± 0.36

(5,1)

4.34

Mn

272 ± 20

(5,1)
(3,3)

—

398 ± 30

(3,3).

—

Ni

40

(2,1)

<131

Na

1640 ± 496

(6,1)

1417

Pb

1051

(2,1)

Sb

17.52 ± 4.80

Sc

1.16 ± 0.27

182

—

(2,1)

<221

4963 ± 671

(5,2)

5320

—

2298

(2,1)

—

(6,0)

19.40

42.86 ± 13.17

(6,0)

57.90

(5,1) .

1.40

2.84 ± 0.36

(5,1)

3.26

Se

1.37

(1,0)

< 1 .6

4.07

(1,0)

< 6 .2

Sm

0.33 ± 0.20

(3,0)

0.37

0.96 ± 0,45

(3,0)

0.90

Th

0.46 ± 0 . 1 1

(4,0)

0.50

1.16 ± 0.25

(4,0)

1.40

V

17.8 ± 2.2

(4,0)

'—

43.5 ± 10.7

(3,0)

—

W

0.73

(2,0)

0.80

1.57

(2,0)

1.93

Zn

1645 ± 339

(8,1)

1404

3589 ± 774

(8,1)

4111

a Overall mean o f accepted laboratory values ± 9 5 % confidence limit (CL).
b Number o f accepted (TV), rejected (n) values.
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TABLE VI. RESULTS OF INTERCOMPARISON OF SYNTHETIC PARTICU
LATE FILTERS (IN Mg/g)
Fine fraction
Coarse fraction
Element -------------------------------------------------------- --------------------------------------Participants’
This
Participants’
mean ± 95% CLa (N,n)b
mean ± 95% CLa (N,n)b
work
Al

1072

As

1.38

Ba

108

Br

44

± 423
± 0.94
± 40
± 10

(3,0)

2.2

(6, 1)

630

(3,2)

0.61

± 324
2.0 ± 1.3
75 ± 46
35 ± 9
4084 ± 464
275 ± 36
2.7 ± 5.2
1.35 ± 0.05
18.3 ± 2.8
55 ± 5
1.3 ± 2.1
2493 ± 286
2.4 ± 2.2
576 ± 16
1.7 ± 1.7

(4,4)

22

34 ± 4
1065 ± 47

(5,1)

2605

(3,1)

1.6

(5,0)

138

(6, 2)

44

Ca

2971 ± 185

(5,3)

3087

Cl

±
—
2.7 ± 1.6
21 ± 6
81 ± 34
—
2041 ± 198
2.7 ± 3.0
483 ± 131
0.61 ± 0.50
26 ± 4

(3,2)

—
—

(5,0)

1.4

Ce
Co
Cr
Cu
Cs
Fe

I
К
La
Mn
Na

271

341

(5,1)

20

(7,0)

45

(7,2)

1838

—

1453

(6,0)

1245

(5,0)

1.6

(5,0)

40

(7,0)

43

(7,1)

3735

(3,2)
(3,0)

2.1

(5,1)

1.5

(7,3)

15

(4,4)

53

(4,0)

0.08

(8,3)

2148

(3,0)

1.7

(5,3)

572

(5,0)

0.59

(6,3)

2

(4,3)

1059

(3,0)

—
—

1347 ± 127

(4,2)

1229

±

714

(3,0)

—

521

327 ± 111

(4,0)

—

199 ± 89

(4,0)

P

651

Pb

±

716

This
work

S

14214 ± 5013

(5,0)

—

14519 ± 1867

(4,1)

—

Sb

5.0 ± 1.7

(4,1)

5.0

4.40 ± 1.34

(7,0)

3.7

Sc

0.23 ± 0.07

(3,2)

0.25

0.30 ± 0.04

(5,2)

0.31

Si

4192 ± 6024

(3,0)

•—

5182 ± 3777

(3,0)

—

Sm

0.39 ± 0.84

(4,0)

0.08

0.160 ± 0.184

(4,2)

0.07

Sr

—

—

145 ± 18

(3,1)

<52

Ti

84 ± 25

(ЗД)

<405

146 ± 27

(4,1)

<186

11 ± 3

(3,0)

10

10.4 ± 3.8

(3,1)

8.9

V
W
Zn

3.1 ±

0.3

354 ± 72

(4,0)

3.3

(7,3)

1149

—
370 ± 38

—
(9,2)

a Overall mean of accepted laboratory values ±95% confidence limit (CL).
b Number o f accepted (N ), rejected (л) values.
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in Tables V and VI. Our values agree well with the majority of the evaluated inter
comparison results, except for Zn in the fine, and Ca and Mn in the coarse fractions.
The problems were due to blank subtraction because the Teflon filters contracted on
irradiation and could not be removed from the irradiation containers. Nevertheless,
it can be concluded that the reliability of our results for particulate filters similar in
composition to aerosol samples from clean background regions has been
demonstrated.

4. CONCLUSIONS
Instrumental neutron activation analysis proved to be a suitable and powerful
method in air pollution monitoring and related studies. Such an application can be
considered as a good example of its routine use, as other non-nuclear trace analytical
methods can hardly compete in terms of the number of elements determined and the
level of accuracy achievable. Both accurate and multielemental data sets are manda
tory for multivariate statistical evaluation of air pollution studies. The multielemental
character of INAA is also advantageous in studies on pollution abatement of coal
fired power plants and various emission sources because knowledge of the fly ash
and SPM composition helps in understanding the processes leading to their forma
tion. This is a prerequisite to increasing the efficiency of control and separating
devices as one of the possibilities for pollution abatement. More information on these
problems can be obtained by using particle size fractionating sampling devices,
which we plan to employ in further experiments. Adherence to QA principles should
be strict in the above mentioned studies in order to produce data of guaranteed and
desired quality.
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Abstract
TRACE ELEMENTS IN ATMOSPHERIC AEROSOLS FROM BACKGROUND REGIONS
AND BIOMASS BURNING FROM THE AMAZON BASIN.
Aerosol particles from the tropical rain forest and from savannah biomass burning were
collected in several experiments in the Amazon Basin. The size distribution o f atmospheric
trace elements was measured under both background and biomass burning conditions. Sam
pling from aircraft was performed over a large area o f the Amazon Basin in August/September
1991. The aerosol mass concentration, black carbon and trace element concentrations were
determined for fine and coarse mode aerosol particles. Particle induced X ray emission
(PIXE) was used to measure the concentrations o f up to 22 elements: Na, Mg, Al, Si, P, S,
Cl, K, Ca, Ti, V , Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Zr and Pb. Irradiation was carried
out at the Van der Graaff accelerator at Florida State University, USA, and at the cyclotron
o f the University o f Ghent, Belgium. A new dedicated PIXE/Rutherford backscattering spec
troscopy (RBS) facility at the University o f Sâo Paulo is now being used for PIXE analysis.
The natural biogenic aerosol emission from the Amazon Basin shows a component with K,
P, S, Rb and Zn as characteristic elements for both fine and coarse mode aerosols. Soil dust
is the second component, with the presence o f Al, Si, Ti, Mn and Fe. There is also the compo
nent o f aerosols transported over a long range from the Sahara Desert into the interior o f the
Amazon Basin. During the dry season, when most o f the biomass burning occurs, the concen
tration o f inhalable particles exceeds 300 /ig/m 3 in regions far from the direct influence of
emissions from biomass burning. Large amounts o f fine particles are injected into the
atmosphere, where they can travel over long distances. These particles are rich in K, P, S,
Ca, Mg, Cl, Si, Zn, Rb, Sr, Zr and other trace elements. The emissions o f trace elements
and heavy metals into the global atmosphere owing to biomass burning are very significant.
For Cr, global biomass burning emits about 5.6 x 10 9 g/year, for Cu, 1.6 x 10 9 g/year
and for Zn 5.2 x 10 9 g/year. These values account for 18, 5 and 3.5%, respectively, o f the
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global anthropogenic inputs. These emissions o f heavy metals by biomass burning are cur
rently not considered in global atmospheric heavy metal inventories. Several essential
nutrients, such as P, K, S and others, are transported into the atmosphere as a result o f biomass
burning processes. Most o f the particles are water soluble and can be active as cloud condensa
tion nuclei, with the potential to change the cloud formation mechanisms in the Amazon Basin
and other regions o f the planet.

1.

NATURAL EMISSION OF GASES AND AEROSOL PARTICLES
BY THE TROPICAL RAIN FOREST

The Earth’s atmosphere is a vital natural resource that, until recently, appeared
to be unaffected by human activities, except on a local scale. However, it has become
clear that worldwide anthropogenic activities have an impact on the global
atmosphere. It is important to increase our knowledge of the chemical processes that
determine the composition of the atmosphere in background areas, and to understand
the impact of tropical forest biomass burning in the global atmosphere.
In order to assess the role of the tropical atmosphere in global atmospheric
changes, it is necessary to identify and quantify important physical and chemical
processes in the generation, transformation and deposition of aerosol particles in
tropical areas. It is also important to obtain a better understanding of natural gases
and aerosol sources with regard to their identification, characteristics and strength.
The aim is to be able to understand the natural chemistry in the atmosphere on a
global scale, thus providing the possibility of identifying and possibly quantifying the
influence of global anthropogenic emissions in background areas. The World Cli
mate Research Programme (WCRP), the International Geosphere Biosphere
Programme (ICBP) and the International Global Atmospheric Chemistry Programme
(IGAC) have recognized that the tropical regions play a key role in changes in the
atmospheric composition and should receive top priority in research aimed at study
ing the background atmospheric composition and global change. The tropical rain
forest is a globally important ecosystem, with large emissions of biogenic gases and
particles. The Amazon Basin, with about 4 million km2, plays an important role in
emissions of water vapour, gases and aerosol particles into the global atmosphere.
The deposition of biogeochemically important species onto the Earth’s surface plays
an essential role in limiting the atmospheric concentration of many essential
nutrients.
In order to study natural and biomass burning emissions, several aerosol and
gas sampling programmes were conducted in the Amazon Basin: the brushfire
experiment in 1979/1980 [1]; the GTE/United States National Aeronautics and Space
Administration (NASA) Amazon Boundary Layer Experiment (ABLE-2A) in the dry
season (1985) [2] and the GTE/ABLE-2B experiment in the wet season (1987) [3, 4].
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In 1991, a sampling campaign using a twin engine aircraft collected samples with
a heavy ‘loading’ of biomass burning aerosol particles. In 1990, the Institute of
Physics of the University of Sâo Paulo installed two permanent aerosol monitoring
stations in the Amazon Basin. One is situated in Cuiabá, in the Brazilian savannah,
south of the Amazon Basin rain forest, and the other is in the ‘Serra do Navio’, in
the northern part of the Amazon Basin, in the middle of the Amazon forest.

2.

BIOMASS BURNING IN THE AMAZON BASIN
TROPICAL RAIN FOREST

Biomass burning is a major source of particulate matter and gaseous emissions
into the atmosphere [5, 6 ]. More than 80% of the emissions from all sources of
biomass burning originate in the tropics. The particles emitted have hygroscopic
properties [7, 8], affecting cloud formation. The increased number of cloud conden
sation nuclei (CCN) generates brighter clouds that reflect solar radiation back into
space. There is a possibility of a change in the precipitation pattern and composition
due to changes in CCN characteristics [9]. A major component of the particles is
elemental carbon (also called graphitic carbon, or black carbon), which has strong
radiative absorption properties [10].
Estimates of the total biomass consumed on a global basis range from 2 to
10 Pg/year (1 petagram = 1015 g) [6 ]. In terms of total particulate matter (TPM),
emissions are around 104 Tg/year (1 teragram = 1012 g). For particulate matter in
the fine mode (PM2 0), emissions are estimated at 49 Tg per year, accounting for
about 7% of the global emission rate. For elemental carbon, the emission of
19 Tg/year can account for a very high 86 % of the total anthropogenic emis
sions [11]. Setzer and Pereira [12] estimated that the emissions of TPM from
350 000 independent fires in the Amazon Basin in 1987 were of the same order as
those from a large volcanic eruption. In 1991, they observed 418 620 individual fires
detected by remote sensing with the Advanced Very High Resolution Radiometer
(AVHRR).

3.

EXPERIMENTAL METHODS

Aerosol particles were sampled using stacked filter units (SFUs) [13]. The
SFU was fitted with a specially designed inlet, which provided a 50% cutoff diameter
of 15 ¡xm [14]. Coarse particles (2.0 < dp < 15 /xm) were sampled on a 47 mm
diameter, 8 цт pore size Nuclepore filter, while a 0.4 д т pore size Nuclepore filter
collected the fine particles (dp < 2.0 fxm). The flow rate was typically 14 L/min,
which resulted in a 50% cutoff diameter between fine and coarse aerosol fractions
of about 2.0 ¡xm [15]. The aerosol size distribution was measured with a six stage,
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single orifice, Battelle type cascade impactor. At a flow rate of 1 L/min, the 50%
cutoff diameters for the cascade impactor stages 5, 4, 3, 2 and 1 are: 4, 2, 1, 0.5
and 0.25 (tm, respectively. A Nuclepore backup filter collects particles <0.25 д т .
Vaseline coated Kimfol polycarbonate film was used as the impaction surface.
Particle induced X ray emission (PIXE) [15] was used to measure the concen
trations of up to 22 elements (Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe,
Ni, Cu, Zn, Br, Rb, Sr, Zr and Ptí) [17]. The samples were irradiated by a proton
beam at the Van der Graaff accelerator at Florida State University, and also at the
cyclotron at the University of Ghent, Belgium [18]. A new, dedicated PIXE/Rutherford backscattering spectroscopy (RBS) facility at the University of Sâo Paulo is
now being used for PIXE analysis. A 5SDH Pelletron accelerator, coupled with a
135 eV Si(Li) detector, provides good detection limits for aerosol measurements.
Gravimetric analysis was performed to obtain the fine (dp < 2 /xm) and coarse
(2 /xm < dp < 15 д т ) mass concentration. The black carbon concentration was
determined by a reflectance technique.
The large database collected in these experiments was analysed using receptor
modelling [19]. Absolute principal factor analysis [20] was used to extract quantita
tive source profiles from the variability of the elemental concentrations.

4.

CHARACTERIZATION OF AEROSOL PARTICLES EMITTED
DURING BIOMASS BURNING

Aerosol particles were collected in forest fires in Mato Grosso, Brazil, in the
southern part of the Amazon Basin. Cascade impactors and SFUs were used to
collect particles near the fires, and their elemental composition was measured by
PIXE [21]. There was no separation of the flaming and smouldering phases.
Figure 1 presents size distributions for sulphur and potassium. Most of the elements
are emitted mainly in the fine mode as a result of the combustion process, but there
is a clear coarse mode for some elements, especially K. Calcium, Fe, Si and Ti are
emitted, mainly in the coarse mode, with a small component in the fine mode. This
effect is probably the result of two different processes: ( 1) gas to particle conversion,
bringing the production of particles less than 2 /xm; and (2 ) strong convective
dispersion of ash, semi-burned material and soil dust. Owing to the low settlement
velocities, the fine fraction particles (dp < 2.0 /xm) can be transported for long
distances. Figure 2 shows the variability of the elemental composition for different
samples collected at different sites. Some elements show large variability, such as
К which varies from 0.03 to 1 % of the total aerosol mass loading. Sulphur has a
rather constant emission factor of about 0 . 1 % in mass.
In September 1991, a twin engine INPE ‘Bandeirante’ aircraft was used to col
lect aerosol samples in flights covering the Amazon Basin and the Cerrado region.
Cascade impactors and SFUs were used to collect particles from an isokinetic sam-
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FIG. 1. Size distribution o f (a) S and (b) К in aerosol particles emitted in biomass burning plumes.
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FIG. 2. Variability in the elemental composition fo r several biomass burning samples
collected in the Amazon Basin.

pling probe. The flight time was 3-4 h at an altitude of 1000-3000 m. It is important
to recognize that the collected aerosol particles are ‘aged’ biomass burning emissions
and represent an average composition on a basin wide scale. During the week of the
experiment, the number of fires in the Amazon Basin region was monitored using
the AVHRR on channel 3.75 цт, with 1 km resolution, on board the NOAA-11
satellite. In the week of the sampling programme, 88 414 fires were detected in the
Amazon Basin and in the month of September, 237 599 individual fires were
detected. The 1991 season was very dry in the Amazon Basin. There were 105 days
with no rain in Brasilia, just before the collection period. Table I presents the
elemental, black carbon and aerosol mass concentrations for each of the individual
samples. Also shown is the region in which the sample was collected. Most of the
elements show high concentration variability, suggesting the regional influence of
biomass burning plumes. The mass concentrations varied from 30 /¿g/m3 for areas
not affected much by biomass burning, to more than 370 /xg/m3 for regions with
intense biomass burning. These concentrations represent the average of large areas,
with no impact of any particular plume. The visibility for the whole area of the
Amazon Basin was typically 500-1000 m, with regions with 200 m visibility, which
keeps most of the airports in the region closed during the biomass burning season
(August and September). Figure 3 presents the measured sulphur concentrations.
For regions where high biomass burning was occurring, S concentrations were a
very high 3000 ng/m3, going down to less than 500 ng/m 3 for less affected regions.
In the wet season, with no biomass burning, the S concentration averaged
120 ng/m 3 [22]. Another biomass burning experiment that we were involved in was

TABLE I. AMAZON BASIN BIOMASS BURNING AEROSOL COMPOSITION IN 1991
(aerosol mass, soot carbon and elemental concentrations expressed in ng/m3)
Site

Mass

Brasilia

60 000

Soot

Mg Al
3539

Si

P

S

Cl

К

Ca

Ti

4402

106

604

146

875

1025

423

128 000

9643

7452

69

1126

192

1 535

1649

P. Emas 2

94 000

7558

5490

95

902

199

1 369

980

Goiânia

134 000

1346 5344

3381

631

292

1 141

925

Barr. (Ba) 1

101 000

2127

3433

505

131

609

700

Barr. (Ba) 2

37 000

1590

2883

492

765

773

4009

124

871

131

1 604

1348

185

1629 4252

1509

2645 2265

U 061

9253

112

P. Nacional

80 000

7 010

Maraba I

289 000

26 230

4337

Maraba 2В

171 000

10 780

502

Maraba 3

188 000

14 270

555

Santarem

28 000

Manaus

426 2223

1145

19

1065 25

Mn

Fe

56.9

3085

195

33.2

1435

150

26.8

1089

71.3

1663

370.9

1350

6.9

7.4

5.0

11.7

16.7 45.3

8.33
1.82

37
23.7

384

20.3

27.3

141

7.3

3 042 2892

93

53.8

759

589

1083

116

2839

165

3 189

1585

41

52.8

216

399

865

129

13

3.3

1 434

11.1

94 000

7 610

137

443

138

38

6.9

369

11.7

9.94

Manaus В

342 000

11 ISO

864

1375

5930 0364

2775 2153

3 613 4966

271

99.1

1424

8.5 25.8

18.8

P. Velho 1

207 000

16 370

1062

1487

3286

2 484

276

88

17.2

796

22.8

14.6

P. Velho 2

106 000

4044

4724

1444

1 789

479

375

45.4 2944

14.1

P. Velho IB

370 000

15 140

1485

1615

5665

370

3210

1346

Cuiaba

181 000

13 940

468 7241

9113

253

1755

106

4 469 7693

141

2 479

1522

933

175.9
19

8.06

15.0

4.84

24.9

908

121

Zr

8.14 22.8

2596

28

Sr

5.56

160

798

Rb

4.36

2422

1960

Br

7817

645

1269

Pb

71.2 6449

69.3

3463

3

Ga

10.55 36.9

243.1

369

Cu Zn

2.1

9.6

34.3

4.0

11.5

C. Grande

49 000

737

1618

1489

673

210

85

13.3

729

Ponta Pora

248 000

207

525

311

172

88

33

4.1

241

17.6

9.0

13.27
83.64
27.11

9.06

12.82

7.49

43.51

15.2
16.6

27.1

1410

149.5 6234

4.84

14
12.7

4.94
7.68
8.59

10.3

67.99
20.71

21.0
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FIG. 3. Aerosol sulphur concentration (in ng/m3) fo r samples collected in aircraft flights over the Amazon Basin in the biomass burning
season in September 1991.
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the DECAFE (Dynamique et chimique de l’atmosphère en forêt équatoriale) experi
ment. Figure 4 presents a comparison of the elemental composition of DECAFE II
samples and the 1991 Amazon Basin biomass burning samples. The elemental pro
files from the savannah samples from DECAFE П and the Amazon Basin are, in
general, similar. Potassium, Cl, Zn, Rb and Br are higher for the African emissions.
These elements are known to constitute the natural biogenic emission from tropical
rain forests. Soil dust elements are higher in samples collected in the Amazon Basin,
perhaps due to the strong dry season. Sulphur accounts for 0.2-1.0% of the fine
aerosol mass concentration. The major elements emitted are K, Cl, Si, Al, Ce, S,
Fe and Br, with traces of Cu, Zn, Sr, Rb, As, Mn, Ti and Cr.
The size distribution shows that typical soil dust related elements like Fe, Al,
Si, Ti and Mn are observed, mainly in the coarse mode fraction. Chlorine, S and
Br are mainly observed in the fine mode. This is probably a result of gas to particle
conversion mechanisms for these elements.
From these data it is possible to deduce that emissions of trace elements and
heavy metals into the global atmosphere due to biomass burning are very high. For
Cr, biomass burning emits about 5.6 x 109 g/year; for Cu, 1.6 X 109 g/year; and
for Zn, 5.2 x 109 g/year. These values correspond to 18, 5 and 3.5%, respec
tively, of the global anthropogenic inputs. These emissions of heavy metals by
biomass burning are currently not being taken into account in global emission heavy
metal inventories.

5.

BACKGROUND AEROSOL MONITORING IN
THE AMAZON BASIN

For the samples collected in background sites, the concentration of naturally
released biogenic elements like K, S, P, Cl, Ca and Zn dominates the elemental con
centrations [2, 3, 22]. Dry and wet season results show some remarkable differ
ences. The concentration of soil dust related elements (Al, Si, Ti, Mn and Fe) is five
times larger in the wet season than in the dry season, and this was attributed to the
long range transport of dust from the Sahara Desert to the interior of the Amazon
Basin. Biogenic aerosol related elements (e.g. P, S, Cl, К and Zn) in the fine mode
showed strongly reduced concentrations in the wet season. Fine mode sulphur con
centrations averaged 80 /¿g/m3 in the wet season and 260 /xg/m3 in the dry season.
Factor analysis of these databases show that generally two factors explain more than
90% of the data variability for most of the sampling sites in the dry and wet seasons.
These factors were soil dust (represented mainly by Al, Si, Ti, Mn and Fe) and bio
genic related aerosol (with K, P, Cl, S, Zn and the aerosol mass concentration). The
aerosol mass source apportionment indicated that biogenic particles account for
55-95% of the airborne concentrations for both the dry and wet seasons.

Ï

Concentration (/ig/m3)

Biomass burning season

Coarse mode
Fine mode
1 3 5 7 9 11 1 3 1 5 1 7 1 9 3 1 3 3 3 5 3 7 22 2 4 2 6 2 8 3 9 41 4 3 4 5 47 4951 5 3 5 5 5 7 5 9 6 1 6 3 6 5 67 6971 7 3 7 5 77 7981 83
2 4 6 8 1 0 1 2 14 1 6 1 8 2 0 3 2 3 4 3621 2 3 2 5 2 7 3 8 4 0 4 2 4 4 4 6 4 8 5 0 5 2 5 4 5 6 5 8 6 0 6 2 6 4 6 6 6 8 7 0 7 2 7 4 7 6 7 8 8 0 8 2 84

Samples from July 1990 to September 1991

FIG. 5. Fine and coarse mode aerosol mass concentrations fo r the background monitoring station in Cuiabâ, south o f the Amazon Basin.
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Since August 1990, the University of Sâo Paulo has been operating a long term
aerosol sampling station in Cuiabá, located south of the Amazon Basin. Most of the
air masses from Rondonia, where large emissions of biomass burning occur, are
transported about 1000 km to Cuiabá. Figure 5 shows the fine and coarse mode aero
sol mass concentration for more than one year of continuous aerosol sampling in Cui
abá. The biomass burning season is in August/September. The large increases in
aerosol concentrations during the burning season are clear. From a background con
centration of less than 20 /¿g/m3, the aerosol mass concentration increases to more
than 140 /¿g/m3 during the biomass burning season, even very far from the source.
The black carbon concentration has strong variability. From a background value of
0.6 /¿g/m3, black carbon goes to 7 /¿g/m3 during the burning season. Several trace
elements, such as S, K, Ca, Zn, Rb and others, also undergo a change in their con
centrations as a result of regional biomass burning.

6.

CONCLUSIONS

Aerosol concentrations in the whole area of the Amazon Basin during the
biomass burning season are very high. Large amounts of fine particles are injected
into the atmosphere, where they can travel for long distances. Several essential
nutrients are transported in the atmosphere as a result of biomass burning processes.
Most of the particles are water soluble and are active as CCN, with the potential to
change the cloud formation mechanisms in the Amazon Basin.
At the biomass burning plumes, carbon accounts for more than 80% of the air
borne mass, while N and О account for up to 18%. Potassium, P, S, Ca, Cl and Si
are the dominant elements emitted. There are also significant emissions of Fe, Zn,
Ca, Cl, Mn, Zn, Br and Rb. In the fine mode, К accounts for 4.6 ± 2.6% of the
fine particle mass. Chlorine accounts for 2.9 ± 1.9%, Zn for 0.026 ± 0.014% and
S for 0.37 ± 0.31%. Some elements, like Si, Ti, Fe and Ca, are emitted
predominantly in the coarse mode, while others, like S, Br and Cl, are emitted in
the fine mode. There are large differences in emissions between the different fire
, conditions (smouldering or flaming), and there is great variability between sites for
some elements. The size distributions show clear patterns for elements
predominantly emitted in the fine mode (S, Cl, К and Br), with a mass median
aerodynamic diameter (MMAD) of about 0.3 /¿m, while in the coarse mode (Fe, Si,
Al and Ca) the MMAD is about 4.0 /¿m. Taking into account the worldwide biomass
burned and the average emission factors measured for zinc, biomass burning can
account for 5-30% of the anthropogenic global emissions of zinc. For elements like
К, P, Ni, Cu, Zn and Rb, biomass burning can be responsible for a significant frac
tion in the worldwide emissions.
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Abstract
ANALYSIS OF ARCTIC AEROSOLS IN THE SAGA PROJECT BY MEANS OF PROTON
INDUCED X RAY EMISSION AND INSTRUMENTAL NEUTRON ACTIVATION
ANALYSIS.
Since August 1990, air filter samples from Station Nord in Greenland have been
collected on a weekly basis and analysed for 15-20 elements by proton induced X ray emis
sion (PIXE) analysis. Results indicate that during the winter there is a high fraction of
anthropogenic pollution and a very low contribution from sea spray. Samples from the begin
ning o f 1991 were also analysed by instrumental neutron activation analysis (INAA), partly
to check the calibrations for a number o f common elements determined, and also to improve
the description o f sources contributing to Arctic aerosols by determining about ten additional
elements. For most of the elements common to both methods the agreement was very satisfac
tory in view o f the low concentrations reported. Results from INAA were also found to corre
late well with the factor scores obtained from factor analysis o f the more numerous results
from PIXE analysis. Supplementary analysis o f air filter samples by both methods would
therefore substantiate and improve the preliminary conclusions made from the PIXE results
alone.

1.

INTRODUCTION

It has been shown that air pollution from industrial areas in the Northern
Hemisphere is transported to the Arctic when the so-called polar front moves to the
south during the winter [1]. A number of measuring stations have been established
* Visiting scientist. Present address: Department o f Nuclear Engineering, University
o f Illinois at Urbana-Champaign, Urbana, Illinois, USA.
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around the Pole in order to assess this transport. One of these stations is located in
the northeastern part of Greenland, at Station Nord (see Fig. 1). It is at a latitude
of 81 °36', which makes it, together with Alert in Canada, the northernmost measur
ing station. At present, the continuous sampling of aerosols, S0 2 and N 0 2 takes
place all year round. The station is part of the Danish Study of Aerosols in the Green
land Atmosphere (SAGA) project undertaken by the Danish National Environmental
Research Institute.
The main aim of the project is to apportion the anthropogenic pollution arriving
in the polar areas. One way to do this is to use statistical models (receptor models)
based on simultaneous measurements of a large number of species. All aerosol
samples are routinely analysed using proton induced X ray emission (PIXE) analy
sis, permitting determinations of 15-20 elements. Apart from the PIXE analysis, ion
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chromatography is used to determine NH4+, S0 4 + and NOJ. S0 2 and N 0 2 are
collected on impregnated filters and also determined by ion chromatography.
A number of the aerosol samples from the first part of 1991 were analysed by
instrumental neutron activation analysis (INAA) at Riso National Laboratory. About
twenty elements were determined by INAA. Almost half of these were the same as
for PIXE and the results were used for intercalibration between the two analytical
methods. The improvement achieved by including the additional elements in the
statistical analysis was evaluated in order to decide whether INAA should be
included on a more regular basis.

2.

AEROSOL SAMPLING

The aerosol sampler is a medium volume sampler of the same type as is used
in the Danish Background Network [2]. The aerosols are collected on membrane
filters during one week periods and sampled continuously throughout the year. The
particles are collected on a 4 cm diameter spot on the filters. The total air volume
passing through the filters is 300-400 m3. The inlet is an open/downward pointing
tube. The air velocity in the tube is around 0.5 m/s. Particles up to approximately
20 /uni in diameter are collected. The actual cut-off curve for this type of suction
depends very much on the wind conditions [3]. The sampling in the present part of
the project started in August 1990.
Filters made of cellulose nitrate (Millipore Type RA) were used from the
beginning, but will be replaced by cellulose acetate filters (Schleicher & Schiill
Type ST69) for the reasons discussed below. A 2 cm diameter disc was cut out of
each filter for the PIXE analysis. A second 2 cm diameter disc was used for INAA.
An acryl pinking tool was used in order to avoid contamination with heavy elements.
The remaining part of the filters was used for ion chromatography. Unexposed filters
that have gone through the same procedure as the exposed ones were used for back
ground corrections.

3.

ANALYSIS

3.1. Proton induced X ray emission

The PIXE analyses were performed at the Van de Graaff laboratory of the
National Environmental Research Institute. By using both 2 and 3 MeV protons, a
wide range of elements could be determined. Aluminium, Si, S, K, Ca, Ti, V, Mn,
Fe, Ni, Cu, Zn, As, Se, Sr, Zr and Pb were found in concentrations that were above
the detection limits in the majority of the actual samples. The filter can endure a pro
ton current of approximately 300 fiA in a 1 x 1 cm 2 beam spot. The filters are

512

KEMP et al.

bombarded both on the exposed and back sides so that the corrections for possible
dust penetration into the filters can be estimated. The total charge used for each filter
is 150 ¡iC. The detection limits reach a few ng/cm 2 for most medium heavy
elements. This corresponds to approximately 0.05 ng/cm 3 in the air.
Thin layers (10-100 ¿tg/cm2) of single elements on carbon or mylar backings
are used for calibration. The thicknesses of the foils with elements of atomic numbers
Z > 19 are determined by applying the Rutherford scattering cross-section for the
yields of elastically scattered protons. Reference foils and foils with light elements
in compounds with heavy elements are used for 13 < Z < 19. Elements of Z < 1 3
are not determined. Twenty-five elements were used for the calibration. The calibra
tion was completed after interpolating between the measured values.
The same control sample (a foil with a mixture of Cu and Ag) is analysed
before and after each sample batch of up to 80 samples. Corrections for blank back
grounds were made by subtracting a mean of three to six blank X ray spectra from
the exposed filter spectra prior to the integration of the peaks.

3.2. Instrumental neutron activation analysis

The filter substrate was originally cellulose nitrate. Owing to the potential risk
of explosion under reactor irradiation [4], these filters were dissolved in high purity
acetone and filtered through Whatman 41 filter papers. After drying, the Whatman
filter papers were folded inward and placed in small polyethylene vials used for
irradiation.
Short lived activation analyses were performed using the ‘rabbit’ irradiation
facility (R4) of the Ris0 DR3 nuclear reactor. The neutron flux density was
2 X 1013 n-cm_2 -s_1; the samples were irradiated for 15 min, transferred into new
inactive vials and counted for 15 min following a 3 min decay. Aluminium, Br, Cl,
I, Mn, Na, Ti and V could be determined from the same spectrum with the Ortec
Geligam spectrum deconvolution program.
Medium and long lived INAAs were performed by irradiating the same
samples for 4 h in the air cooled activation facility at a neutron flux density of
3 X 1013 n-cm“2 -s_1. Medium lived radionuclides (As, Sb, Br and Na) were deter
mined by counting for 30-60 min following a decay of 2-3 d. After a decay period
of 10-14 d, long lived activities were counted for 330 min and the elements Cr, Fe,
La, Sc, Sm, Se and Zn could then be determined.
The certified reference materials United States National Institute of Standards
and Technology (NIST) 1632a coal and Bureau Communauté de Référence (BCR)
279 sea lettuce were used for calibration purposes. The detection limits and blank
values are found in Table I. The numbers in the table represent the absolute amounts
in the analysed part of the filters. The corresponding concentrations per cubic metre
in the air are roughly a factor of 100 lower.
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TABLE I. DETECTION LIMITS AND FILTER BLANKS
(the blank values represent mean values o f four unexposedfilters.
The elements are grouped from the top according to short,
medium and long lived radionuclides.)
Element

Al
Cl

Detection limit
Blank value
(ng in 2 cm diameter)
27

120

80

8000

I

4

10

Mn

5

3

Ti

80

<60

V

1

<1

As

4

<3

Sb

2

5

Na

20

9000

Br

8

42

Ce

2

Co

0.6

Cr

3

Cs
Fe

0.7
330

0.8
1.1
25

<1
320

La

0.3

0.9

Sc

0.4

0.05

Se

5

Sm

0.4

Zn

20

<3

0.1
230

Table I shows that the blank values are in many cases much higher than the
detection limits. Since the Whatman filters contribute significantly to the blank
values, considerable improvement would be obtained if transfer of the dust particles
could be avoided. For future INAA applications, the cellulose nitrate filters are to
be substituted by cellulose acetate filters, which can be irradiated safely in the reactor
without any pretreatment.
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TABLE П. LINEAR ORTHOGONAL REGRESSION BETWEEN INAA AND
PIXE RESULTS
( C /NAa = a C p jx e + b; p is the correlation coefficient. The values are based on
results from 9-13 samples obtained by both methods.)
Mean (PIXE)
(ng/m3)

a

Al

9.1

1.34

Ti

0.83

V

0.43

Cr

0.23

Mn

0.48

Element

b

P

(ng/cm3)

1.3

0.96

—

—

- 0.01

0.86

- 0.01

0.82

1.18

- 0.01

0.53

0.91

0.03

0.86

1.27

- 3 .3 9

0.71

As

0.40

0.91

0.04

0.89

Se

0.08

0.81

0.03

0.73

Br

4.6

1.66

Fe

13.4

-1 .7

0.96

Station Nord - V (PIXE) (ng/m3)

FIG. 2. Regression plot of V determined by PIXE analysis and INAA. The line is the
orthogonal regression line.
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COMPARISON BETWEEN INAA AND PIXE

Altogether, 14 filters were analysed using both INAA and PIXE. The filters
were exposed in one week periods from January to April 1991. The highest concen
trations of anthropogenic substances are expected in this period of the year. The
elements Al, Cl, Ti, V, Cr, Mn, Fe, As, Se and Br were determined by both
methods. Table П shows the mean values as well as results of a linear orthogonal
regression analysis. The use of orthogonal regression gives equal treatment of the
results for both methods. Chlorine is omitted in Table П because only four sets of
values were above the detection limits for both methods. Figure 2 illustrates the
correlation for V.
In view of the low concentrations, the agreement is excellent in most cases.
The values for Ti are close to the INAA detection limit, while the Cr concentrations
are close to the minimal detectable amount in the PIXE analysis. The deviation from
1:1 for Al may be explained by self-absorption of the ‘soft’ X rays measured by
PIXE in the coarse soil particles, which contain the major part of the aluminium.

5.

SOURCE APPORTIONMENT

Results from PIXE analysis from almost an entire year of measurement,
namely August 1990 to July 1991, are used for a preliminary source apportionment
of the elements measured. Figure 3 illustrates the results for Si, S and Cl. These
three elements are assumed to originate from each of the three main ‘source types’
which are expected to contribute to the Arctic aerosols: (1) anthropogenic pollution,
(2) soil and (3) sea spray. The anthropogenic component represented by S has a clear
winter maximum between January and March. Silicon is a characteristic soil ele
ment, and the high values in August are probably due to a local contribution in the
short period where the surface is dry and not covered by snow. The low values in
the remaining part of the year probably come from areas further away. The sea com
ponent is rather weak, because the sea is ice covered all year for a distance of several
hundred kilometres.
A factor analysis was then performed on the PIXE data in order to obtain a
more comprehensive picture of the origin of the elements measured. The total
number of 46 sets of results available was considered to be close to the lower limit
of a reasonable basis for a multivariate statistical analysis. The conclusions drawn
thus have to be taken with a grain of salt. In order to obtain a physically interpretable
solution, which limits the unreasonable influence of individual high concentrations
(e.g. August values for Si in Fig. 3), a weighted linear factor analysis [5] was used.
Finally, an oblique rotation of the factor matrix [6 ] was performed in order to
approximate a source orientation. The non-orthogonal oblique rotation allowed the
factors to be correlated, but it led to a partially ‘double explanation’ of the observed
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Si (ng/m 3)

1000
800
600
400

Cl (ng/m 3)

S (ng /m 3)

200

1990

1991

FIG. 3. Concentrations o f Si, S and Cl a t Station N ord during 1990-1991.
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TABLE III. THE OBLIQUE ROTATED FACTOR MATRIX
(all loadings below 0.25 are omitted in order to improve the general view)
Source types
Element
Anthropogenic

Soil

Al

0.92

Si

0.83

S
Cl

Sea

0.25

0.67
- 0 .3 2

0.81
0.63

0.42

Ca

0.82

0.25

Ti

0.96

К

0.29

V

0.81

Mn

0.45

Metal

0.66
0.89

Fe

0.47

0.26

Ni

0.77

Cu

0.29

0.89

Zn

0.35

0.90

As

0.59

0.57

Se

0.61

Br

0.45

Sr

0.55

Pb

0.75

0.62
0.62
0.39

0.72

0.30
0.35

variations. The squared sum of the factor loadings may therefore be greater than
unity.
Four factors were found to give a reasonably interpretable solution. The cor
responding factor matrix is shown in Table Ш. The elements in the matrix (the factor
loadings) represent that part of the total variation for the single elements that can be
explained by the respective factors. These factors are designated as anthropogenic,
soil, sea and metal on the basis of elements with high loads. The metal factor, which
has been observed previously [ 1], is supposed to have its origin in the large metal
smelters in northern Russia.
The relative contribution from each of these four source types to a single
sample (the so-called factor scores) can be calculated on the basis of the measure
ments and the factor matrix. These values serve to put the relatively few INAA

518

KEMP et al.

TABLE IV. LINEAR CORRELATION COEFFICIENTS BETWEEN FACTOR
SCORES AND CONCENTRATIONS MEASURED BY MEANS OF INAA
Source types
Element
Anthropogenic

Soil

Sea

Na

0.34

0.46

0.65

Al

0.49

0.79

Cl

- 0 .6 0

- 0 .6 2

Sc

0.53

0.80

Ti
V

0.26
0.81

Cr

0.29
0.28

- 0 .8 2
0.32

0.32

0.49
- 0 .4 4

Metal

0.57
0.26

Mn

0.78

0.68

0.60

Fe

0.49

0.61

0.37

As

0.78

0.44

0.66

Se

0.66

0.43

0.55

Br
Sb

0.45
0.59

I

0.65

0.44

Cs

0.59

0.44

La
Sm

0.48

- 0 .2 7

- 0 .3 6

0.42

0.33

0.58
0.54

0.45
0.39

0.73

- 0 .3 0

results into a source apportionment context. The origin of the elements determined
by INAA is estimated by calculating the correlation coefficients between the meas
ured concentrations and the factor scores as shown in Table IV. It is evident that
most of the elements are significantly attached to one or more of the factors. For
example, not surprisingly, Na correlates with the sea factor, while Sb and Cs seem
closely related to both the anthropogenic and the metal factors. The unexpected
correlation between elements traditionally believed to be mainly of soil origin
(e.g. Sc) and the anthropogenic and metal factors, and vice versa, is caused by a
correlation between the anthropogenic, the metal and the soil factors in the period
covered by the INAA analysis. The compatibility between the two methods is illus
trated in Fig. 4, which shows a regression plot between Ti concentrations determined
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Station Nord - Sc (INAA) (ng/m3)

FIG. 4. Regression p lo t between Sc (INAA) and Ti (PIXE). The orthogonal regression line
is drawn.

by PIXE, and Sc determined by INAA. In evaluating the results of the analyses of
aerosol samples, Sc is often used as an indicator of tracer for the soil contribution
in connection with INAA, while Ti is used in connection with PIXE.

6.

CONCLUSIONS

Both PIXE and INAA, in connection with the medium volume sampler used
at Station Nord, are able to determine the presence of elements in concentrations well
below 0.1 ng/m3. During the winter, with its high contribution of anthropogenic
pollution, about twenty elements were determined by either method, approximately
half of them by both methods.
These two fundamentally different methods of analysis give very good agree
ment for elements present in concentrations well above the respective detection limits
when applied to actual filters collected at Station Nord.
It is also demonstrated that the additional elements determined by INAA are
consistent with the tentative apportionment made on the basis of the PIXE analyses
alone. Air filter analysis by both PIXE and INAA over a longer period could yield
a much better description of the sources contributing to Arctic aerosols.
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Abstract
RAPID ISOTOPIC METHODS TO STUDY THE FLUXES OF RADIATIVELY ACTIVE
TRACE GASES.
Atmospheric N 20 and CH4 account for over 20% o f global warming. There is a need
to quantify their fluxes and to understand the mechanisms of their production and removal.
Stable isotope tracers are useful, but traditional methods o f stable isotope analysis are
inconvenient. Each analysis requires several litres o f the sample and hours o f preparation by
a skilled technician. Another approach is desirable for field studies where large numbers o f
samples must be analysed to integrate the spatial variability. Two on-line methods are reported
using continuous flow isotope ratio mass spectrometry (CF-IRMS). Both require only 13 mL
o f sample and can purify and analyse each sample in under 10 min. The first method uses
chemical trapping and gas chromatography purification. It can automatically process
125 samples/d in the concentration range 5-1000 ppm. Nitrogen-15 is analysed in both N20
and N 2 from the same sample and 13C is analysed in C 0 2. The precision (standard deviation
(SD)) is ± 0 .0 0 8 at.% 15N20 for 6 ppm N20 in air, improving to ± 0.0003 at.% l5N20 by
400 ppm. The precision (SD) for C 0 2 is ô l3C = ± 0 .6 7 oo at the atmospheric concentration
o f 350 ppm and ± 0 .2 ° /oo at 0.1% C 0 2 in air. A thermal desorption technique is used in the
second method which can measure ambient concentrations o f N 20 . The precision for l5N 2 is
± 0 .0 0 0 01 at.% i5N, and for 15N20 it is ± 0 .0 0 2 5 at.% , 5N. An attempt to automate this
approach was not entirely satisfactory, but it did produce encouraging results for l3CH4 in N 2
mixtures. It was tested in a field experiment for N 20 . Nitrate, 50% 15N enriched, was added
beneath a soil cover (equivalent to 1.0 kg/ha). Although there was no measurable increase in
the N20 concentration, the l5N content o f N20 increased linearly after the first 25 min,
allowing the production rate to be calculated. This technique can measure rates as low as
40 /ig -h a " 1■h~l, a thousandfold improvement over conventional methods.
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INTRODUCTION
“Atmospheric chemists are often accused o f measuring the flux o f gas
into a box covering a square metre or so, dividing by the area o f the box
and multiplying by the land surface o f the earth. Although this is a
manifestly unfair criticism, there is nevertheless a need for many more
flux measurements . . . ”
D.S. Jenkinson [1]

The steady rise in atmospheric concentrations of radiatively active, or
‘greenhouse’, gases since around 1850 is generally attributed to human activities
[2-4]. Intensive agriculture, industrialization and the growing populations of both
people and farm animals are major sources of C 02, N20 and CH4. Carbon dioxide
has received the most attention. However, nitrous oxide and methane are long lived
radiatively active gases that account for over 20% of global warming. Although their
atmospheric concentrations are two hundred to a thousand times lower, N20 is
increasing at about the same rate as C0 2 and CH4 two to three times as fast. Their
significance lies in the radiative effect per molecule relative to C 02; two hundred
times greater for N20 and thirty times greater for CH4. Nitrous oxide also destroys
stratospheric ozone [ 1].
Traditionally, the N20 and CH4 fluxes are determined by measuring the
concentration of gas under a soil cover using a gas chromatograph [3]. A linear
increase in concentration with time is used to calculate the production rate. Often,
the concentration in the cover does not rise appreciably above atmospheric levels.
Also, only relatively small samples (1-50 mL) can be taken without drawing air
intothe cover. These methods quantitate N20 production, but identify neither its
sources nor the mechanisms of production.
Isotopes make excellent tracers of sources or sinks and can identify contri
buting processes, such as nitrification and denitrification. Isotope dilution analysis
allows much smaller fluxes to be measured. Stable isotopes have the added benefit
of safety both for the user and the environment. The historical problem with stable
isotopes has been the lack of instrumentation for routine analysis.
Isotopic analysis of atmospheric concentrations of N20 , CH4 and C 0 2 by
conventional isotope ratio mass spectrometry (IRMS) requires litres of the sample,
complex glass manifolds and hours of preparation per sample by skilled technicians
[5-7]. These instruments can only analyse samples after conversion to pure ‘analysis
gases’, such as N2 and C 02. Geochemists developed IRMS [8 ] in the 1950s to
detect small differences in the natural abundance of stable isotopes. Commercial
instruments followed to meet their need for highly precise data. Although modern
IRMS has automated gas handling and data processing, samples must still be
manually purified. This is impracticable for tracer studies, where many samples are
collected in small quantities (1-50 mL). In field experiments, spatial variability
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across a site limits the value of high precision instrumentation. The need is to analyse
many more samples with adequate precision.
Isotopic analysis is traditionally performed either on N2 produced by the
reduction of N20 over hot copper [9], or by an electric discharge, effectively
scrambling the 15N in a sample [10]. The N2 background limits the sample size in
such studies.
Zeolite sorbents, typically 5Á [11] and 13X [12], have been used to concen
trate N20 prior to analysis. Chemical scrubbers remove C0 2 and H20 to ensure that
N20 is the major sorbed species. It is then recovered either by thermal desorption
[ 11], or by the addition of water [13] to the zeolite. Both methods require careful
pretreatment of the zeolite. Individual sorbent tubes are often used for sampling in
the field. Samples are collected by drawing air across the sorbent phase. This can
require large volumes of air and risks displacing the equilibrium under the soil cover.
Here we report methodology for the isotopic analysis of atmospheric N2 and
N20 from a single 13 mL whole air sample. With minor modifications, the same
methodology can be used for the isotopic analysis of atmospheric C 0 2 and CH4.
Two alternative, on-line, approaches were taken. In both methods, C 0 2 is removed
chemically so that 15N in N20 may be determined directly at m/z 44, 45, 46, free
of interference from background N2, significantly lowering the detection limit. Both
techniques allow the sequential measurement of 15N2 and 15N20 from the same
sample in a cycle time of ~ 10 min.
Data are presented on test samples over a range of concentrations to illustrate
instrumental performance. We also report results from a denitrification field
experiment and discuss the advantages of this new approach.

2.

DEVELOPMENT OF CONTINUOUS FLOW INSTRUMENTATION

In 1983, automated nitrogen analysers were already using the ‘continuous
flow’ principle, which creates a pulse of a sample derived gas in an inert gas streamflowing to a detector. These analysers were then interfaced to IRMS, bypassing the
dual inlet system [14-16]. This led, in 1986, to automated I5N 13C analysis-mass
spectrometry (ANCA-MS) [17], now a popular, routine method to prepare and ana
lyse solid or liquid samples.
Although ANCA-MS was the first continuous flow-isotope ratio mass spec
trometry (CF-IRMS) method, other on-line preparation techniques [17] have since
been used with mass spectrometric detection. Gas injection-IRMS (GI-IRMS) is the
name we have given to our on-line method of preparing and analysing samples which
occur naturally as gases.
The first gaseous samples to be analysed by CF-IRMS were injected manually
using a septum holder in line with the carrier gas stream of an ANCA-MS instrument
[14, 18]. The main interest was for <13C breath tests’; radiation free, non-invasive
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tests of metabolic function. Demand for these led to the development in 1989 of an
automated GI-IRMS instrument [19] to measure 13C in C 0 2 from human breath.
Schnyder et al. [10] have also used this instrument to study the carbon metabolism
in plants using growth chambers containing C 0 2 with varying 13C content.
During the past two years, we have been developing GI-IRMS instrumen
tation, as described below, to measure 15N in both N2 and N20 , and also I3C in
CH4. We report our experiences with two approaches. Method 1 uses gas
chromatograph (GC) separation and has been automated for gas concentrations of
5-1000 ppm. Method 2 can be used down to ambient atmospheric concentrations,
but has not yet been automated successfully.

3.

MATERIALS AND METHODS

3.1. M ass spectrometer

The same model of mass spectrometer (TracerMass, Europa Scientific Ltd,
Crewe, UK) was used in both the Crewe and Berkeley laboratories. It is described
elsewhere [17, 21] but, briefly, it is a turbomolecular pumped, 11 cm radius, 90°
magnetic sector analyser with a triple Faraday collector. It has no dual inlet, but is
interfaced with continuous flow preparation systems by a splitter valve. A novel fea
ture used in this work is its dual bank ion source electronics. This allows optimum
tuning conditions for two mass triplets to be preset so that the software can quickly
switch between them. Thus, N2 and N20 can be measured from the same sample.
Dinitrogen is measured at m/z 28, 29 and 30; the IRMS then automatically retunes
to m/z 44, 45, 46 before the N20 elutes.
The m/z 44, 45, 46 setting is used to determine 13C in C 0 2 from combustion
of CH4.
3 .2 . M ethod 1: GC separation

This system (Fig. 1) will measure 15N in both N2 and N20 with an analysis
cycle of less than 10 min. It is a modified version of an instrument designed for
automated 13C 0 2 breath analysis (Roboprep-G, Europa Scientific Ltd, Crewe, UK).
The 1/4 in o.d. GC column is replaced with a 12 in X 1/8 in column (105°C,
proprietary packing) , 1 and dead volume is minimized by using 0.030 inch i.d. stain
less steel tubing for all carrier flow paths. The carrier flow is set to 40 mL/min.
Samples are collected by syringe, transferred to 13 mL pre-evacuated, septum
capped containers (blue cap Exetainers® , Europa Scientific Ltd, Crewe, UK) and

' 1 inch (in) = 25.4 mm.
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placed on a 220 position autosampler (Sample Changer 222, Gilson Medical
Electronics, Villiers-le-Bel, France). The entire sample is swept into the helium flow
using a double, concentric needle probe [19]. C 0 2 and H20 are removed chemically
before GC separation of the N20 and N2. These gases are analysed sequentially as
they elute from the column and enter the mass spectrometer.
Measurements of I5N in N20 are compared with a reference gas loaded on the
autosampler and treated exactly as the samples. N2 is measured against air. By
analysing references before and after a series of samples, corrections can be applied
to compensate for any instrumental drift during the analysis. Dinitrogen is measured
because some 15N20 is reduced to 15N2 in soil. A series of test samples was
prepared by dilution of N20 (BDH, Poole, UK) in air.
A switchable reduction furnace can be fitted to eliminate 0 2, which co-elutes
with N2. This minimizes the formation of NO in the ion source of the mass spectro
meter, which would interfere at m/z 30. Similarly, any NO from the sample is
reduced to N2. This has an insignificant effect on the N2 measurement, given the
low concentrations Of free NO typically found during denitrification. Corrections,
however, are being developed.
Samples of C 0 2 in air are analysed by simply removing the C 0 2 scrubber
tube. Test samples of C 0 2 in air were prepared from a 5% C 0 2 in air mixture
(ECM, UK), previously calibrated (<513C = —41.63°/00 Pee Dee Belemnite (PDB))
by dual inlet IRMS. Crewe air, collected outside the building, was analysed for a
measure of atmospheric C 0 2 using the calibrated gas mixture as a reference.
3.3. M ethod 2: Thermal desorption

A second approach to allow still lower concentrations to be analysed has also
been evaluated. This system (Fig. 2) is based on a low dead volume desorption trap
containing a zeolite sorbent. Samples are injected into a 13 mL loop, which is then
switched into the helium carrier flow. Carbon dioxide and H20 are chemically
removed from the sample before it reaches the trap. Nitrous oxide is completely
retained on the zeolite trap before being thermally desorbed into a slow carrier
stream (<300 fiL/min) and analysed by IRMS. The zeolite sorbent is therefore
regenerated as part of the 10 min analysis cycle. Dinitrogen and 0 2, together with
small amounts of NO and Ar, pass to a 36 in x 1/8 in molecular sieve 5Á column,
where the N2 is purified and passed to the IRMS for analysis.
We initially tried to automate this system using the autosampler described for
method 1. Some problems were encountered; mixing in the sample container as the
sample was flushed out resulted in broadening of the N2 peak exceeding the break
through volume of N20 on the zeolite trap. Alternative methods are currently being
investigated.
Methane analysis was evaluated using this system. The hardware was modified
by the addition of a furnace before the desorption unit. This is shown inside the
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Flow
diverter

He in

Data
processing
T —
y
Results out

To
atmosphere

FIG. I. Hardware schematic fo r G C separation o f trace gases. This system is a modification
o f the Roboprep-G® gas purification system routinely used fo r isotopic analysis o f gas
mixtures.
13 mL injection loop

FIG. 2. Manual injection onto the thermal desorption module (TCD: thermal conductivity
detector).
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R eference helium line

M icrodesorption
trap and heater

Carbon dioxide
and w ater scrubber

A utosam pler

Flow
d ive rte r

booooooooo

DOOOOOOOOO

booooooooo
Carrier
helium
line

pooooooooo
bpoooooooo
■>00000000

■00000000

ВЪоооооооо

pooooooooo
Data
processing

To
atm osphere

O ptional hardware for m ethane analysis

FIG. 3. Automated thermal desorption instrumentation using a concentric needle probe to
transfer the entire contents o f a 13 mL vial into a helium carrier stream. This system was also
investigated fo r methane analysis by the addition o f the components shown in the shaded box.
The optional gas chromatograph indicated was not fitte d fo r this preliminary investigation.

dotted lines in Fig. 3. The furnace contains platinized CuO to combust CH4 to C 02,
and elemental copper to reduce NOx to N2. Atmospheric H20 and C 0 2 are removed
chemically before the sample is combusted. Water of combustion is removed by a
second chemical scrubber after the furnace.
3.4. Denitrification experiment

To test method 2 under field conditions, the following experiment was carried
out. On 21 August 1991, a 25 cm PVC ring was hammered into the soil at the
University of California, Berkeley. At 13:00 h, 1 L of water was added to wet the
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very dry soil and, 1 h later, 200 mL of 29 jxg/mL of N 03-N at 50% 15N enrichment
was added. The cover was then added, which gave a volume of 8.3 L above the soil.
At 15, 27, 39 and 51 min, 20 mL air samples were removed by syringe, injected
into the system and 15N2 and 15N20 were analysed.

4.

RESULTS

4.1. M ethod 1

4.1.1.

N20 in air test mixtures

Results for N20 comparing the precision of isotopic measurement against
sample concentration are shown in Table I. The samples were run against themselves
as isotopic references nominally set to 0.3660 at. % 15N. The observed level of pre
cision was considered satisfactory for tracer experiments.
It has been shown in parallel experiments [22] that the instrument is linear for
N20 within 0.5% over the range 50-1000 ppm N20 and accurate over the range
0-10 at.% excess 15N.

TABLE I. NITROUS OXIDE ANALYSIS BY THE GAS CHROMATOGRAPHY
TECHNIQUE
Concentration o f nitrous oxide (ppm)

400

62

6.2

0.3660

0.3666

0.3603

0.3666

0.3667

0.3558

0.3664

0.3677

0.3740

0.3662

0.3711

0.3721

0.3668

0.3717

0.3698

Mean

0.3664

0.3688

0.3664

Standard deviation

0.0003

0.0025

0.0079

N-15 (at.%)“

a l°/00 difference = 0.000 37 at.% N-15.

TABLE П. CARBON DIOXIDE ANALYSIS BY THE GAS CHROMATOGRAPHY TECHNIQUE
Concentration of carbon dioxide
0.1%

1.0%
Ô 0-18 («/..)

5 C-13 («/„„)

« 0-18 (7 0=)

S C-13 (•/.„)

-4 1 .2 0

-2 2 .1 6

-4 1 .1 5

-1 8 .3 8

-4 3 .4 2

-1 5 .0 6

-4 1 .9 0

-1 9 .6 7

-4 1 .8 8

-2 0 .1 5

-4 4 .0 0

-2 0 .7 4

-4 1 .4 7

-18.9 3

-4 1 .4 3

-1 6 .6 7

-4 2 .5 0

-1 2 .4 5

-4 1 .6 5

-1 8 .8 1

-4 3 .6 2

-1 8 .7 7

-4 2 .7 0

-1 1 .7 6

Standard
deviation

-1 8 .5 5

S 0-18 c u

-4 1 .6 5

-1 8 .8 3

-4 1 .9 7

-2 0 .3 3

-4 1 .5 4

-1 9 .6 3

-4 1 .6 2

-1 8 .8 7

-4 3 .2 5

-1 5 .7 6

0.26

1.47

0.33

1.49

0.63

3.91

IAEA-SM-325/183

ÔC-13 (7 00)a

-4 1 .4 7

Mean

350 ppm

.

a Relative to Pee Dee Belemnite (PDB) standard.
l'Yoo difference = 0.001 098 1 at.% C-13.
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TABLE Ш . NITROUS OXIDE AND DINITROGEN ANALYSIS BY THE
M ANUAL THERM AL DESORPTION TECHNIQUE
N-15 (at. %)a
Replicate
Nitrous oxide

Dinitrogen

1

0.36064

0.36628

2

0.36442

0.36631

3

0.36218

0.36628

4

0.36767

0.36629

5

0.36676

0.36630

6

0:36412

0.36631

7

0.36544

0.36629

Mean

0.3645

0.36629

Standard deviation

0.0025

0.00001

a 1700 difference = 0.000 37 at.% N-15.

Minutes since nitrate addition
FIG. 4. Increase in I5N abundance o f N20 in a cover over soil treated with 0.5 kg/ha
NO J-N at. % ISN.
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TABLE IV. M ETHANE ANALYSIS BY THE AUTOMATED
DESORPTION TECHNIQUE

THERMAL

Concentration of methane in nitrogen (ppm)

Mean
Standard deviation

385

398

231

77

. 5 C-13 ( 7 00)a.

5 C-13 (7 00)

á C-13 (°/00)

5 C-13 (•/.„)

0.09

0.46

- 0 .3 6

0.35

-0 .0 2

- 0 .0 7

- 0 .3 6

-0 .9 9

- 0 .3 9

- 0 .5 5

- 0 .6 7

0.46

-0 .8 8

-0 .6 9

- 0 .6 0

0.81

-0 .6 8

-0 .6 8

-0 .5 1

1.30

-0 .3 7 6

-0 .3 0 6

-0 .2 9 6

0.386

0.42

0.50

0.47

0.85

a l°/00 difference = 0.001 098 1 at.% C-13.

4.1.2.

CO2 in air test mixtures

Table II shows the high level o f precision ppssible with C 0 2 measurements.
Considering that these represent separate injections o f the sample, they compare very
well with the external precision o f dual inlet IRMS.
4.2. M ethod 2
4.2.1.

N20 and N 2 in air

Berkeley air, collected above soil without a cover, was analysed for a measure
o f natural abundance air. The samples were run against themselves as isotopic
references nominally set to 0.3660 at.% 1 5 Ñ, as shown in Table III.
4.2.2.

Denitrification experiment

In this experiment the concentration of N20 did not measurably increase.
After a slow start, the 15N content o f N20 increased linearly, as shown in Fig. 4.
This linear part o f the plot is used to calculate the N20 production rate [23]. In this
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case, the N20 production rate was 4 mg ■ha ~ 1 ■h “ 1, but this technique can measure
rates as low as 40 /xg-ha - 1 -h _1, a thousandfold improvement in sensitivity over
conventional methods. The 15N nitrate added is equivalent to 1.0 kg/ha, a very
small addition, yet the N20 coming from the fertilizer is readily detected. For
comparison, typical fertilizer application rates are 100-200 kg/ha for crops [24].
4.2.3.

CH4 in N2 gas mixtures

Initial results, shown in Table IV, were obtained from CH 4 in N 2 mixtures
made by dilution. These were analysed during our initial attempt at automating this
method and so the level o f precision may be expected to improve for a manual sys
tem, or as automation develops. For samples near atmospheric concentrations, or
where other organics are present, GC purification o f CH 4 will be necessary before
combustion.

5.

DISCUSSION AND CONCLUSIONS

M ethod 1 is suitable for denitrification studies at moderate N20 concent
rations (5-1000 ppm). Although reasonable levels of precision are not reached until
the concentration exceeds 2 0 ppm, laboratory incubations of soil cores typically yield
this level o f N 2 0 . Applications are, however, limited for field experiments. Some
field studies, such as denitrification from pig slurry [22], yield sufficient N 2 0 .
The use o f acetylene blocking techniques may also increase the N20 concen
tration to within the range o f this instrumentation, and GC separation of the N20
should be feasible. M ore preferable, however, is the ability to measure ppb levels 2
o f N20 directly.
The ability to sequentially measure N 2 and N20 automatically from a single
13 mL air sample gives quick feedback between experimental design and the analysis
o f results. Allowing one hour to load the autosampler and type in sample names, and
assuming one reference for every ten samples, the 1 0 min cycle for sample purifi
cation and analysis means that 125 samples can be processed each day. This routine
operation, and the small sample requirement, will greatly increase the productivity
o f scientists investigating denitrification mechanisms.
The ability to measure the isotopic composition o f trace C 0 2 will again allow
rapid experimental verification o f hypotheses of C 0 2 production mechanisms.
Much higher precision is achieved since C 0 2 is a thousandfold more abundant than
N20 in the atmosphere.

2 1 billion = 109.
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The thermal desorption technique (method 2) allows, for the first time, the
isotopic analysis o f trace N20 with a precision level suitable for tracer work. Even
when the concentration of gas does not discernibly increase during a study, the obvi
ous change in isotopic abundance yields a dramatic increase in the sensitivity of such
experiments. The enrichment o f N 2 is simultaneously measured, giving information
on another product of the denitrification process. Our initial field trial confirms the
potential o f the method.
Preliminary CH 4 analyses at low concentrations suggest that 13C tracer
experiments will be possible at trace levels by this method. Gas chromatography
purification will be essential to ensure that all sorbed C 0 2 originates from the CH 4
alone.
As C F-IR M S for solid and liquid samples is used on ships in the southern
oceans and at a field station in The Gambia, we feel confident that the final version
o f this instrument will also be suitable for field experiments in remote locations. Its
versatility, together with high sample productivity and its use o f small samples,
should improve the estimates o f fluxes o f trace gases and enhance our understanding
o f their production.
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Abstract
ELEMENTAL CONCENTRATIONS IN SPRUCE NEEDLES: HOW TO OBTAIN AND
INTERPRET THE RESULTS.
Unusual elemental concentrations in spruce needles may arise from nutritional disorders
or as a consequence of pollution. Detecting abnormal concentrations requires knowledge of
the normal concentrations in healthy trees and of the factors that influence them. This informa
tion is unfortunately not available for many elements. The work in the paper is therefore aimed
towards establishing these normal concentrations. The paper discusses the methods used to
prepare the samples and determine their composition. The surface of spruce needles is always
contaminated by deposited aerosols. Their mass and composition are discussed. For many ele
ments, inclusion of these aerosols in the analysis leads to technical difficulties and to results
that are not representative of the true needle concentrations. The magnitude of this effect is
quantified. True needle concentrations are obtained by properly washing the samples prior to
analysis. The elemental composition of the needles can be determined conveniently by activa
tion with thermal and epithermal neutrons. Twenty elements are measured by instrumental
analysis. Arsenic and Cu are measured after radiochemical separation. Nitrogen and P are
determined by non-nuclear methods. The operating conditions and the lowest concentrations
found with 200 representative samples are given. Altogether, 24 elements are used to describe
the elemental composition of one sample. A few examples of the application of these data are
given.
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INTRODUCTION

The declining health o f forest trees is o f general concern. Some hypotheses
claim that the decline will manifest itself by a disorder o f elements in the leaves, or
that this decline is even caused by it. Other workers look at trees as indicators of
environmental pollution, considering them as biomonitors. All o f these aspects have
in common the requirement that the normal state and its range be known, otherwise
it is not possible to detect any abnormal deviations. Unfortunately, many aspects of
the elemental concentration in leaves are poorly understood, even for healthy trees.
O ur work therefore aims at a complete description (as far as possible) o f the elemen
tal concentrations in spruce needles and o f some factors influencing them. However,
working with conifer needles is a difficult task for several reasons.
First, the natural biological variation between trees has to be contended with,
as well as variations within the tree that are produced by the different age o f the
needles, by the position o f the branch in the crown and by seasonal variations
[1, 2]. These aspects will not be discussed further here, but it is clear that a strict
control o f all pertinent param eters is very important.
Second, it must be noted that the epicuticular wax on the needle surface retains
aerosols tenaciously. These aerosols have nothing to do with the inherent or ‘true’
needle concentrations. Their inclusion in the analysis will for some elements lead to
too high and not representative concentrations in the needle. This aspect will be
discussed in Section 2.
Third, the concentrations o f elements in spruce needles are generally low.
Only about ten elements have concentrations greater than lOO jtg/g, and many o f the
remaining elements are below 1 /xg/g. M ost trace elements occur in spruce needles
in concentrations that are lower than in other plants. As an example, it is quite
common to find Na concentrations in spruce needles o f around 1 /xg/g; this contrasts
with the mean concentration in land plants o f 1200 ng/g [3], and with the results from
plant standards where no leaves are below 10 figlg [4]. Similarly, the normal La
cóncfentrations in spruce needles are around 5 ng/g; again this is much lower than
the mean for land plants (85 ng/g) and the results from plant standards, where no
value is below 100 ng/g [5]. F or many other trace elements, the situation is similar
to that o f Na and La. In view o f these relatively low concentrations, it is quite
obvious that very sensitive analytical techniques have to be used. W e found neutron
activation to be very useful in this situation. These aspects will be covered in
Section 3. Some examples o f the interpretation o f the results obtained are given in
Section 4.
2.

CONTAM INATION ON TH E NEEDLE SURFACE AND ITS REMOVAL

Leaves are generally covered with aerosols. In the case o f spruce needles,
aerosol retention is facilitated by the very rugged structure o f the epicuticular wax.
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FIG. 1. Relative distribution o f elements between needles and aerosols on the needle surface.
The data are the means fo r one year old needles from fourteen sites in the interior o f forests.
The bars indicate typical ranges.

Direct proof o f the presence of aerosols on the needle surface is obtained by electron
microscopy [6 ], or simply by the observation that washing needles with CHC13
results in a solution that is completely black owing to the soot that constitutes an
important part o f the aerosols removed from the needle surface. Rain will remove
water soluble aerosols [7], but removal is not permanent and/or complete, as is
evident from the presence o f water soluble Cl on all investigated needle samples.
Aerosols insoluble in water will not be altered or removed substantially by rain.
The loading o f spruce needles with solid, filterable aerosols is about 1-2 mg/g
dry needle weight (DNW) (dry needle weight). M ore insight is obtained by consider
ing individual elements. Thus, the loading with Al was found to vary from 20 to
40 fig Al/g DNW [8 ]. The loading does not change much with the needle age class,
but it depends on the local exposition, as it was found [9] to be on average about
three times higher at the forest edge (63 ¡ig Al/g DNW) than within the forest
(24 fig Al/g DNW ).
For many elements, the composition o f the aerosol on the surface of the
needles is identical to that of the soil, because soil is a major source for aerosols.
However, elements such as As, Br, Cl, Sb, V and Zn were found to be enriched with
respect to the soil [ 1 0 ], because their presence is due mostly to anthropogenic
sources.
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If one is interested in the composition o f needles as an indication o f their nutri
tional status, the contribution from the aerosol must be excluded. Ignoring this will
lead to apparent concentrations that are too high. The magnitude o f this effect
depends on the ‘loading’ with the aerosol and on the elemental composition o f the
aerosol and o f the needle. The effect is not the same for every element. This is shown
in Fig. 1, which gives the mean relative distribution o f the elements between the
needles and the aerosol for a representative case. It may be seen that many elements
are heavily affected, including the essential element Fe, whereas for other elements
inclusion of the aerosol is o f little practical consequence. Similar observations were
also made by other workers [ 1 1 ].
The presence o f aerosols in the samples leads not only to ambiguities in the
interpretation o f the results [12], but also has direct analytical consequences. Thus,
it was noted [13] that dissolution o f needles with H N 0 3 leads to concentrations for
Al, Ca, Mg and Fe that are from 5 to 30% smaller as compared with dissolution with
H N 0 3 /H F. Therefore, m ost participants in the certification for the spruce
needle standard C R M -101 used HF treatment [14].
In our w ork the aerosol is removed from the needle surface prior to the analysis
by washing either with CHC13 or with tetrahydrofuran/toluene (1:1, vol./vol.).
Individual sections o f twigs are agitated for 1 min in three successive washing baths.
The tetrahydrofuran/toluene mixture is preferred as it has good dissolving properties
for inorganic and for organic constituents and does not add Cl to the system. Both
treatments dissolve the epicuticular wax and remove the aerosols completely, as is
evidenced by electron microscopy [15]. The inherent needle concentrations are not
affected by this treatment as may be seen from the observation that the material
removed contains only 0.2% o f the К and 0.1 % o f the Mn inventory o f the needle.
Since attribution o f these small quantities to leaching is a very pessimistic assump
tion, it can be safely inferred that the needle concentrations remain practically
unchanged by the washing procedure.
The material removed by the washing procedure may be analysed separately
[16]. The washing solution is filtered (giving the insoluble part o f the aerosol) and
the resulting clear solution taken to dryness (giving the soluble part plus the wax).

3.

NEUTRON ACTIVATION ANALYSIS

Instrumental neutron activation analysis (INAA) permits the determination o f
20 elements in practically all samples o f spruce needles (Table I). Additional ele
ments can be determined by the combination o f neutron activation with radiochemi
cal separations (RNAA). In this work, As and Cu are determined by RNAA. A few
elements (N, P and, in some samples, Mg and Sr) are determined by non-nuclear
methods. Altogether, 24 elements were used to describe the elemental composition
o f spruce needles.

TABLE I. IRRADIATION AND COUNTING CONDITIONS FOR THE INSTRUMENTAL NEUTRON ACTIVATION
ANALYSIS OF SPRUCE NEEDLES, AND THE LOWEST CONCENTRATIONS FOUND IN THE PRESENT WORK

Neutrons
(n -cm ^-s'1)
Thermal
( 2 x lO 13)

Irradiation
time
2 0

s

3h

250 mg

250 mg

3000 mg
(as ash)

Counting
decay time
2

min

3d

1 0

d

Measured
time
8

min

3h

7h

■

Epithermal
(1.5 x 10")

60 s

250 mg

90 s

6

min

Measured
nuclide
Al-28
Ca-49
Cl-38
Mg-27
Mn-56
Br-82
K-42
Na-24
Ba-131
Ca-47
Co-60
Cr-51
Cs-134
Fe-59
La-140
Rb- 8 6
Sb-124
Sc-46
Sr-85
Zn-65
Al-28
(for Si)

Lowest
concentration found
(Mg/g)
5
2 0 0 0
2 0 0

400
5
0 .1

3000
1

1
2 0 0 0

0.004
0 .1

0.004
15
0 .0 0 2

0.3
0 .0 0 2
0 .0 0 1
1

15
600
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30 min

Needle
weight
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The washed needles are dried (4 d at 6 5 °C) and ground. The resulting powder
is used directly for all determinations, except with the 3 h irradiation, for which
3 g o f needle powder are ashed (10 h at 500°C) in order to reduce its volume. All
results are reported with respect to the dry needle weight.
The operating conditions for INAA and the measured nuclides are given in
Table I together with the lowest concentrations encountered in the analysis of about
two hundred samples from six different geological settings and four successive
needle age classes. These lowest concentrations can, for most elements, be deter
mined with an experimental reproducibility o f < 5 % ; the exceptions are La, Sb and
Sc, where reproducibility at low concentrations is 15%. All countings are carried out
with a Ge(Li) detector connected to a 4096 channel multichannel analyser (MCA);
the photopeak efficiency at the closest counting position used is 1.2% at 661 keV.
Determinations are made by the multiple element comparator method. Accuracy is
checked by analysing standard plant materials. Most INAA determinations are
straightforward, but the following points should be noted.
Irradiation fo r 20 s: The dominant activity is usually 5 6 Mn. The Mn concen
tration varies enormously (from 5 to 5000 fig/g) because it depends exponentially
on the acidity o f the soil on which the tree grows [17]. At Mn concentrations
> 1000 /¿g/g, the determination o f Cl and M g is no longer possible. Aluminium
is determined by 2 8 A1, but this activity comes partially from 2 8 Si(n, p ) 2iAl and
3 1 P(n, a ) 2 8 Al. Since Si and P are determined by separate measurements, the Al
result can be corrected for their contribution. The necessary total corrections are
usually from - 5 to - 3 0 % . At this irradiation it should also be possible to observe
5 2 V. However, in m ost needle samples the concentration of V is below the detection
limit o f about 1 0 0 ng/g.
Irradiation fo r 3 h: The Co result must sometimes be corrected for interference
by 8 2 Br, which has sum peaks at 1173 and 1331 keV. Contrary to expectations, Br
is not lost completely by ashing the samples. The measurement o f 85Sr at 514 keV
is difficult with Sr concentrations < 1 0 jttg/g, but Sr can also be determined by induc
tively coupled plasm a-atom ic emission spectrometry (ICP-AES). Some elements
can only be determined occasionally because their concentration in most samples is
below the detection limit (value in parentheses, in ng/g): 1 4 1 Ce (50), 152Eu (0.5),
i77Lu (0.5), 233Pa (for Th, 2), I53Sm (2), 160Tb (1), 175Yb (2). In all samples 198Au
is detected (range: 0.1-3 ng/g), but it is not clear to what extent the Au values are
subject to contamination.
Epithermal irradiation: The Si results must be corrected for the contribu
tions o f the 2 7 Al(n, t ) 2 8 A1 and 3 lP(n, a ) 28Al reactions. This correction requires
knowledge of the P and Al concentrations and of the pertinent correction
factors [18]. With spruce needles, the total corrections are usually from —11 to
- 4 0 % of the measured values.
W orking with a pneumatic transfer system, throughput is 15 samples per
working day for the 20 s and the 60 s irradiations. With the 30 min and the 3 h irradi
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ations, capacity is given by the counting times; working with sample changers,
throughput is 50 and 20 samples per week, respectively.
Arsenic and Cu are determined after a radiochemical separation. The samples
(400 mg) are irradiated for 15 min and dissolved with M g(N 0 3 ) 2 and H N 0 3, and
76As and MCu are extracted by Zn-diethyldithiocarbamate [19] and counted
together in a well type Ge(Li) detector. The lowest concentrations found were 5 ng/g
for As and 1 jLtg/g for Cu, which can be determined without any difficulties. The
capacity is about five samples per working day.
In summary, it can be stated that neutron activation analysis is a very adequate
method to determine elemental concentrations in spruce needles. We determined
22 elements with sufficient sensitivity, accuracy, precision and throughput. This
compares very favourably with methods like IC P-A E S, by which only ten elements
can be determined in spruce needles [20]. Among the elements determined, there are
eight essential elements (Ca, Cl, Cu, Fe, K, M g, M n and Zn), which o f course are
o f prim e importance for the characterization o f the nutritional status o f the tree. The
14 non-essential elements additionally determined are not superfluous information.
Information on the levels and the behaviour o f many o f these non-essential elements
in plants is very scarce, and their determination therefore adds to the general
knowledge o f plant systems. Finally, it should be mentioned that only multielement
determinations are useful in detecting interelement relationships; these relationships
usually go completely unnoticed, because determinations by single element methods
refer mostly to unrelated samples.
4.

APPLICATIONS

The data obtained can be used in many different ways, each needing special
ized papers for full coverage. Here, only a few examples will be given in order to
demonstrate possible applications.

4.1. Population parameters
Normal cumulative graphs may be used to estimate the population statistics
(type o f distribution, mean, standard deviation and range). Figure 2 gives the data
for Rb, which are lognormally distributed. The kind o f distribution is important,
since many statistical tests assume a normal distribution o f the data, which may
necessitate an appropriate transformation o f the measured values. In addition to Rb,
the same needle samples also have a lognormal distribution for Co, Cs and Mn, and
possibly also for Al, La, Sb and Sc. All other elements have normal distributions
(including K, which is a chemical homologue o f Rb and Cs). Essential elements
(except Mn) all have normal distributions and tend to have smaller relative standard
deviations than non-essential elements. Population parameters are very important for
the detection o f abnormal concentration values.
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FIG. 2. Cumulative frequency distribution o f Rb concentrations (log scale) fo r one year old
needles. The 47 sites are distributed over an area o f 150 km 2. The bedrock is mainly
moraines (lognormal distribution — n: 47; antilog x: 1.92; antilog s(x): 2.40).

Mn in nee dle s (pg/g)

FIG. 3. Correlation between the concentrations o f Co and Mn in one year old needles
(regression line and 95% prediction range; n: 47; i: 0.7690; P < 0.0001).
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N eedle age class

FIG. 4. Concentration o f As in needles o f different age classes (mean and standard error)
over two different types o f bedrock. The respective sites are: granite (Black Forest, Gemany,
nine trees) and flysch (Alpthal, Switzerland, six trees). The two types o f bedrock have different
concentrations o f total As (mean ± standard error o f five trees).

4.2. Interelement relationships
Many pairs o f elements show strong correlations. Figure 3 gives the data for
Co and Mn [17]. This correlation is due to the association of Co with Mn oxide
minerals in the soil and to the dependence o f the uptake o f both elements on soil pH.
With the same population, strong positive correlations (P < 0.0001) are also
observed for the pairs R b-C s, A l-S c and La-Sc.

4.3. Influence of the needle age
The concentrations o f all elements are dependent on the age o f the needles. The
form and direction o f this dependence vary widely between elements and are
governed by plant physiological processes. Figure 4 gives the data for As, which
accumulates rapidly in the youngest needles and thereafter increases linearly with
needle age. The type o f dynamic behaviour (but not the concentration) o f As is iden
tical over both types o f bedrock. The increment o f As per year is 3 ng/g at one site
and 11 ng/g at the other site. The dependence o f the needle concentration on the As
concentration o f the bedrock suggested by Fig. 4 needs confirmation. The only
elements that show a dynamic behaviour identical to As are Cr and Fe.

544

W YTTENBACH

et al.

TABLE II. TH E IN FLU EN CE OF TH E IMMISSION SITUATION ON THE Br
CONCENTRATION OF NEEDLES AND OF THE SOIL

Needles
Soil
Immission situation

3c ± SEa (ng/g)

(n)

X(fig/g)

Alpine (a)

57 ± 2

(7)

8

Remote (b)

125 ± 14

(8)

15

Rural (c)

407 ± 28

(33)

10

(6)

22

Traffic (d)

5855 ± 1700

Note: The respective sites are: (a) Alpthal, Switzerland; (b) Black Forest, Germany;
(c) Winterthur, Switzerland; (d) Winterthur, Switzerland, immediately next to a
highway.
(n) is the number of trees analysed.

The soil values are given for a depth of about 5 cm.
a SE: standard error.

4.4. Direct influence of pollutants
Pollutants (including acid rain) can influence needle concentrations by their
action on the soil, or — less frequently — by acting directly on the needles. Examples
o f the latter include the uptake of 134Cs and 137Cs from the Chernobyl fallout [21],
the uptake o f Na from aerosols polluted by deicing salts [22] and the uptake o f Hg
from the atmosphere [23]. It is suspected that Br, which in aerosols is mainly of
anthropogenic origin, also shows a direct influence. Table II gives pertinent data and
shows that Br concentrations in needles react much more ‘sensibly’ to air quality than
do soil concentrations.
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OPTIMIZATION OF THE PERFORMANCE
OF AIRBORNE DUST MONITORS
P. URBAÑSKI, B. MACHAJ,
J. HARASIM CZUK, J. STRZALKOWSKI
Institute o f N uclear Chemistry and Technology,
W arsaw,
Poland

A computer based airborne dust pollution gauge employing the beta absorption
principle for the determination o f dust mass deposited on a fibreglass filter is
presented [1-3]. The volume o f air is proportional to the interval o f dust collection
time (at a constant air flow rate). A rotary detector-source assembly ensures
measurement o f the clean filter, dusted filter and a reference sample, compensating
for temperature and pressure variations in ambient air and instabilities in the elec
tronics. An electronic circuit decreasing G eiger-M üller dead time permits count
rates up to 5000 counts/s at a 5% count loss. The use o f 1 4 7 Pm, a 37 MBq source
with exchangeable diaphragms, ensures an exploitation source period o f more than
ten years. A computer controlled gauge enables easy programming of measuring
cycles and convenient presentation o f measuring results. It can operate in a network
system or as a single measuring unit. The relative root mean square error o f thé
gauge measuring the dust concentration is given by:
a(z) = V [6(F)1 + 4/(R T 2 k 2 F 2)]
and the lowest detection limit (LDL) is [4]:
LDL = 3.29 a(z) = 3.29 V(2/R )/F T k
where
ô(F)
R
T
к
F

is the air flow rate error,
is the count num ber from a clean
filter,
is the dust collection period (h),
is the radiation attenuation coefficient (L/mg),
is the air flow rate (m 3 /h).
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m gravim etric (m g/cm 2)

FIG. 1. Dust mass deposition measured by the radiometric method versus deposition meas
ured by the gravimetric method.

The regression line o f the dust mass as measured by beta absorption against
the mass determined by the gravimetric method, together with the ± la error o f line
slope, is shown in Fig. 1. The standard deviation o f the dust mass is s(m) = 0.010
— 0.013 mg under typical conditions. The air flow rate is kept constant within a limit
o f < ± 2 %.
The lowest detection limit o f the mass deposited, which can be written as
LDLM = 3.29 s(m), corresponds to 0.039 mg; the LDL for the dust concentration
is LDL = 0.005 m g/m 3 for a dust deposition time o f 8 h. At low dust concentra
tions, a long collection period is needed. The maximum mass o f deposited dust
depends on the dust consistency and amounts to 1-4 mg (the dust spot area is
1 cm 2). Such a deposited mass results in maximum measurable dust concentrations
o f z = 6 -24 m g/m 3.
The standard deviation o f the dust concentration depends on the mass o f dust
collected, and is equal to 10-13% (relative) at 0.1 mg of dust collected, ten times
lower at 1 . 0 mg o f dust collected.
The errors resulting from structural changes in the air filter caused by the flow
o f air through it are compensated for by proper signal processing and filter precondi-
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FIG. 2. Distribution o f dust concentrations fo r one day on 1991-09-01. The average dust con
centration is Zav = 0.0535 mg/m3. The standard deviation o f the dust concentration (black
area) is superimposed on the measured dust concentration (shaded area), the top o f which is
indicated by the line in the middle o f the black area.

tioning. A 15 mm X 20 mm wide filter band is needed for one measurement to
ensure that the exploitation cost o f the gauge is low (a 40 m long filter band is suffi
cient for more than 2600 measurements). All measurement results are stored on a
computer disk and can be displayed in the form o f a table, or in the form of a dust
concentration diagram within one day (see Fig. 2) or within one month.
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PLASTIC HOUSEHOLD WASTE INCINERATION
A major source o f cadmium atmospheric pollution?
P. BODE, B. WOLTERBEEK
Interfaculty Reactor Institute,
Delft University o f Technology,
Delft,
Netherlands

1.

INTRODUCTION

During the past decade, attention on heavy metals in air particulate matter has
decreased owing to the growing interest of environmentalists in global problems,
such as ozone layer depletion, global warming and acidification. However, heavy
metal environmental pollution is still a cause for concern, notwithstanding efforts to
reduce emissions by legislation, changes in industrial processing and the use of alter
native materials. W ith respect to trace element environmental pollution, unique
information can be obtained by multielement determinations, especially when
additional multivariate statistical techniques are applied to the data sets obtained.
Profiles and/or locations of heavy metal pollution sources may be identified, offering
the opportunity to better anticipate this pollution, e.g. by defining new emission stan
dards or developing cleaner technologies. Multielement analyses may also help find
yet unrecognized sources o f pollution.

2.

ATM OSPHERIC POLLUTION

In the Netherlands, two national survey studies on the potential of lichens as
indicators o f air pollution were undertaken in 1982 and in 1987. Multielement deter
minations were carried out using instrumental neutron activation analysis (INAA) as
an analytical technique. W ith respect to cadmium, this work revealed a dramatic
change in air levels as well as in the geographical distribution o f Cd over the country
(Figs 1(a) and 1(b) from Ref. [I]). The high Cd levels observed in the southern part
of the country in the 1982 study were attributed to local Zn smelting industries. The
1987 situation indicated that other sources of Cd emission must also be sought, and
that mean atmospheric Cd levels in the Netherlands have increased. The application
o f factor analysis to the 1987 data set indicated the predominant presence of Cd (rela
tive to total Cd) in a waste incineration factor, which was governed by the inter
related occurrence o f Cd, As, Se and Hg.
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FIG. 1. Geographical cadmium concentration patterns obtained from lichen (species Parmella Sulcata) data sets, (a): 1982 national survey, (b) 1987 national survey. The geographi
cal concentration patterns contain five concentration classes, the unshaded pattern being the
lowest observed concentrations and the darkest shading corresponding with the highest values.
The concentration ranges (in mg/kg) fo r 1982 and 1987 are, respectively, < 2.0, 2.0-3.0,
3.0-4.0, 4.0-5.0 and >5.0.

These observations o f an increase in Cd emission into the atmosphere coin
cided with the outcome o f another study using INAA, which predicted that the
incineration o f plastics from household wastes was a potential source o f Cd release
into the environment [2, 3].

3.

PLASTICS IN HOUSEHOLD WASTES

Cadmium compounds are used as pigments and as stabilizing agents in Certain
polymers, such as polyvinylchloride. Many o f the plastic products which use cad
mium have a relatively short life cycle, since they are made to be used only once.
A regular flow o f these materials to the waste streams occurs, with the potential risk
that after incineration cadmium may finally enter the food chain. Moreover, storage
o f household wastes — for long the common approach — is increasingly being
replaced by incineration.

552

PO STER PRESENTATIONS

In an earlier study [2], a relationship was established between trace element
concentrations in household wastes and in the incinerator residues of these wastes.
It was observed that cadmium occurs predominantly in the component plastics; the
related amount is about 2000 mg Cd/t o f untreated wastes, which corresponds to
about 110 000 mg C d/t o f electrofilter ash. Partly on the basis o f these results, the
Netherlands in 1990 passed an act by which the use of cadmium as a stabilizer or
pigment in plastics is not allowed to exceed 50 ppm, except for some selected appli
cations or when cadmium cannot be replaced by alternatives because o f safety
considerations.
In several other European countries the cadmium issue has also been translated
into new legislation in which the use of cadmium is either completely prohibited, or
drastically restricted. In Sweden the use o f cadmium as a construction element has
been prohibited since 1982. Denmark and Switzerland have followed these initia
tives; in Germany, the automobile industry has adapted its production systems to
match Swedish ‘anti-cadmium’ automobile industry restrictions. In the framework
o f the European Community, an ‘anti-cadmium act’ is currently in preparation,
which, after acceptance, can be implemented as part of national legislation. This act
prohibits or severely restricts the use of cadmium as a pigment or as a stabilizer in
a variety o f raw plastic materials, and in their final applications.
The results indicate that the observed increases in Cd levels in lichens and,
thus, in air particulate matter, may be related or even governed by the presence of
Cd in the component ‘plastics’ in the waste streams.
The above mentioned studies are both examples of how a nuclear analytical
technique is favourably applied to integral environmental problems. Optimal use was
made o f some of the characteristic advantages o f INAA: multielement (lichens), nondestructivity (plastics), adequate sensitivity and high accuracy (both).
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INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS
OF AEROSOLS IN KINSHASA
M .D . TSHIASHALA, B.M . LUMU
Laboratoire central d ’analyse,
Centre régional d ’études nucléaires de Kinshasa,
Kinshasa,
Zaire
C. RONNEAU
Faculté des sciences,
Université catholique de Louvain,
Louvain,
Belgium

A continuous characterization programme o f aerosols in Kinshasa City started
in 1985 [1, 2] at the Laboratoire central d ’analyse, Centre régional d ’études
nucléaires de Kinshasa. Four pilot stations using low volume pumps were installed
throughout the city with a view to collecting solid particles on a W hatman No. 41
filter and gaseous pollutants by trapping in carbonate solutions. The sampling dura
tion was, on an average, 14 days. Samples were analysed by instrumental neutron
activation analysis (INAA) and atomic absorption spectrophotometry, or by ion
exchange chromatography, in order to collect as much information as possible for
better characterization o f the aerosol.
The presentation describes results achieved by INAA on 204 samples collected
between 1985 and 1989. The elements K, Sc, C r, Fe, Co, Zn, As, Se, Br, Sb, Cs,
Ba, La, Ce, Sm, Au, Th and U were determined during the course o f this exercise.
Analytical data were handled using Statgraphics software.
As a first step, all analytical results were checked graphically for their distribu
tion functions (frequency histograms and ‘Box and W hiskers’ plots) and numerically
(test o f skewness and kurtosis). Results showed reasonably lognormal distribution
functions for their approximation; outliers were rejected prior to calculating the geo
metric means and variations in individual elements. The results are given in Table I.
Variations in trace elements among sites were estimated on the basis o f the
Student’s i-test for testing the null hypothesis HO at a = 0.05. The test consisted
o f a mutual comparison o f elements at different sites. Some elements, such as Au,
La, Rb and Br, exhibited no significant differences among all sites, whereas other
elements exhibited significant differences or none at all between sites.
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TABLE I. CONCENTRATIONS OF ATMOSPHERIC INORGANIC POLLU
TANTS IN AIR IN KINSHASA
(in ng/m3 unless otherwise noted)

Element

N

Range

Geometric
mean

Median

Quartiles

As

140

0.14-4.29

0.92

0.93

0.59-1.06

Au

90

2 x KT3-1.10

0.044

0.04

0.02-0.10

Br

191

10.39-411.74

51.70

55.18

25.0-97.80

Ce

151

0.29-16.01

1.61

1.60

0.96-3.10

Co

108

0.10-5.79

0.68

0.70

0.40-1.20

Cr

163

1.30-38.40

6.66

6.70

4.18-10.29

Cs

111

0.06-3.09

0.42

0.41

0.22-0.77

F ea

192

0.42-9.10

1.59

1.49

0.98-2.47

Ka

184

0.15-5.31

1.02

1.02

0.62-1.20

La

169

0.13-7.62

1.02

1.09

0.62-1.79

N aa

176

0.11-6.99

0.62

0.60

0.36-0.99

Rb

66

3.01-20.44

7.79

8.28

5.70-10.26

Sb

177

0.58-10.89

1.91

1.82

1.20-2.98

Sc

191

0.07-1.06

0.28

0.30

0.20-0.42

0.13

0.10-0.24

Sm

186

0.03-0.75

0.14

Th

170

0.08-2.25

0.47

0.53

0.30-0.78

Zn

189

65.93

69.8

39.30-105.2

11.13-283.88

‘ In (¿g/m3.

As a first exploratory test in source identification, the calculation o f enrich
ment factors was applied to the analysed elements. These enrichment factors showed
that a number o f elements are o f crustal origin. Some other elements had high enrich
ment factors, suggesting their anthropogenic origins.
Comparison with trace element concentrations found in other cities in the
world [3] indicate that the levels o f anthropogenic trace elements in Kinshasa are
lower than those found in developed countries. On the other hand, the elements К
and N a are higher in Kinshasa.
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This study shows the role that can be played by INAA in the panoramic analy
sis o f environmental samples weighing a few mg. Furtherm ore, it points out, as in
other geochemical studies, that trace elements are lognormally distributed in nature
and that they are reasonably better approximated by geometric means. Even if these
elements are not all identically distributed throughout the city, there is evidence that
their levels are still low and do not cause any problems.
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AIR POLLUTION STUDY IN DAMASCUS CITY
USING NUCLEAR ANALYTICAL TECHNIQUES
I. OTHM AN, S. SABRAH
Radiation Protection and Nuclear Safety Department,
Syrian Atomic Energy Commission,
Damascus,
Syrian Arab Republic

Damascus is the oldest inhabited city in the world. It has been recognized that
over the last thirty years the rate o f population growth has increased very rapidly.
Leaves of trees were collected from the city streets to estimate lead pollution levels;
the results indicated that the streets were highly polluted with lead from petrol. Gases
such as CO, N 0 2 and ozone were monitored in three different areas, i.e. industrial,
commercial and residential. Figure 1 gives an example o f the results obtained for
CO concentrations in this study.
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FIG. 1. Concentration o f CO in Damascus City on Monday, 2 October 1989.
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FIG. 2.

Concentration o f Pb in Damascus City and suburban areas.
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Air samples were collected using a high volume air sampler. Filters were ana
lysed by X ray fluorescence for some trace and major elements. Figure 2 shows
results for Pb concentrations in this study. Radioactivity in air was also measured
in air filters. The long term dustfall in different areas was measured; the obtained
results demonstrated an agreement with the air sample filter study. The results were
compared with those obtained from measurements carried out in unpolluted suburban
areas near Damascus City.
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OF TRACE ELEMENTS IN THE AIR
OF THE CITY OF TEHRAN
M. SOHRABPOUR, H .R. HONARKHAH
Gamma Irradiation Centre,
Atomic Energy Organization o f Iran,
Tehran,
Islamic Republic of Iran

A new trace element laboratory based on instrumental neutron activation anal
ysis as well as atomic absorption spectroscopy has been established through a grant
obtained from the International Atomic Energy Agency.
An elaborate, rapid sample transfer mechanism comprising a computer con
trolled pneumatic transfer system has been designed. The transit time of the sample
between the 700 m distance separating the laboratory and the reactor core is o f the
order o f 30 s.
Extensive air sampling of the restricted traffic zones of the City o f Tehran was
perform ed during the spring and summer o f 1990. Three dimensional maps of the
concentration o f various elements, such as Sb, Br, Fe, Co, Sc, etc., versus sampling
location co-ordinates were obtained.
These maps are to be used as a database for future reference and to establish
the high concentration point(s) for various elements, from which one could deduce
or determine the sources o f pollution in the city. Subsequently, a continuous monitor
ing programme utilizing fixed and permanent sampling stations is to be implemented,
the combined results o f which could be used for enacting new laws, developing
environmental protection regulations, implementing city planning programmes,
adopting new traffic control measures, etc.
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H. POLKOW SKA-MOTRENKO*, Z. SAMCZYÑSKI*, Z. SZOPA*,
B. TENEROW ICZ**
*
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W arsaw
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Katowice
Poland

Abstract
USE OF NEUTRON ACTIVATION ANALYSIS FOR THE STUDY OF ENVIRONMEN
TAL RISK ASSOCIATED WITH FLY ASH FROM COAL BURNING.
In order to assess the environmental risk associated with fly ash from coal burning, the
leaching of elements from fly ash by water and solutions simulating acid rain was studied.
Three different procedures were applied using ‘as received’ and neutron irradiated fly ash.
Two fly ash samples of well known composition, Polish CTA-FFA-1 and Czechoslovak ECH,
were examined. These two ashes differ in their matrix composition, trace element contents
and pH of water leachates. The results of experiments permit evaluation of the influence of
the fly ash composition and the composition and pH of rain water on the leaching behaviour
of elements. Generally, acid rains result in an increase in leaching of most of the elements
for both types of fly ash. A comparison of the results obtained using neutron irradiated and
‘as received’ fly ash permits the conclusion that the neutron activation method does not cause
significant damage to the fly ash structure and it can be used to determine the leaching
behaviour of elements occurring under natural field conditions. The neutron activation method
was then used to determine the elution patterns of individual elements.

1.

INTRODUCTION

The power engineering industry, especially when burning solid fuels, is a
source o f serious pollution o f the environment. Although stack emission and its
effects have been widely discussed, relatively little is known about the environmental
impact o f coal ash and environmental correlations between both the gaseous and solid
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wastes. Coal ash consists of fly ash, bottom ash and slag. Fly ash is generally the
predominant constituent. It is obtained from electrostatic precipitators and mechani
cal collectors. Owing to its very fine particles (of the order of single micrometres),
fly ash is capable o f passing as a suspension through a sluice pond to the outfall and
as an aerosol through electrofilters, and it can also be transported by wind from hold
ing ponds. In contrast to the bottom ash and slag, which are much more vitrified,
the components o f fly ash can be dissolved and can infiltrate into the biological circu
lation. Furtherm ore, the environmental hazard o f fly ash can be affected by acid
rains, which are also produced from S 0 2 and NOx coming from power station
chimneys. Hence, the toxic element contents o f fly ash and their leaching by water
and acid rain is o f particular importance from the standpoint o f pollution control. In
Poland, where approximately 80% o f power production comes from the burning of
solid fuels [1], this is an area o f increasing interest. This study was conducted to
evaluate the leaching behaviour o f elements from fly ash under the action of water
and solutions simulating acid rain.
2.

EXPERIM ENT

The experiments were performed using two fly ash samples o f well known
composition, which w ere already issued earlier as certified reference materials
(CRM s), i.e. Polish CRM CTA-FFA-1 and Czechoslovak CRM ECH [2, 3]. They
differ in elemental composition and in their pH value of water leachates.
The leaching o f elements from the fly ash by water and solutions simulating
acid rain was studied using three different approaches:
(a)

The elution o f elements from neutron irradiated fly ash was studied in column
experiments. The effluent from a 0.8 cm X 0.78 cm 2 column was collected
in 7 mL fractions and elution patterns o f individual elements were determined
by gamma ray spectrometry.
(b) Non-irradiated fly ash was placed as a thin layer in a funnel with a sintered
"glass disc and leached with eluting solution under suction. The total eluent/fly
ash ratio and linear flow rate was similar as in item (a). The trace elements
were determined in the eluate by such non-activation physicochemical methods
as atomic absorption spectrometry (AAS), spectrophotometry, etc. [4].
(c) The same procedure as in item (b) was used, but the eluate was evaporated to
dryness and dissolved in nitric acid (1 + 1). An aliquot was transferred into a
quartz ampoule, evaporated to dryness and the trace elements determined by
the instrumental neutron activation analysis (INAA) method. Bi-distilled
water, nitric acid (pH2.5), sulphuric acid (pH2.5) and a nitric + sulphuric acid
m ixture (1 + 1, pH2.5) were used as leaching solutions. The details o f the
experimental techniques are described elsewhere [4].
Text cont. on p. 569.

TABLE П. LEACHING OF ELEMENTS FROM NEUTRON IRRADIATED ECH FLY ASH
(in fxg/g and percentage o f total content in fly ash)
As

Ba

Cd

Mg/g
%

H2S04

Mg/g 53.2
% 93.8

0
0

hno3

Mg/g 43:3
% 76.1

h 2so 4+ h n o 3

Mg/g 47.5
% 83.4

Cr

0.289 0.549
0.45 0.3

Cs
<0.05
<0.2

Fe

La

55.44 0.644
0.1 0.74

Sc

Na

<0.2
<2.5

116.8
3.4

<0.05 0.176
<1.3 0.5

249.7
8.6

<0.05 1.1
<1.3 3.8

2.75
1.5

0.038 457.4 1.9
0.16
0.82 2.25

3.29
43.3

60.4
8.4

0.839 0.521 1.52
27.4
1.05 0.83

0.175 228.1 1.83
0.41 2.17
0.76

0.978 184.5
12.9
6.36

45.9
6.5

0.149 0.529 1.42
4.87 1.06 0.77

0.196 297.7 2.1
0.85
0.53 2.49

0.046 0.45
1.5
0.9

Sb

Mo

<0.2
<2.5

189.2
6.5

1.15
30.9

0.71
2.42

1.32
35.4

0.93
3.18

Se

U

0.49 0.17
7
1.9

W

Zn

<0.1
<2

4.39
1.8

0.37
5

0.89 22
14.9
8.8

0.53 0.43
8.85 5.8

0.81 25.7
13.5 10.2

1.2
20.7

0.69 0.4
11.6 5.5

0.94 42.95
15.7 17.1
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3.02 16.245 <0.3
5.6
2.3
<10

H20

Co

TABLE I. LEACHING OF ELEMENTS FROM CTA-FFA-1 FLY ASH
(in ¡xg/g and percentage o f total content in fly ash)
As

Ba

Cd

А Mg/g
В Mg/g
С
v-%1%
Mean %

H2S04
рН2.5

<0.6
А ííg/g 9.6 <10
В Mg/g 8.3
0.15
—
С Mg/g 9.7 <2 . <0.3
Mean % 18.1 <0.2 <10

20.2 <10
19.8
21.8 <2
40.7 <0.2

А

HNOj
рН2.5

Mg/g 7.2
uglg 7.9
С
ng/g 7.8
Mean % 14.6
В

А
h n o 3+ h 2so 4

(1 + 1)
рН2.5

В

С
Mean

/*g/g
Mg/g
Mg/g
%

6.4
8.3
7.6
14.2

<0.6
<0.07
<0.3
<10

14
<0.6
—
0.25
10.9 <0.3
1.3 <10
14
<0.6
0.2
—
10.7 <0.3
1.3 <10

Cr

Cs

Fe

La

Mo

Na

<1
<0.05 12.8 0.37 <100
4.9 1363
11.3
<0.5
—
—
—
42.5 <0.002 4.9 1040
0.047 12.9 0.24
8.3 0.5
4.75
0.12
0.09 <0.003 28.8
0.78
1.4
0.66
1.7

16.2 0.66
11.9 —
16.2 0.58
10.4 1.2

279
—
339
0.7

0.77
0.95
1.03

13.5 0.46
14.8 —
14.8 0.49
9.5 0.95

510
—
398
0.81

13.2 0.36
11.5 —
13.7 0.41
8 . 8 0.85

205
—
198
0.4

2.6
0.31
<0.5
0 .2 1

0.5

A: non-irradiated fly ash, neutron activation analysis.
B: non-irradiated fly ash, AAS, spectrophotometry.
C: neutron irradiated fly ash for 15 h; neutron flux: 1013 n-cm_2-s_ l.

1.1
1.1
1.8
0.59
0 54

0.9
0.57
—
0.48
0 .8

Sb
1.7
—
0.93
5.3

Sc

Se

U

W

Zn

3.5 <10
<0.08 2.1 <1
1.8
<9
—
—
—
0.02 2.2 <0.01 3.4 <4.5
0.07 32.4
0.08 47.8
0.8

5.6 1506
—
5.5 1177
5.4
32.9

1.08
—
0.68
3.9

0.17 1.9
—
—
0.17 1.8
0.7 39.1

6.1 1306
—
6.7 956
39.4
4.4

1.08
—
1.7
9.7

0.1

5.5 1139
—
5.3 1102
31.2
5

1.04
1.5
8.5

0.06
—
0.05

—

0.1
0.4

0 .2

1.6
—
1.9
41.3
1.3

1.1
1.5
33

1.4
—
1.5
9.9

2.7
2.3
21.9

14.9
18.4
15.6
2.7

1.2

4.7
—
4.9
46.7

20.2

0.9
—

3.5

8.4
10.6

1.1

3.8

6 .2

—
1.3
8.6

7.3
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FIG. 1. Elution curves of /li, Ba, La and Na from (a) CTA-FFA-I and (b) ECH fly ash
samples with water and the pH of the leachates.
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FIG. 2. Elution curves of As, Ba, La and Na from (a) CTA-FFA-1 and (b) ECH fly ash
samples with sulphuric acid (pH2.5) and the pH o f the leachates.
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FIG. 3. Elution curves of As, Ba, La and Na from (a) CTA-FFA-1 and (b) ECH fly ash
samples with nitric acid (pH2.5) and the pH of the leachates.
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FIG. 4. Elution curves of As, Ba, La and Na from (a) CTA-FFA-1 and (b) ECHfly ash with
a nitric and sulphuric acid mixture (1+1) (pH2.5) and the pH of the leachates.
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RESULTS AND DISCUSSION

The methodologies described above simulate the leaching of fly ash deposited
on soil, vegetation, etc., by unpolluted or acid rain. Knowledge o f the composition
of the fly ash examined makes it possible to express the amount o f elements leached
as a percentage o f the total content in the fly ash. The results obtained are shown
in Tables I and П. From Table I, good agreement is seen o f the results obtained using
the three approaches described above. It can then be concluded that neutron activa
tion does not cause significant damage to fly ash structure and the experiments with
neutron irradiated fly ash correctly reflect the leaching behaviour o f the elements (at
least those investigated) occurring under natural field conditions.
The neutron activation method, owing to its favourable detection limits with
respect to many elements, permits investigation o f the leaching patterns o f individual
elements. Examples o f the elution curves are presented in Figs 1-4. From the data
obtained, it can be seen that there is a correlation between the pH value of the effluent
and the leachability o f elements. Generally, acid rains result in an increase in leach
ing o f most of the elements investigated for both types o f fly ash. This applies first
o f all to di- and trivalent cations. However, Ba is not eluted by H 2 S 0 4 acid. This
is obviously due to the very poor solubility o f barium sulphate. Arsenic and Se are
better eluted from CTA-FFA-1 fly ash with water than with the acid rain solutions.
The reverse elution trends were observed for ECH fly ash. Hence, the environmental
hazard of fly ash depends not only on the content o f trace elements in it, but also
on its aciditiy or basicity associated with matrix composition. From the shape o f the
elution curves o f the elements investigated, we see that short term leachability is of
prime importance for the following elements: Cd, C r, Cs, Na, Se and U in the case
o f ECH, and Cr, Cs, Mo, Na and Se in the case of CTA-FFA-1 for the simulated
acid rain solutions. Long term leachability is more important for Mo, Sc and W in
the case o f ECH and As, Cd, La, Sc, U and Zn in the case o f CTA-FFA-1. For the
remaining elements, both kinds o f leachability are more or less equal. The initial ion
release characteristics are controlled mainly by dissolution of compounds concen
trated on the surface of the particles in the more reactive chemical form rather than
locked within the silicate matrix [5 ,6 ]. However, in some cases the long term leacha
bility becames dominant.
In conclusion, the results o f this study indicate that the environmental risk
associated with the emission o f fly ash into the atmosphere and its storage on waste
heaps depends not only on the contents o f the toxic trace elements in the fly ash and
its acidity, but also on the composition and the pH of rain water. The pH o f the
leachate and the dynamics of leaching o f individual elements depend on the factors
mentioned above. With some exceptions, acidification o f rain water results in
increased leaching of elements and hence increased environmental hazard.
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Abstract
NUCLEAR METHODS OF ENVIRONMENTAL ANALYSIS FOR THE MONITORING
OF REFUSE INCINERATION PLANTS.
Three different nuclear methods were studied for the monitoring of the release paths
of wastewater, air and solid wastes from a refuse incineration plant. For the incineration of
milk powder, contaminated by 137Cs and 134Cs produced after the Chernobyl accident, the
municipal administration demanded that the release paths be studied in such a way that the
radioactivity was monitored by quasicontinuous control of the wastewater effluent, as well as
of the aerosols emitted by the air path. Similarly, solid wastes were to be measured for the
presence of Cs isotopes. To meet these legislative requirements, monitoring systems for the
aerosols and the wastewater were constructed and their sensitivity was tested. The radioactiv
ity of the solid wastes was measured separately. Furthermore, the solid wastes were tested
for the toxic and heavy elements Hg, Cd, Zn, Cu, Co, Cr and Ni by activation analysis mainly
o f filter cake, electrofilter ash and slag. The activation was performed using a fast transfer
system with a 6LiD converter in which thermal neutrons were converted to fast neutrons,
but, more importantly, the thermal neutrons were shielded to about 1%, so that activation was
performed to a large extent by epithermal and fast neutrons, thus avoiding interferences by
matrix activation. The distribution of the above mentioned elements in different forms of solid
wastes was investigated. The iron phases in solid wastes were analysed by Môssbauer
spectroscopy. All the halogens in the wastewater were analysed by short time activation
analysis.

1.

INTRODUCTION

This paper is divided into three sections which are only loosely connected by
the environmental analysis o f refuse incineration products.
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In cin eratio n o f co ntam inated m ilk pow der

About 560 t o f milk powder produced after the Chernobyl accident were
slightly contaminated with 137Cs and 134Cs (mean concentration: 1480 Bq/kg) and
could not be sold as the legal activity concentration had been lowered to 185 Bq/kg.
Since it was regarded as being inedible for humans and its utilization as food for
livestock was deemed to be unacceptable, and with its dilution with uncontaminated
milk powder not permitted, this milk powder has been stored since 1986 awaiting
a solution for its disposal. Storage costs have been high and the municipal adminis
tration therefore demanded a feasibility study as to whether this milk powder could
be incinerated without infringing on the Austrian health physics regulations. During
the entire incineration process, the activity concentration o f the waste products was
to remain below the legal concentration level o f 3.7 X 105 Bq/m 3 [1]. Though this
is not an urgent health physics problem, the simplicity o f the devices constructed for
activity monitoring during incineration may help to solve similar problems for the
low level counting o f specific nuclides.
1.2.

D istrib u tio n o f toxic an d heavy m etal trac e elem ents
in a n in cineration plant

The distribution of toxic and heavy metal trace elements in a refuse incinera
tion plant was studied in connection with the question o f whether short time activa
tion analysis can cope with the requirements o f the German DIN regulations for the
examination o f water, wastewater, sludge and sediments, and with the determination
o f their leachability by water [2 ].
1.3. M ôssbauer studies on fly ash , slag an d filter cake
o f an incineration plant
In an earlier study it was shown that V, Ti and Mn in dust samples correspond
to the magnetic iron phases, indicating that magnetite is an accumulator for certain
trace elements [3]. It was therefore interesting to characterize the iron phases in the
incineration waste products as potential pollutants o f the environment.

2.

INCINERATION OF CONTAMINATED MILK POWDER

2.1. In cin eratio n p ro ced u re
The incineration o f milk powder slightly contaminated by I37Cs and 134Cs
from the Chernobyl accident was to be carried out in the modern incineration plant
Entsorgungs Betriebe Simmering, Vienna, and was to conform to the legal health
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physics regulations. The municipal administration demanded that a monitoring
system be developed. All the release paths, i.e. aerosols in the purified gas,
wastewater, slag, electrofilter ash and filter cake were to be monitored. The purified
gas and wastewater, being continuously released, required quasicontinuous analysis.
The other waste products would not be released immediately and could therefore be
counted over greater time intervals.
Except for aerosols in the purified gas, monitoring o f the waste products
presents no great problems. The legal limits for 137Cs and 134Cs in air are so low,
however, that satisfactory monitoring o f the aerosols required the development o f a
special device. According to the health physics regulations, the activity concentration
o f the slag has to remain below 3.7 X 10 5 Bq/m 3, which can only be achieved by
incinerating the milk powder together with a large quantity o f industrial wastes. The
plant contains a rotary kiln into which the industrial wastes and the milk powder,
in the form o f a paste, are to be introduced. A waste heat boiler coupled with an electrofilter produces ash, which is leached and the basic eluate then used for neutralizing
acidic combustion products in the flue gas washer. After removal o f the fine dust
by a two step filter unit, the water saturated flue gas is led to the chimney. The flue
gas leaving this chimney is to be monitored quasicontinuously for the 137Cs and
134Cs contents, to safeguard that 1/30 o f the legal limits o f these isotopes for air,
74 Bq/m 3 and 37 B q/m 3, respectively, are not exceeded. The ratio o f 137Cs to
134Cs at present being ten to one, it is sufficient to measure the activity o f 1 3 7 Cs, the
limit o f which must be diminished by the corresponding limit o f 1 3 4 Cs, yielding an
activity concentration limit of 2 B q/m 3.

2.2. Measurement of incineration products
2.2.1.

Measurement o f aerosols in the flu e gas

Local monitoring o f the flue gas is only possible if at least 10 m 3/h of the flue
gas stream (126 500 m 3 /h) passes the combined filtering-m easuring system (Fig. 1)
and a measurem ent time o f 1 h is allowed. The filter is made o f a strip o f polyester
fibre felt 2.5 mm thick, thermostable up to 140° and with a weight per unit area of
400 g/m 2. The filter has a deposition efficiency o f 99.96% and is used in a double
layer. As the purified gas stream is saturated with water vapour, the condensation
o f water m ust be avoided. A temperature drop below the dew point would lead to
condensation in the aerosol filter and would yield erratic results. Before entering the
filter system, the isokinetically sampled flue gas must therefore be heated. A special
thermal shielding o f the Ge(Li) detector, a stainless steel dewar, prevents an uneconomically high consumption o f liquid nitrogen and the premature cooling o f the
heated flue gas. At a throughput o f 10 m 3 exhaust gas/h through the filter, the limit
o f 2 Bq/m 3 corresponds to 72 000 dis/h on the filter, measured with a 100 cm 3
Ge(Li) detector with a counting efficiency o f 3 x 10 ~ 3 for 1 3 7 Cs. Therefore,
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216 counts/h are registered on a background o f 600 counts/h, yielding a determina
tion limit o f 4.67 x 6 0 0 -0 5 = 114 counts/h, which is sufficient for the determina
tion o f the legal 137Cs limit. The counting efficiency was measured by evaporating
known amounts o f dissolved IAEA-152 reference milk powder on the filter strip,
protecting the strip with polyethylene foil and counting it in the measuring device.
2.2.2.

Slag water

The liquid slag flows into the wet slag removing unit, which is filled with
water. Owing to the evaporation o f water through the introduction o f this hot slag,
fresh water is added to keep the water volume constant. The slag water in this unit
is only discharged when the latter is cleaned or repaired. Therefore, Cs isotopes may
accumulate and all o f the slag water must be discharged into the wastewater stream
before the activity limit is reached.
2.2.3.

M easurement o f wastewater

The activity limit o f 192 000 Bq/m 3 poses no problems for measurement. The
total operating volume o f water in the plant is 600-800 m 3, 15 m 3 o f which are dis
charged per hour. The activity concentration o f this discharged water can be
expected to be very low, and even with homogeneous mixing, a stationary concentra
tion will only be reached after a couple o f days.
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The monitoring o f the wastewater discharged after passing the purification unit
(15 m 3 /h) is accomplished by means of a simple measuring device consisting o f a
3 in X 3 in N al detector 1 dipped into a large vessel (about 1 m 3) through which a
fraction o f the wastewater flows in parallel. Twenty-six per cent o f the activity con
centration limit, i.e. 49.2 Bq/L, can be measured in this way in 10 min with an
accuracy o f 2% . The water surrounding the detector acts simultaneously as a sample
and as shielding.
2.3. Conclusions
It is possible to analyse the aerosols in the purified air hourly and in the
wastewater every ten minutes to meet the Austrian health physics requirement. The
other waste streams, slag, slag water, electrofilter ash and filter cake, can be moni
tored discontinuously by conventional counting in a low level counting device
directly in the sample containers.

3.

DISTRIBUTION OF TRACE AND M INOR ELEMENTS
IN REFUSE INCINERATION PLANTS

The increase of wealth in the western world has been accompanied by a great
increase in the quantity o f refuse. There is therefore a policy to reduce it by incinera
tion, since many materials are combustible, bringing down the original refuse
volume by a factor o f 8 to 10. As incineration concentrates toxic and heavy elements
in the incineration wastes, it is necessary to monitor the quantities o f these elements,
especially in view o f their leachability. Their invasion of the water table must be
prevented. F or the dumping o f waste products, the German DIN-38406 regulation
gives concentration limits for the elements Ag, As, B, Ba, Be, Cd, Cl, Co, C r, Cu,
F, soluble Fe, Hg, M n, Ni, Pb, Sb, Se, Sn, Tl, V and Zn [2]. As short time activa
tion analysis is a fast method for analysing a num ber o f elements simultaneously, the
applicability o f different techniques for the supervision o f the concentration limits
was tested.
3.1. E xperim ental
3.1.1.

Sampling

Incineration waste products must be sampled frequently, especially in the case
o f slag and ash, as the samples are inhomogeneous and contain unoxidized metals.
The selection o f statistically relevant slag samples is difficult to attain and constitutes
1 1 inch (in) = 25.4 mm.
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the greatest source o f error in the mean values obtained. For the investigation of
leachability by water, the waste products should be analysed in their original form
and only crushed if the grain size is greater than 10 mm. In the incineration plant,
slag and electrofilter ash was sampled at 4 h intervals, while filter cake was sampled
once a day.
3.1.2.

Leaching and sample preparation

One hundred grams o f material selected from the original sample by the quar
tering method and corrected for water content were leached for 24 h in 1 L of
tridistilled water at room temperature on a shaking machine. The eluate was cen
trifuged and filtered through a 0.8 цт membrane filter. The clear solution was then
divided into two portions. One half (500 mL) was evaporated on a polyethylene foil
in a number o f aliquots. The remaining half was adjusted to pH5 with nitric acid and
the elements then preconcentrated by extraction with dithizone in carbon tetrachlo
ride according to Ref. [4]. This extract was subsequently evaporated on a thin poly
ethylene foil, the latter welded into polyethylene vials and activated and measured
in the fast irradiation and measurement system (FIMS) [5-6]. Solid samples up to
0 .8
g were directly weighed into polyethylene containers and heat sealed.
3.1.3.

Irradiation and measurements

The irradiation was carried out at three locations in the Atominstitut’s TRIGA
M ark II reactor. The determination o f the elements via their short lived radionuclides
20F (11.6 s), 3 8 C lm (0.71 s), 66Cu (5.1 min), 7 7 Sem (17.5 s), ll0Ag (24.6 s), 56Mn
(2.56 h) and 52V (3.75 min) in FIM S was usually performed after 60-100 s irradia
tions at a flux o f 1.3 x 10 1 2 n -c m ~ 2 - s -1 , followed by measurements o f 20 and
200-600 s, producing the results immediately.
Irradiation for 2 h was carried out in the central thimble at a flux of
1.0 x 10 1 3 n -c m _ 2 - s _1. The sealed samples and standards were irradiated
together in one graphite container. A delay time o f at least 24 h was necessary before
the radionuclides o f interest, 1 9 8 Au, 1 1 5 Cd, 5 1 C r, 1 9 7 H gm, 7 6 As, 122Sb and 6 9 Z nm,
could be measured. The measurements were performed by means o f a 14% n type
high purity germanium (HP(Ge)) detector with a basic resolution o f 2.1 keV at
10 kilocycles/s using a close detector geometry. Pulses were processed with Westphal’s high resolution high rate system [7]. Recent measurements were performed
in the vertical fast irradiation system with and without a 6LiD converter [8 ].
3.1.4.

Data evaluation

Data evaluation was partly obtained by the programs Alchem [9] and Actan
[10], but the peak areas o f 1 9 8 Au, 1 1 5 Cd, 1 9 7 H gm, 76As and 6 9 Z nm were calculated
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by the k0 method [11], as the United States National Institute o f Standards and
Technology (NIST) standards 1632a coal and 1633a coal .fly ash contain only low
concentrations o f these elements. A novel evaluation program developed by
Westphal and Lipp [12] uses the uncorrected spectra for peak determination and mul
tiplies the peak area with a correction factor, yielding the corrected peak area. The
program has the advantage o f minimizing spurious peaks owing to statistical fluctua
tions from loss free counting correction.
3.1.5.

Results

Table I [13] shows the results o f the leaching experiments measured in FIMS.
The strong inhomogeneity o f the samples is clearly demonstrated by the fluorine
determinations of slag and electrofilter ash using 2 0 F. The fluorine content o f the
slag collected every four hours over one day gives a mean o f 528 mg/kg with a range
of 32-2100 mg/kg. The respective ash contains six to nine times more fluorine, with
a mean value o f 4400 mg/kg.
Table П gives the distribution o f minor and trace elements in the waste stream
slag, electrofilter ash and filter cake o f a refuse incineration plant. The data obtained
by short time activation analysis are marked by asterisks. The other data were
obtained by 2-h irradiation in the central thimble. It is evident that toxic elements
are mainly enriched in the filter cake.
As tests with BCR-176 and BCR-1462 showed that a number o f toxic ele
ments could be determined by means o f the fast irradiation system with the 6LiD
converter, a further set o f samples was analysed. Table HI [14] contains the data
from these measurements.
ÍsKj
3.1.6.

Discussion o f results

Table I shows a strong enrichment of Se and the halogens in the electrofilter
ash in contrast to Zn and Cu, which are found mainly in the slag. The dithizone
extraction permits a lowering o f the background, so that Ag can be determined by
1 1 0 Ag. The results in Table II show a strong tendency o f the toxic or heavy ele
ments to concentrate in the filter cake produced in the gas purification device by
scrubbing the flue gas with the alkaline leaching water o f electrofilter ash or calcium
hydroxide, respectively. Exceptions are only found for As and Ga. Arsenic appears
mainly in the electrofilter ash, m ost probably as As2 0 3, while Ga is enriched in the
slag.
Two options are possible for the determination o f interesting toxic elements:
short time activation analysis yields the elements Ag, Ba, Br, Cl, Cu, F, Mn, Se and,

2 BCR: Bureau Communauté de Référence.
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TABLE I. ANALYSIS OF SLAG, ELECTROFILTER ASH AND LEACHING
PRODUCTS M EASURED PSEUDOCYCLICALLY BY FIMS [13]
(all values in m g/kg)

Nuclide

Se-77m

keV

162

Filter ash
water
extract
3.1

—

Filter ash

1.0

15

—

497

82 300

14 600

106 000

617

—

82

290

18

360

439

24 400

1 210

1 039

1 420

360

657

35

Cl-38

1 642

Br-80
Zn-69m

350

Filter ash
dithizone
extract

360

1 633

Ag-110

—

Slag
water
extract

46

F-20

Cu-66

Slag

3.1

440

—

1 100

—
153

18 100

126

620
70

7.2

—

TABLE II. DISTRIBUTION OF TOXIC ELEMENTS IN REFUSE INCINERA
TION PRODUCTS
(all values in m g/kg)

Nuclide

keV

Slag

Electrofilter
ash

Filter cake

Ag-110*

657

As-76

559

Au-198

411

Cd-115

528

44

367

1 410

F-20*

1 633

528

4 400

29 000

Ga-72

2 201

90

37

20

Hg-197m

134

850

1 950

2 600

Sb-122’

564

14

66

100

Se-77m*

162

Zn-69m

439

18.9

0.4

0.7
2 218

58

203

102

10

0.9

1.4

66

50

6 770

27 300

* Elements were determined by short time activation analysis in FIMS; the other elements
were irradiated for 2 h in the central thimble.
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TABLE Ш. DETERM INATION OF TOXIC ELEM ENTS IN BCR-176, BCR-146
AND FILTER CAKE BY IRRADIATION W ITH AND W ITHOUT A 6LiD
CONVERTER
Sn

Cd
(mg/kg)

In
(mg/kg)

Hf
(mg/kg)

Aga
(mg/kg)

Cu
(g/kg)

(g/kg)

2.5 ± 0.3

62*

1.302

7.0 ± 0.2

470

2.4*

31.4

BCR-146

1.2 ± 0.1

201*

0.934

0.165*

77.7

0.28 ± 0.03

9.49

Filter cake

< 0.1

120

0.150

9.5

30

0.10

45

Element

Fa
(g/kg)

BCR-176

Note: Numbers in bold face indicate values used as comparators.
a Elements determined without a 6LiD converter.
* Elements are indicative values [14].

if present in large amounts, Pb by measurement o f their gamma spectra, and B, if
in sufficient concentration, by Cerenkov counting. A second 2 h irradiation in the
central thimble and counting after 24-36 h then yields the elements As, Cd, Co, Cr,
Fe, Hg, Ni, Sb and Zn. The other option, the results o f which are shown in Table Ш,
is the substitution o f the 2 -h irradiation in the central thimble by irradiation in the
fast system with the 6LiD converter, applying 15, 10 and 10 min o f irradiation,
decay and measurement time, respectively. W ith a filter cake sample one thus
obtains 1 9 9 H gm, l u C dm, 1 2 5 Snm, 8 7 S rra, u 6 Inm, 1 2 8 I, 1 2 2 Sb, 8 0 Br, 56M n and 3 8 C1.
Measurements for F and Ag were perform ed without the converter, while the data
o f Cu, Sn, Cd, In and Hg were obtained with the converter. BCR-176 and BCR-146
were used as standard reference materials. Bold figures in Table III denote the stan
dard data used. The indicative Value o f Sn, 6.67 ± 0.05 mg/kg, measured by proton
activation analysis, is a printing error as given in the data tables and should read
‘g/kg’. In consequence, the Sn value o f BCR-146 was used for evaluation. The
F values for the BCR standards and the In value o f BCR-146 were not contained in
the certification. The elements Be and TI cannot be determined by instrumental neu
tron activation analysis.
The main advantage o f the second option, its speed, is counterbalanced by the
disadvantage that the samples can only be irradiated one by one. W ith the 2-h irradia
tion in the central thimble, about twenty samples can be irradiated simultaneously
in a graphite container and measured in an automated counting system after a decay
o f 24-35 h, thereby saving reactor time.
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Velocity (mm/s)

FIG. 2. Môssbauer spectra o f (a) kiln ash (slag); (b) electrofilter ash; and (c) filter cake.
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IMOSSBAUER STUDIES

4.1. E xperim ental
,Môssbauer spectra were measured on 50 mg absorbers with a constant acceler
ator type spectrometer. The 20 mCi 57Co (Rh) source was kept at room tempera
ture . 3 The data were stored in a multichannel analyser and a computer fitted the
spectra using a least squares procedure, assuming a discrete superposition o f Lorentzian lines [15].
4

R esults

The spectra o f slag, electrofilter ash and filter cake are seen in Fig. 2, showing
distinct differences between these waste products. Slag contains 30% F e111, 30%
F e 11 and 40% Fe 3 0 4. Electrofilter ash is oxidized to a greater extent and contains
76% F e m and 24% F e11. Since it is precipitated by calcium hydroxide, filter cake
contains only F e111. This shows that M ôssbauer spectra give distinct information
about the type o f wastes. Their application to the study o f aerosols is under way.
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Abstract
APPLICATION OF RADIOTRACER METHODS TO TRANSPORT PHENOMENA IN
GRANULAR SOLIDS.
Radiotracers are used to observe the transport phenomena of microconstituents through
granular solids. Applications are divided into the measurement of the net mass transport and
of isotopic exchange at equilibrium. Examples of the first kind are adsorption and desorption
studies, of both kinetics and isotherms, on minerals in batch systems. Leaching of batch or
column conditions provides another application. In column experiments, separate radiotracer
experiments with an inert tracer are used to establish the flow pattern. Net mass transfer is
also encountered in radiotracer experiments in the field when the mass balance, average resi
dence time and dispersion are to be measured. Isotopic exchange without net mass transfer
is encountered in the determination of the exchangeable fraction of adsorbates. An important
application is the determination of the effective diffusion coefficient on small samples.

1.

PRINCIPLES O F RADIOTRACER METHODS

Radiotracer experiments depend on a change in the concentration (c) or the
specific activity (a) o f the tracer radionuclide. Occasionally, both quantities may
vary. This is summarized in Table I. The initial values of с and a are indicated by
the subscript zero; A is the number o f registered counts. The ratio / = Л/Л 0 is the
relevant quantity, derived from measurements on small aliquots taken from the
system.
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TABLE I. THE THREE DIMENSIONLESS FUNCTIONS
A = yac
A0 = yaoc0

(1)
at t = 0

(2)

and thus
A
a с
— = ------Aq a0 Cq

(За)

or
I a = fafc

(3b)

Thus, a change in f A with time may be due to a change in
concentration, or a change in specific activity, or a change in both.

T racer experiments are thus of the net mass transfer or isotopic exchange type,
according to the quantity, which varies. In some cases, a variation in the total amount
o f activity may occur.
Table II gives a survey o f the situations encountered in the laboratory. Field
¿xperiments with artificially introduced radionuclides are based invariably on a vari
ation in their concentration. This also holds for the use of naturally occurring stable
nuclides and radionuclides, used in hydrology. The three quantities which are deter
mined in field experiments are tracer.recovery, to detect ‘th ie f zones, the average
residence tim e (t) and its variance (a1). The latter may be interpreted in terms of
the internal dispersion o f the system involved. Again, the number of counts at certain
sampling points, A (i), is observed. The formulation of the determination o f т and
a 2 is given in Table III.
2.

BATCH EXPERIM ENTS W ITH NET MASS TRANSFER

Two versions o f batch radiotracer experiments are o f interest in environmental
studies:
(1)

(2)

Adsorption and desorption measurements on isolated mineral fractions at a low
solid/liquid ratio under controlled conditions o f pH, Eh and ionic strength.
These are followed by isotopic exchange experiments at equilibrium using a
second radioactive spike.
,
Roller bank experiments at various (low) solid/liquid ratios with (a series of)
standard leachants.

TABLE П. SURVEY OF RADIOTRACER EXPERIMENTS IN A CLOSED SYSTEM
Net mass transport?

Changing specific
activity?

No
stable
situation

Yes

Yes

No

Yes

No

i
Case

Isotopic exchange
with radiotracer
solution

Example

Exchange between
CH3 Hg7 and
HG/;
Exchange of 32P
between H 2 PO4
and sediment

1 1
Isotopic exchange
between activated
solid and a
solution

I

i

1

Adsorption
from a
radioactive
solution

Leaching of
radioactivated
solid with
water

Leachable
solid and
radiotracer
solution

Leaching of
radioactivated
solid with
aqueous
solution

Active
carbon
and a
spiked
solution

Activated
fly ash
and
water

Fly ash
and a
radiotracer
solution

Activated
fly ash
and an
aqueous
solution
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Changing total available
amount of radiotracer?

No

U\
0 0
U\
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TABLE Ш . RADIOTRACER EXPERIM ENTS ON TRANSPORT IN AN OPEN
SYSTEM
Mathematical definitions

r = —-----------i о№ dt

f

1

Average residence time

t2 a (f) dt
JO
= — —----------r oo
J o /(0 dt

(1)

Variance in residence time(2)

Experimental determination
Exit function, E it), from counting results, A (t)
A (t)
E(t) = — -— ----A (t) dt

(3)

E tA (t) dt
r = -----------------T, A if) dt

(4)

E = t E(t)

(5)

в = t/т

(6 )

f 2 = £ 0 2£ A 0 - 1

2.1.

,

(7)

Adsorption, desorption and isotopic exchange

The aim is to measure the adsorption and desorption isotherms, eventual hyste
resis, or irreversibility o f desorption. Usually, the ionic strength is kept low. For the
interaction o f C s + with illite we use 2 X 10 3 M , added as H C 0 3' buffer and
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C a(N 0 3 ) 2 .4H 2 0 . The initial pH is 7.9. Alternatively, К saturation with 10
K H C 0 3 and a pH of 8.2 is used.

2.1.1.

3

M

Adsorption

To acid cleaned 100 mL polyethylene sample bottles we add 80 mL of the ionic
medium containing 8.0 mg o f illite and initial C s + concentrations (CLO) from 1 to
20 (#*g-Cs)/L, labelled with 22.2 kBq o f 1 3 7 C s + (equal to 608 nCi; specific activity
1.3 MBq/(/xg-Cs)). The illite is added by pipetting a known volume of a homo
genized stock suspension; both stable and radioactive C d2+ are added from stock
solutions in 10” 2 M HNO 3 .
The increase in acidity is compensated for by the addition o f equivalent
amounts of 10 ' 3 M Ca(OH ) 2 solution, resulting in an (initial) pH o f 7.79 ± 0.06.
Triplicate samples for each initial C d2+ concentration are placed in a reciprocating
shaker at (298 + 1) К and equilibrated for approximately two weeks. At intervals,
the pH is measured and a 2 mL aliquot of the homogeneous suspension is taken.
After centrifugation at 1.6 x 10 3 g for 20 min, the aqueous 137Cs activity is deter
mined by gamma counting of 1 mL o f the clear supernatant using a N al well type
crystal. Previously, the spike had been counted in the same way. Thus, the ratio
/ = A /A 0 is obtained and from that the actual C s + concentration, CL, by:
CL = f C LO

(1)

and the concentration on the solid (in grams)

m

2.1.2.

Desorption

One half o f the sample volume is transferred by a pipette, under continuous
stirring, to acid cleaned 50 mL polypropylene centrifuge tubes. Phases are separated
at ~ 1 . 6 x 103 g for 20 min and the solution is removed down to ~ 1 mL; for this
residual volume a correction will have to be applied. The solid is resuspended in a
fresh 75 mL volume of electrolyte, this time without C d2+, and the suspension
transferred to a 100 m L acid cleaned sample bottle. Again equilibration for approxi
mately two weeks is carried out in a reciprocating shaker at (298 + 1) K. The pH
is measured regularly and eventually adjusted to 7.2 by the addition in drops of
10 “ 2 M HNO 3 or Ca(OH)2. Aliquots are taken and processed as with the adsorption
experiments.
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2.1.3.

Isotopic exchange

A spike of 22.2 kBq 137Cs is added to the remaining half of the sample
volumes from the adsorption experiments. They are then processed as in the adsorp
tion experiments. The fractio n ,/, is now related to the exchangeable fraction of the
adsorbed Cs + , E , by

/ =

(3a)

CL + E Cs m

or
E = d ~S)Cl
fC s m

(3b)

Figure 1 gives the adsorption and desorption isotherms for caesium on illite [11],
and thus the equilibrium situations.

2.2. Roller bank experiments [2]
The aim o f these tests is to obtain an estimate o f the leachable fractions/
amounts o f microconstituents from granular solids.

Aqueous C s concentration (iig /L )

FIG. 1. Adsorption/desorption of caesium in illite.
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Principle

Leaching can be defined in terms o f a time dependent, specific mass transfer
function, F(t), which gives the net release rate of a trace constituent per gram of
material. Once the Fit) function has been determined for a given trace constituent,
it can be used in the mass balance over a waste dump to estimate future leaching
behaviour.
The mass transport over the batch experiment can be described by Eq. (4),
where V is the volume of eluent (in mL); с is the concentration in the eluent (in
g/mL); t is the time (in h); от is the quantity o f solid (in g) and F(t) is the specific
mass transfer function (g o f trace constituent-(g-solid ) ' 1 -h"1):

V ^ = m F(t)
dt

(4)

T im e (h)

Element

Radionuclide

Na
К
As
Se
Br
Mo
Sb

Na-24
K-42
As-76
Se-75
Br-82
Mo-99 — Tc-99m
Sb-122
W-187

w

FIG. 2. Batch shaking experiments with granular solids.

7*
15 h
12.5
26.4
120.4
35.5
66.7
2.7
23.9

h
h
d
h
h
d
h
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By measuring с as a function of t, one may deduce F(t). The interpretation of the
experimental data is most conveniently done by testing a suitable mathematical
expression for F(t). The F(t) function should contain a positive (leaching) and a nega
tive (precipitation/adsorption) term , which should counterbalance each other at
equilibrium:
F(t) = F x(t) - F2(t)

(5)

As the leachable amount is finite, it is obvious that
Fiico) = F2( ° o ) = 0

(6 )

The total amount which can be leached from one gram of solid is equal to

F\(t)dt
о
If ( Q o stands for the original concentration in the solid, one may define an
availability ratio, r :

1

Г00

<.4 Jo

J о

r =

F ^)d t

(7)

The expression for F(t) which covers most leaching experiments is:
F(t) = ki e~a> - k2 (c - Ceq)

(8 )

The param eters k x (g of trace-(g-solid ) - 1 -h"1); a (h_1); k2 (m L-(g- solid ) - 1 - h '1)
and ceq (g -trace-m L -1) have to be determined by curve fitting. The equilibrium
concentration is ceq. The values o f the four parameters depend on the grain size of
the solid.
Figure 2 gives the appearance of the leaching curve, obtained with previously
neutron activated material. The consequences o f this are discussed in Ref. [3].

2.2.2.
2 .2.2 A .

Procedure
Preparation

Samples should first be dried to a constant weight at 105°C. This treatment
may be combined with a determination o f the moisture content. Even when no drying
is required, it has to be determined because leaching percentages are based on the
dry material. If, for evaporation, drying at 105°C is not feasible, the moisture con
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tent should be determined in a separate sample by the method currently used for the
material. The sample should not contain any particles larger than 3 mm to avoid a
small contact area and non-uniform flow profile in the column test and, conse
quently, poor reproducibility of results. According to the condition of the starting
material, it is sieved or crushed.
2.2.2.2.
(a)

Shake test and cascade shake test

A pparatus

— A shaking machine or roller bench.
— 0.45 д т membrane filters and filtering equipment.
— A balance.
(b)

M aterials

— Demineralized or demineralized double distilled water.
— High purity nitric acid.
Procedure

— Acidulate 4.5 L of the water with nitric acid to pH4.
— Store 0.5 L as a blank.
— Weigh 40 g of the material to be tested (after drying previously).
— Place these in a 1 L polyethylene bottle and add 0.8 L of the acidulated
water.
jr
— Shake, roll (or agitate in a similar way) for approximately 24 h and ensure
that there is close contact between the liquid and solid in a closed bottle.
— Allow to settle for 15 min and decant through a 0.45 /xm membrâne filter.
Transfer the last remnant with filtrate onto a filter.
— Measure the pH and the conductivity of the filtrate and record this
information.
— Acidulate the water with nitric acid to pH2.
— Keep the solid for the next test, for which it is extracted again for approxi
mately 24 h with fresh acidulated water (pH4) at a liquid/solid (L/S) ratio
of 20. Transfer the solid, including the membrane filter, to the bottle for
the next extraction.
— Repeat these extractions, each time using the same ash, until a total of five
extractions have been performed:
Fraction
Fraction
Fraction
Fraction
Fraction

1:
2:
3:
4:
5:

L/S
L/S
L/S
L/S
L/S

20,
40,
60 cumulative,
80 cumulative,
100 cumulative.
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3.

COLUMN EXPERIMENTS ON NET MASS TRANSFER [4]

3.1. Principle

The mass balance for a homogeneous section of a column is:
Vdc/dt = MF(t) — v(c — c0)

(9)

where V is the free (moving) volume (mL); с is the exit concentration (g/mL) and
v is the flow rate (mL/h).
The number of sections or ‘plates’ is usually determined by measuring the dis
persion of some inert tracer which has been added as a momentary pulse to the
incoming eluent. The principle of this method is discussed in textbooks on chemical
engineering, e.g. in Ref. [5]. A suitable choice is 82Br, Tm = 35.4 h, as bromide.
It follows that the plate number can be derived from the dimensionless parame
ter D/uL, where
D is the effective diffusion coefficient (m2/s),
и is the linear velocity of eluent (m/s),
L is the length of the column (m).
Above DluL = 0.1 there is only one section and thus Eq. (9) applies to the
whole column.
If a column contains more than one section, the interpretation becomes more
difficult, as Eq. (9) has to be solved for each subsequent section.
3.2. Procedure

3.2.1.
—

—

Apparatus
A column (preferably of perspex), 5 cm in internal diameter and with a
minimum height of 20 cm. These dimensions may be varied provided that
the column diameter is at least 10-20 times as large as the largest particle
diameter.
A peristaltic pump, capacity 0-50 mL/h.

Figure 3 summarizes the apparatus used at the Netherlands Energy Research
Foundation. The column is operated in upflow to minimize channelling effects and
clogging.
The total concentration in granular solids is obtained by instrumental neutron
activation analysis (INAA) and atomic absorption spectrometry (AAS) after pressure
bomb dissolution in HF-HNO 3. The eluates are analysed by AAS, ion chromato
graphy and INAA after preconcentration on small aliquots of very pure active
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FIG. 3. Experimental set-up o f a leaching column fo r granular solids (geometric volume:
20-100 L; solid mass: 15-70 kg; void fraction: 0.3-0.4; flow rate: 0.1-1.5 L per 24 h).

carbon. Usually flame atomic absorption spectrometry (FAAS) is sufficient; graphite
furnace atomic absorption spectrometry (GFAAS) is used for. Ni and Cd. Sulphate
tends to hamper measurement by ion chromatography of other anions.

4.

MEASUREMENT OF THE EFFECTIVE DIFFUSION COEFFICIENT BY
ISOTOPIC EXCHANGE

The obvious problem in estimating the mobility constituents from waste dumps
is the assessment of the effective diffusion coefficient. Radiotracer experiments on
small aliquots of the surroundings can solve this question.
4.1. Principle

Two identical cylinders are pressed together in a syringe. One part contains
the radionuclide; the diffusion into the other section is measured. If a ‘weightless’
spike is used, one operates at equilibrium conditions. This procedure yields the
coefficient on self-diffusion. When a component is involved which is present in solu
tion only, the apparent diffusion coefficient(s) obtained reflect(s) the tortuosity and
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constrictivity of the void fraction(s). Experimentally, these two effects combine into
one ‘restriction factor’.
The simple diffusion Eq. (10) applies to a radiotracer which is exclusively
present in solution and in one chemical form only and for the case of semi-infinite
media:

( 10)

where
a is the specific activity (Bq/g),
с is the concentration (g/L),
D is the coefficient of self-diffusion (m2/s),
x is the position (m),
t is the time (s).
Thus, at chemical equilibrium for a ‘weightless’ spike, this expression reduces to:

( 11)

The addition of a radiotracer to one compartment of the system may have changed
the void structure somewhat and, consequendy, the diffusion coefficient(s). This is
reflected by the general solution of Eq. (11) which, for the originally non-radioactive
part, is given by Eq. (12):
1I1}

a„
(a/)o

1 - e r f^ 'Q

•

( 12 )

1 + (D¡/Dц)112

The subscripts I and II refer to the radiospiked and originally non-radioactive com
partments, respectively; the zero denotes the initial situation; x is the distance from
the boundary plane. If Dt = Dn, as is usually found to be the case, Eq. (12) simpli
fies to:

(13)
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The adaptation of Eq. (13) to finite systems yields Eq. (14), where h is the length
of a compartment:

(14)
n-1

Plotting (ln a) against xЛ and linear curve fitting reveals whether more than one void
fraction is manifest.
At equilibrium conditions and with rapid isotopic exchange, one has for the
experimentally apparent D value:

De = ------ — -----1 + (mJmL)

(15)

where
D is the ‘true’ or unretarded diffusion coefficient in an aqueous solution,
£ is the restriction factor mentioned,
ms/mL is the ratio of the exchangeable masses of the element involved in the
solid and liquid phases.
By making a convenient choice of the radiotracer, one can have mslmL = 0, and
thus determine the retardation factor, £, by comparison of the apparent diffusion
coefficient to the tabulated value for a dilute aqueous solution.

4.2. Procedure
The detailed procedure is presented in Ref. [6 ] and summarized in Fig. 4.
About 3 g of the material under investigation is mixed with 0.9 mL of a carrier free
radiotracer solution, of which the chemical form is known, and the specific activity
allows detection in sliced segments at 10 "2% of the originally added activity level.
The mixing of tracer and solid with a spatula is continued for at least 5 min to obtain
a homogeneous paste. The consistency of this should be such that no liquid is spilled
upon introduction in the diffusion tube. In practice, this always implies unsaturated
conditions. A small quantity of the mix is kept as a reference. This material is also
used to measure the change in availability owing to interaction of the tracer with the
solid (water content: 25% wt/wt).
The interface is kept as smooth as possible. Since the interface is not visible,
an interface marker is introduced. For this purpose, a 170Tm (Tm = 128 d,
Ey = 84 keV) spike of high specific activity is used.
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— >
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counting

FIG. 4. Measurement of the effective diffusion coefficient.
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CONCLUSIONS

Radionuclides are the obvious choice when transport phenomena with net mass
transfer have to be measured. This application may refer to adsorption and desorp
tion phenomena, leaching and the estimation in the field of mass balances, the aver
age residence time and its variance.
In the observation of isotopic exchange, radionuclides are essential. Applica
tions in adsorbates are the determination of the exchangeable fraction and of the
effective diffusion coefficient.
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ELEMENTAL COMPOSITIONS OF SEDIMENTS
IN THE HAIPHONG HARBOUR AREA AS DETERMINED
BY NUCLEAR ANALYTICAL TECHNIQUES
Applications in sediment transport studies
and conservation o f the environment
P.D. HIEN, P.S. HAI, N.H. QUANG,
P.N. CHUONG, N.M. XUAN
Dalat Nuclear Research Institute,
Dalat,
Viet Nam
Abstract
ELEMENTAL COMPOSITIONS OF SEDIMENTS IN THE HAIPHONG HARBOUR
AREA AS DETERMINED BY NUCLEAR ANALYTICAL TECHNIQUES: APPLICA
TIONS IN SEDIMENT TRANSPORT STUDIES AND CONSERVATION OF THE
ENVIRONMENT.
Nuclear analytical techniques were used to determine the elemental compositions of
suspended and bottom sediments collected at different sites in the Haiphong harbour area
(northern Viet Nam). The study was aimed at: (1) understanding the origin of the sediment
filling up the access channel and causing the expenditure of large sums of money for dredging
operations; (2) determining the background concentrations of trace elements in the sediment.
This would permit detection in the future of any pollution caused by the discharge of industrial
wastes into the water because of the growing industrialization of the area. (3) Identifying the
elements which can serve as activable tracers in sédiment transport studies. The results
obtained for the concentrations of nearly thirty elements show rather similar elemental compo
sitions, reflecting a common origin of the sediments taken from different locations in the har
bour area. The results did not allow identification of the pathway of the sediment transported
to and deposited on the bottom of the access channel. On the other hand, a large difference
was found in the elemental compositions of the sediment and the soil taken near to the channel
island bank. This would definitely exclude any hypothesis on the interrelationship between the
sediment at the bottom of the channel with the soil ‘abraded’ from the island. Among the trace
elements with concentrations in the sediment at the ppm level, indium and selenium have been
selected as being the most suitable activable tracers. Experiments on tracer preparation are
in progress and some preliminary results have been obtained. The analysis also provides the
background levels of the elements-pollutants, on the basis of which future industrial pollution
can be revealed.
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INTRODUCTION

As a consequence of intensive weathering, erosion and wash-off processes
typical of a humid tropical zone, as well as of human activities destroying tropical
forests, grasslands, protective mangrove swamps, etc., most navigable estuaries in
Viet Nam suffer greatly from sedimentation, which limits the depth of navigation
and causes the expenditure of large sums of money for dredging. The pollution of
the harbour environment involving sedimentation processes is also becoming a mat
ter of concern owing to the growing need for the disposal of industrial wastes. Thus,
the study of sedimentation processes is of great importance for the sustainable
development of harbour areas.
Owing to the complexity of sedimentation processes in estuarial areas under
the hydrometeorological conditions typical of the southwest Pacific, the use of just
any modelling approach is not suitable, especially in the case of a lack of a reliable
database that would otherwise result from a systematic hydraulic and sedimentary
survey. The isotope tracer technique could provide a very efficient tool to obtain a
dynamic idea of sediment transport. However, being a very sensitive method of trac
ing such transport, this technique faces the problem of being a radiological hazard,
especially when used in a densely populated harbour. Thus, the development of alter
native non-radioactive techniques seems most attractive. Using the example of the
port of Haiphong, this work describes and attempts to make use of nuclear analytical
techniques in the investigation of some sedimentation problems in the estuarial area,
as listed below.
(a)

(b)
(c)

Characterization of the elemental composition can reveal the features involved
in the processes of sediment formation and transportation. In Ref. [1] data
compiled on the elemental compositions of sediments serving as reference
materials show wide ranges in concentrations for a number of elements, obvi
ously reflecting the type of environment where the sediment is deposited
(marine, estuarine, or river), and/or the peculiarities of the locality where the
sediment is formed and transported. Variations in the concentrations of trace
¿lements are much larger than those for major elements. Moreover, some trace
elements have been well identified and certified in one reference material, but
cannot be detected in the other. Therefore, in such a characterization of sedi
ment, emphasis should be placed on the contents of trace elements.
Trace element analysis also provides a basis for identifying suitable activable
tracers, instead of using radioactive tracers in sediment transport studies.
In addition, results of the trace element analysis of sediment permits detection
in the future of pollution caused by the dumping of industrial wastes in
waterways.
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SOME SEDIMENT TRANSPORT PROBLEMS
IN THE HAIPHONG HARBOUR AREA

Located 100 km east of Hanoi, on the coast and with a number of nearby
navigable estuaries and waterways, Haiphong is a major port and an important indus
trial harbour in the northern part of the country (Fig. 1). The hydraulic and sedimen
tary regimes of the water courses in the Haiphong area are influenced by two river
systems. The first system, the Red River, flowing in the south of Haiphong (not
shown in Fig. 1), discharges a huge amount of alluvium into the sea in the form of
red mud (about 200 million tonnes a year). Under the influence of the southeast mon
soon prevailing in the summer and autumn, the river-transported red mud continues
to move along the coast towards the Haiphong area. The second river system, with
its estuaries located north of Haiphong, is not as muddy in its upstream and middle
sections. However, owing to the interconnection between the two systems in the
delta region, a large amount of alluvium from the Red River is also transported to
the nearby Haiphong estuaries of Cam and Namtrieu and, to a much lesser extent,
to the uppermost northern estuary of Lachuyen. As a result of these sediment trans
port processes, a 38 km long access channel through the Namtrieu estuary is suffer
ing from heavy silting. In the uppermost northern estuary, Lachuyen, the
sedimentation rate is 10% of that at the Namtrieu estuary.
A number of engineering schemes were proposed to reduce the sedimentation
rate along the access channel. Unfortunately, they were not supported by detailed
and reliable sediment transport studies. Hydraulic and sedimentary surveys carried
out in the past by different groups of researchers resulted in quite contradictory con
clusions about the pathway of the sediment being deposited along the channel, e.g.
either the sediment was almost directly discharged by the rivers, or it was transported
to the channel mainly from the marine environment under the action of tidal, wave
and shore currents [2]. Furthermore, the increasing trend of silting along the channel
observed in the past few years has captured the attention of environmentalists and
the port authority. The extent to which adverse effects on the environment and on
navigation in the estuarial area are caused by human activities, such as harbour
development, construction in the early 1980s of a dam across the Cam estuary
(Fig. 1), destruction or degradation of mangrove swamps, etc., has to be estimated.
The increasing ‘abrasion’ of Cathai Island can be viewed as an example of such
adverse consequences. In turn, the soil removed from this island may fill up a nearby
section of the channel, as has often been assumed and discussed in the past [2 ].
However, this assumption requires experimental confirmation.
3.

SAMPLING

As a first step in using nuclear techniques to solve some of the problems men
tioned above, in this work nuclear analytical techniques were used in the characteri-

ON
О
го

HIEN et al.

FIG. 1. The Haiphong estuarial area.
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zation of the elemental composition of sediments collected in the Haiphong estuarial
area. Bottom and suspended sediments were collected along and in the vicinity of
the access channel, as shown in Fig. 1. Sampling locations were selected in order
to determine whether the elemental composition characterization method could be
used to settle the dispute on the pathway of the sediment being deposited on the bot
tom of the channel, and on the possible interrelationship between the bottom sedi
ment in the channel with the soil abraded from Cathai Island (locations Hp4,5), as
mentioned in Section 2. Samples were also collected at the dock (location Hp6 ) and
far from the estuaries, upstream but still in the tidal zone. Sampling was carried out
in the wet season when the red mud content in the water was high. Such a limited
number of samples seems to be sufficient for exploration purposes in the first stage
of the study. The sampling locations are also representative enough to satisfy items
(b) and (c) in Section 1.

4.

EXPERIMENTAL

Major, minor and trace elements were determined mostly by instrumental neu
tron activation analysis (INAA) at the Dalat nuclear research reactor. Other
instrumental analytical techniques, e.g. X ray fluorescence (XRF) and prompt
gamma neutron activation analysis (PGNAA), were also used, mainly for purposes
of comparison. Boron was determined by PGNAA. Physicochemical methods were
used to determine the concentrations of dissolved ions in water and silicon (Si02) in
sediment.
In INAA, different combinations of irradiation (T¡), decay (Td) and counting
(Tc) periods were used. For long lived nuclides, with half-lives more than 1 d,
7} = 1-2 h, 7¿ = 7-15d and Tc = 1-2 h. The ‘medium lived’ nuclides were assayed
after a 10 min irradiation in a thermal neutron flux of 3.8 X 1012 n-cm ^-cm "1, a
1 d decay and 1000 s of counting. The short lived nuclides with T \n less than
several minutes ( 28A1, 46Sc and 77Sem) were analysed by the cyclic method using a
pneumatic transfer system installed in the thermal column. Two hyperpure ger
manium detectors were used for gamma ray detection. The horizontal one was used
in both the PGNAA experiments and rapid INAA through short lived nuclides. The
vertical type detector was used in off-line measurements of long and medium lived
nuclides. The detectors have relative efficiencies of about 15% and full width at halfmaximums (FWHMs) of 1.9-2.0 keV at 1332 keV. The gamma spectra of 4096
channels are acquired on PC-AT based multichannel analysers. To determine the ele
ment concentrations, the k^ standardization technique [3] was used. The reliability
of the experimental techniques and the results obtained were checked by analysing
the certified reference materials (SL-1 and IAEA Soil-7).
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EXPERIMENTAL RESULTS AND DISCUSSION

Particle size analysis shows that the bottom sediments comprised primarily silt
with a median particle diameter D(50) between 10 and 30 цт and a D(90) ranging
from 60 to 90 /im. Clay particles were found in only minor fractions; the £>(10)
values of all the samples are about 2-4 цт. The suspended sediment contains mostly
silt, with a D(90) less than 50 д т . Very fine sand is predominant in soil sample Hp5
(£>(10) = 70 цт).
Table I gives the concentrations of 29 elements in four bottom sediments
(Hpl-4) and one suspended (Hp6 ) sediment, as well as in the soil sample (Hp5).
Results for other samples are not presented. In general, they are similar to those
given in Table I. For comparison, data of estuarine sediment reference material
NIST‘-1646 [1] are also shown in Table I. Some marked features relative to the
elemental compositions of sediments can be observed from the results in Table I:
(a)

(b)

In general, the elemental compositions of the suspended and bottom sediments
taken at different sites in the area (Fig. 1) are similar. Deviations from the
arithmetic means of five sediment samples do not exceed 25 % for major ele
ments and 40% for most of the minor and trace elements. For a number of
metal elements, such variations in concentrations can be explained partly by
the differences in the particle size distributions of the sediment samples, owing
to the large presence of metal elements in the finest particle size fractions.
Thus, the concentrations of As, Co, Cr, La, Mn, Tb and Th in samples Hp2
and Hp4 (with 45% of the particles finer than 10 цт) are from 10 to 40%
higher than those of sample Hpl (with only 4% of the particles finer than
10 цт). It can be concluded that the similarity in the elemental compositions
reflects a common origin of the sediments being supplied mostly as alluvium
by the rivers. However, this observed similarity does not settle the above men
tioned dispute on the pathway of sediment transport. A more detailed study
could probably help in obtaining information on that problem. The characteri
zation of the elemental composition in such a study should include: (i) samples
taken far from the harbour area, (ii) samples collected in the northeast mon
soon season, when red mud discharge from the Red River is low and sediment
transport along the coast from the estuaries of the Red River to the Haiphong
harbour area is practically impossible, and (iii) samples corresponding to
different particle size fractions of sediment. The application of tracer tech
niques is the best method in this case.
A remarkable difference can be observed in the concentrations of a majority
of elements in sediments and in soil sample Hp5. As compared with the sedi
ments, the soil is abundant in silicon, but deficient by two to three times in
’ United States National Institute of Standards and Technology.
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many other elements. Together with the particle size distribution data, this
result definitely excludes any hypothesis on the interrelationship between the
bottom sediment in the channel and the soil abraded from the banks of Cathai
Island, as well as halting any project proposal on dike construction based upon
such a hypothesis.
As compared with the standard reference material NIST-1646, Haiphong har
bour sediments are abundant in Fe, Mn, Cr and Co and deficient in Al, Ca and
Na. This obviously reflects different features of the weathering and erosion
processes involved in the formation of the two sediments. Concerning trace
elements, the data obtained in this work are at the same levels as NIST-1646.
Note that for many toxic trace elements, such as As, Cd, Hg, Pb, etc., the con
centrations in NIST-1646 and in Haiphong harbour sediment are much lower
as compared with other reference materials [ 1], and with the sediments taken
from the rivers of industrialized European countries [4]. (The concentrations
of Cd and Hg in Haiphong harbour sediments are lower than the limits of
detection, which are at the ppm level.) Therefore, the trace element concentra
tions obtained in this work can serve as background levels on the basis of which
any industrial pollution in the future could be revealed.
Activable tracers must be selected among trace elements with as low as possi
ble: (i) background concentrations in the sediment (Cb), (ii) limits of detection
by the INAA method (C;), and (iii) cost of tracer preparation (including the
cost of material) and of the analysis procedures. Note the dilemma that, as a
rule, the lower the background concentration of the element in the sediment,
the higher will be the cost of the material. This hinders the selection of ele
ments satisfying all the above requirements.

Some time after injection into the estuary bed the activable tracer, as a result
of sediment transport processes, is distributed over a surface area, S, with an average
concentration Cav. To ensure the success of the experiment:
(1)

(2)

where [Cb] is the fluctuation over the area S of the background concentration of the
element of interest. The practical limit of detection for a number of trace elements
presented in Table I is in the interval of 0.1-1 ppm. Concerning [C¿,], its values can
be obtained by using concentrations at the ppm level, such as Eu, In, Se, Ta, Tb and
U the value of [Q,] also ranges from 0.2 to 1 ppm. Under these conditions, to
ensure reasonable accuracy of the method and sufficiently high productivity of the
analytical procedures, the value Cav should at least range between 2 and 10 ppm.
Assuming that S ~ 0.1 km 2 and the mixing depth of tracer is ~ 10 cm, then the
amount of tracer to be injected should be several tens of kilograms.

TABLE I. ELEMENTAL CONCENTRATIONS (IN ppm UNLESS OTHERWISE NOTED) OF SEDIMENTS COLLECTED IN
THE HAIPHONG ESTUARIAL AREA
(relative error is given as a percentage in parentheses)

Al (%)
As

Hpl

4.42
18.1

В

107

Ba

570

Br

NDa

Ca ( * )

0.41

Ce

77

Co
Cr

Hp2

(4)
(7)

Hp3

5.92 (5)
23.2

(7)

5.01
23.7

Hp4

(5)
(7)

6.15
29.6

Hp5

(5)
(7)

1.86
11.1

NIST SRM1646

Hp6

(5)
(8)

4.0
24.2

(5)
(7)

(10)

84

(10)

81

(10)

97

(10)

94

(10)

93

(10)

(10)

490

(10)

220

(12)

499

(10)

310

(10)

340

(13)

89

(12)

107

30

(15)

71

(12)

(9)

0.52

(8)

89

14.5

(8)

16.2

74

(7)

112

(9)

0.41

(10)

NDa

(9)

0.58

(6)

80

(6)

95

(8)

14.6

(8)

18.3

(6)

99

(6)

137

(8)
(6)
(8)
(5)

0.24
62
6.6
51

(9)

0.55

(9)

(6)

85

(6)

(9)

12.9

(8)

(12)

114

(5)

6.25
11.6

0.83

10.5
76

Cs

3.2 (13)

8.0

(?)

5.4

m

5.8 (10)

1.8 (16)

6.5

Dy

6.3

(6)

6.0

(6)

5.9

(7)

5.3

(6)

5.2

(6)

3.8

(6)

Eu

0.8

(12)

1.0 (10)

1.1

(10)

1.5 (10)

0.5

(20)

0.9

(10)

1.5"

Fe (%)

3.98

(4)

4.74 (4)

4.18

(3)

5.3

(4)

2.25

(5)

4.48

(3)

3.35

(6)

8.3

(6)

12.8

(6)

Hf

18.2

In

< 0.5

< 0 .5

(6)

12.4
< 0 .5

< 0 .5

27.4
< 0 .5

(6)

24.3
< 0 .5

(6)

(7)

(3.2)
(11)

(3.6)

OO
О
cr

Element

(12)
(3.9)

3.7”

(2.9)

g
**

Element

K ( %)
La
Mn
Na (%)

Hpl

2.13

(9)

(6)

0.74

(5)

1.6 (15)
29.8

13.4

(8)

(5)

1.4 (15)

Tb

1.5 (12)

(15)

12.5

(4)

37.2

(8)
(6)

NDa

2.64
46.8

0.76 (7)

0.47

NDa

NDa

12.0

Hp5

(8)
(6)

1070
(8)

(5)

1.2 (15)

2.1

(15)

2.3

(13)

1.2 (16)

14.6

(4)

14.0

(4)

U

2.3

(8)

2.9

(7)

3.9

(7)

1.7 (12)

112

(4)

100

(5)

121

(5)

87b

2.3

(15)

0 .6 a
31b

32.6
(15)

0.5
1.8 (11)
14.6

(4)

0.45

(5)

0.51

(6)

2.2

(9)

2.4

(8)

49

(6)

90

(5.3)

2.0b

1.7 (15)

(7)

(6)

(9)

10.8b

10.2

0.49

375

(5)

(4)

(6)

(6)

10.3

19.7

0.5

0.56

1.4b

(6)

5.1

(25)

(5)

37.9

(8)

9.

0.8

0.43

(5)

(9)

(П )

(6)

1.61

1260

2.8

0.48

75

0.28

24

NDa

Ti (%)

V

(6)

40.3

26.5
(30)

30.0

(8)

ND a

15.7

0.8

0.93

NIST SRM1646

Hp6

470

(5)

32

27.8

4.4

2.33

720

ND a

Ta

Th

50.6

(8)

Hp4
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10.8

2.27

760

0.72

Sc

Si (%)

(6)

550

39

Se

(8)

42.8

Rb

Hp3

Hp2

(5)

10b
0.51b

94

(1.1)

a ND — not detected.
b Non-certified values.
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Among the elements mentioned above, Se and In seem to be most suitable from
the viewpoint of material cost. From the analytical view, owing to the short half-lives
of the isotopes involved, e.g. 77Sem and 116Inm, a large number of samples col
lected in tracer experiments could be rapidly and automatically processed by means
of computer techniques. Therefore, selenium and indium should be chosen as the
activable tracers, and in experiments for tracer preparation our attention has been
focused on these elements. The In tracer material is prepared from natural sand by
using the etching technique. The preliminary results show that tracer material with
indium concentrations up to 0 . 1 % can be prepared with efficiency of labelling
processes as high as 95 %. In the case of selenium, tracer material can be prepared
as selenium glass by using conventional dye glass production technology, which is
indigenously available and rather inexpensive.
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Abstract
MIGRATION OF ISOTOPE LABELLED TOXIC ELEMENTS IN SOILS AND
GROUNDWATER.
Chemical waste repositories were investigated using the radioisotope tracer technique
in order to provide experimental results for assessing the environmental impact of the reposito
ries. Migration rates of some representative components, e.g. mercury, cadmium, cobalt and
benzene, were determined by the laboratory column technique and field measurements. In
parallel with migration rates, water permeability values were determined on the same samples
and sites with traditional hydraulic measurements. Groundwater movement parameters were
also determined by the radioisotope tracer method. With these measurements, the pathways
of potentially polluting components were followed and characterized under experimental
conditions. On the basis of the results and the geological conditions, the long term behaviour
of the toxic components was predicted.

1.

INTRODUCTION

Chemical waste repositories are protected by artificial and natural barriers in
order to prevent the release of toxic materials into the surrounding soil and ground
water. Artificial barriers include packing materials, containers, concrete basins,
geomembranes, etc., while natural barriers are those geological formations in which
repositories are placed. Impermeable geological matrices can withstand toxic
materials from dispersing into the soil and reaching the groundwater table.
Rainfall infiltrating into the soil and groundwater rising as a result of the capil
lary effect can leach toxic components from deposited materials. Leached compo
nents will not move together with the water because they can interact with the soil
through several physicochemical processes, such as adsorption-desorption, ion
exchange, complex formation and co-precipitation, which can reduce the rate of dis
persion. Processes promoting dispersion are convection and molecular diffusion.
The results of these processes are termed migration. Because of the complexity of
609
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the phenomena, experimental results relating to the actual site can facilitate decisions
and long term estimations. The radioisotope tracer technique can serve as a measure
ment tool for such experiments [1-4].

2.

DESCRIPTION OF SITES AND PROCESSES INVESTIGATED

Chemical wastes originating from chemical plants were deposited in landfill
type repositories lined with a clay layer 50-100 cm in thickness for separating wastes
from the soil. The geological matrix in which the repository was embedded consists
of sandy clay. A cross-section of the site is shown in Fig. 1. The main components
of the wastes stored in the repository were slurries containing heavy metals and
organic solvents.
The questions to be answered for assessing the environmental impact of the
repository are as follows:
— Water permeability of the characteristic layers,
— Migration rate of toxic components in these layers,
— Distance of the groundwater table from the repository,
— Velocity and direction of groundwater movement,
— Dispersion time needed for toxic components to reach the groundwater,
— Necessity for safety measures.
During laboratory and field investigations, the migration rates and groundwater
parameters were determined by the radioisotope tracer technique, while water
permeability values were measured on core samples by the hydraulic method.

3.

WATER PERMEABILITY MEASUREMENTS

Undisturbed core samples were taken every 1 m from die clay layer lining and
from soil layers located under the repository during well drilling. The size of the core
samples was 5 cm in diameter and 5 cm in height.
Water permeability is defined as the volume of water infiltrating through the
unit area of a core sample saturated with water, under the effect of the unit
hydrostatic pressure, over a unit of time. Soil with water permeability below
10~6 cm/s is considered, from a practical point of view, to be impermeable.
The water permeability of the core samples was measured by means of the sim
ple equipment shown in Fig. 2. The core sample was fixed into a cylinder sunk into
a basin filled with water. The cylinder was in contact with a glass tube approximately
50 cm long through a plug. This tube was filled with water, and the time taken while
the upper water level in the tube decreased to the lower level was measured. The
water permeability was then calculated by considering the cross-section of the glass
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tube and the core sample, the length of the core sample, the difference between the
water levels in the glass tube before and after the measurement and the elapsed time.
The permeability values are given in Table I. As shown in the table, the clay layer
lining the repository has an advantageously low value of 1 X 10~6 cm/s. The water
permeability increases with depth, reaching the highest value of 2 x 10 5 cm/s.
These values confirm the good location of the chemical repository and the greater
resistance of its lining layer. While water permeability values are good indicators for
safety assessments, they themselves do not provide information on the behaviour of
the chemical substances.

Monitoring
well

Artificial clay
layer of
50-100 cm

Old chemical
repository

‘Single well’
measurement

FIG. 1. Location o f the chemical waste repository investigated by the radioisotope tracer
technique.

612

BARANYAI

FIG. 2. Water permeability measurement o f soil samples by the hydrostatic method.

TABLE I. WATER PERMEABILITY VALUES MEASURED ON CORE
SAMPLES ORIGINATING FROM LAYERS UNDER THE REPOSITORY
Sample origin
(depth of the layer)
Water permeability
(cm/s)

-1 m

—2 m

—3 m

-4 m

-5 m

1 x 10"6

6 x 10 6

7 x 10‘6

9 x 10"6

2 x 10 5

IAEA-SM-325/111
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LABORATORY MIGRATION MEASUREMENTS

Core samples taken from the same layers as mentioned above were filled in
migration columns 20 cm long and with a diameter of 2 cm. Thin surface layers of
the columns were labelled with radioisotopes of the characteristic components stored
in the repository. Columns were kept in a vertical position and irrigated periodically
with water at a rate corresponding to natural rainfall. The water composition was
also adjusted to the composition and pH of the rain characteristic of the investigated
site.
As tracers, 203HgCl2, 109CdCl2, ^CoC^ and 14C-benzene were used. The
quantity was 100 mg and the activity 37 MBq (1 mCi). The distribution of the con
centration of the tracer along the columns was determined by screening the columns
from the outside with collimated scintillation detectors. The width of the collimator
orifice was 1 mm. The migration columns were tested every four weeks for six
months. The measuring arrangement with the column is shown in Fig. 3.
Columns labelled with 14C-benzene were sliced after six months, a layer of
samples was ground and mixed with scintillation cocktails and the radioactive con
centration measured by a liquid scintillation analyser.

FIG. 3. Migration rate measurements on labelled laboratory columns.
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FIG. 4. Distribution histograms measured on laboratory migration columns.
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TABLE П. MIGRATION RATES DETERMINED FROM LABORATORY
COLUMN MEASUREMENTS
Sample origin
(depth of the layer)

-1 m

-2 m

—3 m

—4 m

-5 m

Hg-203 chloride
Total (cm/s)
Leached (cm/s)

6 X 10'8
2 X 10"7

9 X 10'8
2 X 10'7

9 X 10“8
3 X 10Г7

3 X 10'7
5 X 10'7

5 x 10'7
9 x 10~7

Cd-109 chloride
Total (cm/s)
Leached (cm/s)

1 X 10~7
2 X 10"7

2 X 10"7
4 X 10"7

3 X 10’7
5 X 1O’7

5 X 10 7
7 X 10 7

7 x 10“7
9 x 10"7

Co-60 chloride
Total (cm/s)
Leached (cm/s)

1 X 10'7
3 X 10'7

2 X 10‘7
5 X 10"7

4 X 10~7
7 X 10“7

6 X 10"7
9 X 10'7

8 x 10'7
1 X 10"6

C-14 benzene
Total (cm/s)
Leached (cm/s)

3 X 10'7
6 X 10~7

5 X 10 7
9 X 10"7

5 X 10'7
9 x 10"7

9 X 10-7
' 2 X 10"6

1 X 10"6
2 x m -6

The measured distribution histograms relating to migration times of three and
six months are shown in Fig. 4. The histograms were evaluated to determine the
mean values (movement of the total quantity of the tracer) and front lines (front lines
represent the leached quantity). The sensitivity of the detection was 10 ng of the
labelled component [5].
Migration rates calculated from migration distances and the elapsed time are
listed in Table П. Owing to the physicochemical interactions mentioned above, the
chemical components migrate at a rate of one to two orders of magnitude lower than
water. The sequence of migration rates was found to be: benzene > cobalt >
cadmium > mercury.

5.

FIELD MONITORING METHOD

The migration rates of the above radioisotopes were also determined under real
conditions. Four experimental sites were prepared on the side wall of the repository
on the clay lining layer. The thin surface layer of the clay was labelled with the above
radioisotopes in a circle with a diameter of 50 cm. Collimated scintillation detec
tors — which detected a very thin horizontal layer all around — were sunk in steps
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tube

FIG. 5. Migration rate measurements at the labelled test site.

of 1 mm in preinstalled tubes measuring the gamma intensity of the tracer. Prein
stalled plastic tubes 10 cm in diameter and 1 m in length were arranged in the centre
and around the labelled layer. The measuring arrangement of the test site is shown
in Fig. 5.
Measurements were performed every month. During the six month period,
activity was not detected in the tubes preinstalled around the labelled layer at a dis
tance of approximately 1 m or more (depending on the depth). The series of histo
grams — measured in the central tube — were similar to those shown in Fig. 4 and
were also evaluated for mean values (migration distance of the total activity) and for
front lines (migration distance of the leached activity). The migration rates deter
mined from the field measurements are given in Table Ш. Carbon-14 measurements
were not performed at the site [5].
The migration rates belonged to the same order of magnitude found on the
laboratory columns. Field measurements confirmed the results of the laboratory
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TABLE Ш. MIGRATION RATES DETERMINED FROM FIELD
MONITORING DATA
Tracer
Migration rate
(cm/s)

Hg-203 chloride

Cd-109 chloride

Co-60 chloride

8 x 10'1

2 x 10'7

2 x 10'7

measurements. As performing field experiments requires many precautions and
heeds much more organizational work, the laboratory column technique is proposed.
Comparison of the results demonstrated the viability of the column technique.

6.

GROUNDWATER VELOCITY AND DIRECTION

Dispersion of the toxic components can increase through the groundwater.
When assessing the environmental impact of the repository, groundwater movement
parameters are also necessary items of information.
The velocity and direction of the groundwater were determined by means of
the single well method using a 37 MBq (1 mCi) Na82Br solution as a tracer.
Measurements were carried out in three monitoring wells in close vicinity to the
repository in 1 m layers. The measured velocities are given in Table IV. The highest
velocity was found at a depth of 7 m under the surface with a value of
1 x 10 3 cm/s. The flow direction was determined by rotating a collimated detec
tor in the well. The measured direction — southwest — indicated that groundwater
flows towards the local river [6 ].

TABLE IV. GROUNDWATER FLOW VELOCITIES DETERMINED BY THE
SINGLE WELL RADIOTRACER METHOD
Depth (m)
Velocity (m/s)

5

6

7

8

2 x 10"5

3 x 10"5

1 x 10"3

8 x 10‘3

618
7.

BARANYAI

CONCLUSIONS

The potential pathways of some toxic components of chemical repositories
were followed by laboratory and field migration measurements in order to predict
the environmental impact of the repository. The migration rate of heavy metals in
the soil was found to be two orders of magnitude below the infiltration velocity of
the water owing to the interaction between ions and soil. The migration rate of
benzene was found to be close to the infiltration velocity of the water. Deviation from
water movement indicates that water permeability measurements are not adequate
indicators of the dispersion process.
By examining the migration rates and thickness of the layers, it is expected that
heavy metals will migrate through the clay lining of the repository in some decades,
and by migrating through the following layers they can reach the groundwater in a
hundred years. When the groundwater is reached the velocity of movement would
increase to 300 m/year. As safety measures* covering the repository and building an
adsorbent filled underground wall around the repository was proposed.
The radioisotope tracer technique proved to be a viable experimental tool for
measuring migration rates without sampling and sample preparation. An additional
advantage of this technique is that screening of migration columns can be automated
and repeated at any time. In this way, the time dependence of the migration rates
could also be studied.
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AN IRRADIATION ASSEM BLY FOR BULK ORE SAMPLES
BASED ON PROMPT GAMMA RAY NEUTRON ACTIVATION
W ITH LOW LEVEL ISOTOPIC NEUTRON SOURCES*

A.Z. HUSSEIN, N.F. SOLIMAN, L.S. ASHMAWEY
Atomic Energy Authority,
Cairo,
Egypt

Nuclear techniques have proved to have great potential in exploration for
natural ore bodies, efficient raw materials exploitation and industrial processes to
effect savings in energy and materials utilization. Moreover, advances in gamma ray
spectroscopy and the use of isotopic neutron sources have led to the increased use
of instrumental neutron activation analysis (INAA) methods.
The necessity for prompt gamma ray neutron activation analysis (PGNAA), an
INAA mode, occurs when the induced activity produced in the irradiation/transfer
ring/counting sequence is low due either to a low irradiation neutron flux and/or a
low probability of activation. Moreover, PGNAA is highly desirable in the non
destructive analysis of bulk samples and also because no pretreatment or special
preparation is required. This is of value in industrial processes and in the reduction
of wastes and pollutants.
The present work deals with the development of an irradiation assembly for
PGNA analysis of a bulk ore sample for use as a low level isotopic neutron source.
Two Pu/Ве neutron sources of about 10 x 107 total yield were used. Prompt
gamma ray spectroscopy of the materials matrix was employed using a high purity
germanium (HPGe) detector of extended energy range and 30% efficiency.
The irradiation assembly is a spherical envelope (1 m in diameter) made out
of steel wires and plastic sheet to contain the bulk ore sample (about 300 kg) within
which the two isotopic neutron sources were embedded diametrically opposite to
each other. Each source was surrounded by paraffin wax and contained in a lead
shield. Such geometry would lead to the efficient use of thermalized neutrons whose
interactions with surrounding ore materials yield a quite high prompt gamma ray
flux. The gamma rays could easily reach the HPGe detector, a vertical probe which
* Work done under IAEA Research Contract No. EGY/4859.
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TABLE I. COMPARISON BETWEEN SOME RESULTS FROM PGNAA,
DGNAAa AND XRF FOR COAL ORE ASH (IN WEIGHT %)
Element

PGNAA

DGNAA

XRF'

Titanium

0.1743

0.1730

0.1

Silicon

3.3219

3.253

—

Aluminium

2.014

1.972

—

Iron

3.74

3.5

“ DGNAA: decay gamma ray neutron activation analysis.

was positioned in a shielded place underneath the assembly. The detector was
associated with a computerized data acquisition system to collect and store gamma
ray spectra. A few hundred kilograms of coal ore supplied by an Egyptian factory
were used to operate the assembly.
A detailed qualitative and quantitative study of the ore matrix was carried out
applying nuclear mass fraction and mass ratio methods. Use was made of a method
to add quantities of metallic iron within the ore (in several steps up to 40 kg) in order
to calibrate the system’s geometrical and nuclear constants. This method offered an
intelligent way of carrying out the quantitative analysis of ore ash content. Compari
son of some data was made with those obtained in conventional neutron activation
by reactor neutrons using a rapid pneumatic transfer system, and also by the X ray
fluorescence (XRF) technique, as shown in Table I.
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Abstract
ISOTOPE HYDROGEOCHEMICAL SCENARIO OF WATERLOGGED SOILS IN THE
PESHAWAR VALLEY, PAKISTAN.
The paper presents a critical evaluation of the salinity and waterlogging problem in the
Peshawar Valley, Pakistan, using isotope hydrogeochemical signatures. Water samples
collected from recharge sources, dug wells and energized pumping wells were analysed for
¿>2H, 6 180 , á l3C, 3H and l4C total dissolved inorganic carbon (TDIC). Aqueous sulphate
from surface/ground water samples and soluble as well as adsorbed sulphate extracted from
soil cores were analysed for ¿ MS. The available isotopic data show that local precipitation is
the single source of recharge to the artesian aquifer, whereas precipitation as well as signifi
cant amounts of irrigation canal water are responsible for recharge and waterlogging in the
shingle clayey layers of the unconfmed aquifer. In some parts of the valley, waterlogging is
observed due to the upward leakage of artesian water through the screens of pumping wells
penetrating the artesian aquifer. In general, groundwater in the valley represents recharge
after atmospheric nuclear testing in 1952. The sulphur isotope geochemical profiles of
saline/waterlogged soils indicate significant biological reduction of sulphate in the regime of
severe waterlogging. The chemical quality of shallow groundwater is quite poor as compared

* Present address: Umwelt Forschungszentrum Leipzig, Halle, Germany.
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with that for irrigation canals and deep/artesian groundwater. The higher salinity levels of
shallow groundwater are attributed to the chemical reactions between recharging water and
the soil sediments, soil evaporation/evapotranspiration, use of fertilizers and the use of sodium
chloride as a bacterial disinfectant in dug wells. Some remedial measures are suggested to
overcome the problem of waterlogging and salinity.

1.

INTRODUCTION

Peshawar Valley, with a total area of 922 km2, is situated in the North
Western Frontier Province of Pakistan. The valley forms part of the Kabul River
basin. The history of canal irrigation in the valley dates back some three hundred
years. The establishment of a regulated canal network from Warsak Dam between
1893 and 1970 to irrigate about 782 km2 of the cultivable area resulted in a rise in
the water table within a metre or so of the general land surface in many parts of the
valley, along with the development of soil salinity. According to a survey by the
Water and Power Development Authority (WAPDA), the water table was rising by
1.5-2.5 m per year adjacent to the Warsak canal system. Nearly 10% (91 km2) of
the area was affected by salinity, of which 4.1% was severely saline [1].
The waterlogging and salinity considerably retarded crop growth in the valley.
As a remedial measure, WAPDA initiated the Salinity Control and Reclamation
Project (SCARP) in 1972 and installed more than two hundred pumping wells and
a number of dug wells during the period 1972-1980 to withdraw groundwater con
tinuously from depths of 15-60 m in order to lower the water table. Of these, some
wells are flowing under artesian conditions. Although the surface salts are washed
down in most of the area owing to recycling of canal fed irrigation water, the SCARP
programme, in general, has not yet resulted in a permanent solution to the problem.
A number of dug wells in the Peshawar Valley still show the water table to be about
1-2 m below the general land surface and salts reappear on the surface in the early
winter season.
During the period from 1981 to 1986, environmental isotope ( 180 , 2H, 13C,
34S, 3H and 14C) and hydrochemical (pH, electrical conductivity and major ion
chemistry) analyses of precipitation, surface/subsurface water and soil samples were
used to develop a post-SCARP groundwater scenario in the valley to help conserva
tion of the agricultural environment. All stable isotope data are expressed in delta
per mille (<57 00) notation relative to international standards, namely standard mean
ocean water (SMOW) (for oxygen/hydrogen isotope analysis) and Canyon Diablo
Troilite (CDT) (for sulphur isotope analysis). 3H data are expressed in conventional
tritium units (TU) and 14C data in per cent modem carbon (pmc). Details of the
sampling methodology and analytical procedures are given elsewhere [2, 3]. These
analyses are used to determine the: (a) isotope input functions of groundwater
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recharge sources; (b) spatial distribution of environmental isotopes in groundwater
for evaluation of the extent of mixed water in the valley; (c) potential recharge source
for the shallow unconfined aquifer and the artesian aquifer; and (d) chemical quality
of shallow groundwater. The analyses will also be used to provide suggestions to
control waterlogging and salinity based on isotopic signatures. This paper presents
details of these investigations.

2.

DESCRIPTION OF THE PROJECT AREA

The Peshawar Valley has a subtropical and semi-arid climate. The average
annual precipitation amounts to about 380 mm. The bordering mountains consist of
sedimentary and metamorphic rocks ranging in age from Precambrian to Tertiary.
The extension of these mountains forms the bedrock under the alluvial deposits of
Quaternary age. The land altitude varies from 290 to 442 m above mean sea level,
with a general slope of 3 m/km towards the northeast.
The geological formations in the Peshawar Valley contain extensive clayey
deposits with shingle beds, silt and clayey stratifications (average porosity
~42.4%). Groundwater mainly occurs under water table conditions as well as arte
sian conditions. The rocks in the west, southwest and south form the impermeable
boundary of the groundwater reservoir. The general movement of the groundwater
is from the southwest towards the Kabul River. The extent of artesian zones is not
yet defined and it appears to extend from the Khyber Hills towards the city of
Peshawar, where it has been observed at shallow depths of about 15 m [1]. A large
network of artificial and natural drainage systems exists in the area to accommodate
surface runoff during the rainy season (Fig. 1).

3.

RESULTS AND DISCUSSION

3.1. Isotope input functions o f recharge sources

3.1.1.

Precipitation

The parameters of the local meteoric water line (LMWL) and the stable isotope
input functions of precipitation were calculated from the mean monthly weighted
ô180 and ô2H data of precipitation events in the valley for the period 1981-1986
[4]. The regression equation for the LMWL (cf. Fig. 3) is as follows:
02H = (6.75 ± 0.46) ô180 + (7.60 ± 2.92)
(n = 16, coefficient correlation: 0.96)

о
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The total weighted annual mean isotope input functions of precipitation
(.P > 20 mm) are:
0 180 = —5.77oo,

02H = -3 0 .8 7 oo,
ô3H = 36 ± 10 TU (for precipitation in 1981)
Similar values have been derived for Peshawar Valley from precipitation data
of the adjacent Mardan Valley [5].
3.1.2.

Surface water (irrigation canal water)
The measured isotopic variations of Kabul River canal water are:
0180 = -1 3 .2 to -10.9°/oo,
02H = -8 9 to - 7 2 7 00,
3H = 76 to 24 ± 14 TU

The stable isotope contents of surface water are significantly depleted as compared
with the local precipitation because these waters originate from snowmelt areas in
Afghanistan. The most depleted values occur during the summer (July to Septem
ber), which is the period of significant snowmelt. In the absence of enough available
isotopic data for canal samples, the following average stable isotope input functions
of canal water were evaluated by taking into account the average isotopic composi
tion of pumping wells mainly influenced by the Kabul River Canal and Budni Canal,
very near to the Warsak Headworks:
0 180 = -11.4°/oo,
6 2H = - 7 17 00,

3H = 55 ± 10 TU
The average isotope composition of ô34S in the aqueous sulphate of irrigation canal
water is +3.2 7 00.
3.2. Isotopic composition o f groundwater

3.2.1.

Oxygen-18 and deuterium

The 180 content has variations in the range of -1 2 to -5 .2 700, whereas the
2H content has variations in the range of —80 to —307oo. The pumping wells (deep
water) have a major peak around 0 180 = —7 7 00, while the dug wells (shallow
water) are around —10.57oo (Fig. 2). Significantly depleted isotopic values ranging
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6180 (%o SMOW)

FIG. 2. Frequency histograms o f ls0 in (a) shallow and (b) deep groundwater (Peshawar
Valley) (SMOW: standard mean ocean water).

between —6 and —12700 for 180 and —78 and —407oo for 2H are observed in
areas influenced by irrigation canals (mostly in the western/northwestern part of the
SCARP area) and in the flood plain of the Kabul River, thereby indicating major
recharge from the river/canal system. The most enriched isotopic values with a mean
<5180 value of - 5 .6 7 00 and a mean <52H value of —33 7 00 are found in Peshawar
City and in cantonment areas. These isotopic compositions are identical to those of
precipitation in the Peshawar Valley (cf. Section 3.1). Nevertheless, some dug wells
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in the Peshawar City area along the Hazara Khani Branch (canal) show waters which
are depleted by about 2°/00 in 180 more than the local precipitation and the water
from pumping wells. This depletion is due to the fact that irrigation canals are not
properly lined in the city area and leakage from canals has contributed to the shallow
groundwater in the city as well. The <5l80 versus ô2H plot of surface and ground
water presents an overall view of the extent of mixed water in the Peshawar SCARP
area owing to leakage from irrigation canals and conjunctive use of surface and
groundwater (Fig. 3).
3 .2 .2 .

Sulphur-34

The 34S composition of aqueous sulphate indicates isotopically distinct
sources of sulphate in the groundwater system of the Peshawar Valley.
Wells tapping a confined artesian aquifer (with ô180 around -6 .5 °/00) have
very depleted ô34S values, in the range of - 7 .0 to -0 .1 °/oo (Fig. 4). The primary
sources of aqueous sulphate in the confined aquifer are believed to be precipitation
on nearby hills and sulphur minerals in the adjacent rocks. The artesian water might
have received sulphate presumably derived from dissolution and/or oxidation of iso
topically depleted sulphur minerals at the time of recharge or along its flow path.

. 1 0 0 1___ J___________ I_______ I_______ I_______ I_______ I_______ I_______ I_______ I_________I
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6180 (%o)

FIG. 3. Oxygen-18 versus deuterium correlation o f surface water and groundwater
(Peshawar Valley) (GMWL: global meteoric water line; LMWL: local meteoric water line;
SD: standard deviation).
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FIG. 4. Frequency histograms o f 34S in (a) shallow and (b) deep groundwater (Peshawar
Valley) (CDT: Canyon Diablo Troilite).

Sulphate produced by oxidation of pyrite at near neutral pH has been found to be
depleted up to 6°/00 more in 34S than the sulphide mineral itself, depending upon
the chemistry of the oxidation environments [6 ].
Wells tapping the unconfmed aquifer have positive ô34S values in the range of
2-7°/oo (Fig. 4). The primary sources of aqueous sulphate in the unconfined aquifer
are believed to be local precipitation and sedimentary sulphate derived from weather
ing and subsequent sediment erosion from rocks bordering the SCARP area. The
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secondary sources of aqueous sulphate are irrigation canal water and fertilizer sul
phate. Except irrigation canal water (<534S = + 3.2 700), 34S data for all other
sources are not available. It is speculated that enrichment in the 34S0 4 values of
aqueous sulphate from primary sources is enhanced by the addition of sulphate from
secondary sources, as well as through bacterial reduction of aqueous sulphate, which
is very common to waterlogged areas. This possibility is verified from the 34S con
tent of soluble as well as adsorbed sulphate from soil cores in the waterlogged and
saline zones of the Peshawar SCARP (Fig. 5).
Worthy of note is the difference between the ô34S of sulphate extracted from
soil core No. 5 and cores 10 and 20. Soil core No. 5 shows ô34S values depleted
with respect to those for irrigation canal water. This is probably due to the fact that
this soil zone is receiving water as a result of the upward leakage of the artesian
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aquifer and through irrigation practices using water from the close-by flowing arte
sian well No. 45 (which pumps waters with aqueous sulphate depleted in 34S). A
similar situation is observed in some parts of the Pabbi zone in the flood plain of
the Kabul River. Additional depletion may have been caused by the sulphate input
of domestic wastewater from the adjacent village. The other two cores are taken from
areas which are not polluted with domestic wastes.
3.2.3.

Tritium a n d carbon-14

Tritium in groundwater has variations from 0 to 150 TU and a crowding
around three major peaks, at 30, 55 and 70 TU. A significant drop in the tritium
content occurs for areas away from the irrigation canals in the northeastern side of
the valley. A few wells also indicate dead water with respect to tritium. In general,
the groundwater in the valley represents recharge after atmospheric nuclear testing
in 1952. This is also supplemented by high 14C activities (71-172 pmc) found in
shallow groundwater. On the basis of the b 13C of total dissolved inorganic carbon
(TDIC), the irrigation canal water (59 pmc) is found to be contaminated with car
bonate from the river bed.
3.3. Relevant contribution from various recharge sources

Figure 6 shows the normal cumulative probability plot for the mean 180 con
tent of shallow dug wells and the energized pumping wells in the SCARP area. These
trends indicate recharge sources for the unconfined and confined artesian aquifers.
Trend 1 has a middle value at ô180 = —5.3700, which is close to the isotopic
index of local precipitation (ô,80 = -5 .6 °/ 0o). Sampling wells lying on this line
belong mostly to Peshawar City and the cantonment area. These wells have their
filters installed entirely in the artesian aquifer (3H ~ 90 ± 14 TU) and/or in por
tions of the unconfmed aquifer still not exposed to canal irrigation water
(3H < 10 TU). This shows that the artesian aquifer under the Peshawar City area
is entirely recharged by precipitation on the foothills of surrounding mountains.
Also, these wells in Peshawar City have characteristic negative values for the 034S
of aqueous sulphate, in contrast to the positive values of <534S for SCARP areas
irrigated by canal water.
Trends 2 and 3 represent various degrees of mixing between water from irriga
tion canals, the unconfined aquifer and the artesian aquifer. Because screens for the
pumping wells are installed at different depths, they tap variable proportions of the
shallow confined aquifer and, in some cases, the artesian aquifer as well. Still, in
some cases, the canal also becomes a source of recharge to the shallow pumping
wells under continuous operating conditions. Therefore, waters discharging from
such wells have isotopic compositions which depend upon the degree of mixing
between subsurface water from the pre-canal irrigation water table (<5180 = —6.4
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FIG. 6. Normal probability plot o f ,80 in groundwater (Peshawar Valley).

to - 6 . 8 °/o0) in the unconfined aquifer, artesian water (<$180 = - 5 .7 7 00) and
water that seeped from the canals (¿>180 = -1 1 to 13700) either directly or under
induced infiltration conditions due to suction by energized pumping wells.
Trend 2 has a mean ¿>180 value of —6.3°/00. Sampling wells on this line
belong to two groups. One group with negative ô34S values of aqueous sulphate per
tains to artesian pumping wells and the unconfined zones affected by the upward
leakage of artesian water in Peshawar City and the flood plain of the Kabul River
in the northeast of the project area (Pabbi zone). Two flowing artesian wells (Nos
P-45 and P - lll) in this group have a mean ô180 value of -6 .2 °/00. As these wells
are also energized and located close to the unlined portions of irrigation canals, they
partly tap the isotopically depleted irrigation canal water as well. The other group
of waters with positive ô34S values of aqueous sulphate is from samples located
around Peshawar City and along the Kabul River Canal in the Kafur Dheri area,
which tap the pre-irrigation water table. Trend 3 represents extensive mixing
between the canal system and the pumping wells tapping the unconfmed aquifer.
Trend 4 has a central value at <5l80 = —I1.6°/Oo, identical to the isotopic
index of canals ( —11.4700). Sampling points on this line represent areas which are
recharged exclusively by the canal system.
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CHEMICAL QUALITY OF SURFACE AND SUBSURFACE WATERS

The pH value of surface water is higher than that of subsurface water by about
0.4 to 1.4 pH units. The pH of most subsurface water is around 7.5. The upstream
electrical conductivity of irrigation canal water is low (171-400 /¿mhos/cm) and
increases downstream by a factor of about 1.5-2 for the Kabul River Canal near
Peshawar City and by a factor of about 2.5-4 at the end of Jue-Zardad (a branch
of the Budni Canal). This increase is due to the input of domestic wastewater into
the canals. Significantly high electrical conductivity (900-3000 /unhos/cm) is seen
in shallow groundwater (dug wells) as compared with the deep groundwater of the
unconfined aquifer and the artesian water (450-1000 ^mhos/cm). Sulphate, bicar
bonate and chloride are recognized as major anions, whereas sodium, calcium and
magnesium are found to be the major cations in groundwater of the valley. Irrigation
canal water has low concentrations of these ions with regard to groundwater. The
higher salinity levels of shallow groundwater are attributed to the chemical reactions
between recharging water and soil sediments, soil evaporation, the use of fertilizers
(gypsum, etc.), and the use of sodium chloride as a bacterial disinfectant in dug
wells.
The present water quality survey indicates that by the conjunctive use of sur
face and groundwater, the SCARP programme has' mostly overcome the problem of
salinization of the groundwater because the electrical conductivity values for
the shallow groundwater (dug wells) are within the marginal limits
(1500-3000 /xmhos/cm) and for the deep groundwater (pumping wells) are within
the usable limits (0-1500 /¿mhos/cm) for agricultural purposes. However, most of
the shallow groundwater is not yet suitable for drinking.
5.

CONCLUSIONS AND RECOMMENDATIONS

The isotope hydrogeochemical scenario of surface and groundwater in the
Peshawar Valley shows that significant pumping of the unconfined aquifer has
caused induced infiltration from unlined irrigation canals. There is also concern
about the rise of the water table in the unconfined aquifer owing to upward leakage
through the screens of artesian pumping wells. The pumping location of some wells
is also questionable.
The low as well as high random distribution of various isotope contents in the
unconfined aquifer indicate that the shallow groundwater regime in the reservoir is
disturbed owing to the continuous pumping operation and the conjunctive use of sur
face water and groundwater.
Strong biological reduction of sulphate occurs in waterlogged soils. The chem
ical quality of shallow groundwater is quite poor as compared with irrigation canals
and deep groundwater. The groundwater system contains water mostly recharged
after 1952.
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Present studies show that WAPDA has given major emphasis to the physical
hydrology of the Kabul River basin and the conjunctive use of surface water and
groundwater for agricultural purposes. No particular attempt was made to look at
the long term consequences for waterlogging of the extensive pumping of the uncon
fined and artesian aquifer and unlined canal irrigation practices. It is suggested that
the problem of waterlogging and salinization can be overcome by: (a) proper lining
of the irrigation channels to avoid seepage directly or under induced infiltration con
ditions; (b) readjusting the delta’s farm irrigation practices to reduce the recharge
from farm irrigation; and (c) abandoning artesian pumping wells to avoid upward
leakage from the artesian aquifer.
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Abstract
PESTICIDE RESIDUES IN TROPICAL COASTAL LAGOONS: USE OF l4C
LABELLED COMPOUNDS TO STUDY THE CYCLING AND FATE OF
AGROCHEMICALS.
Organophosphorus and organochlorine pesticide residues present in tropical coastal
lagoons originate from the use of agrochemicals in the surrounding fields. A study of the early
stages in the cycling and fate of chlorpyrifos, parathion and DDT in this type of ecosystem
was conducted using 14C labelled compounds in microcosm and large outdoor tank
experiments. Organophosphates in water were shown to be degraded by chemical hydrolysis
and microbial action. The effect of temperature was investigated and it was found that
increased temperature enhanced the degradation rates of these compounds. However, the rapid
association of pesticides with sediments increased their persistence in the aquatic environment.
Microbial biomass associated with the sediments contributed significantly to the degradation
of these compounds, but the action of microbes did not compensate for the increase in pesticide
persistence afforded by sorption to sediment. Preliminary results from outdoor tank
experiments indicate that sediment associated pesticides remain biologically available at least
partially to tropical benthic organisms.

1.

INTRODUCTION

The widespread use of chemicals to control pests in agriculture has become a
worldwide practice resulting in many economic benefits. However, because of
potential problems of pollution, the environmental fate of agrochemical residues is
currently a matter of increasing concern. In the aquatic environment, in particular,
harmful effects related to the presence of pesticide residues have been observed [1].
The use of pesticides is especially intensive in tropical regions and, through land
drainage, these substances reach coastal lagoons and adjacent marine waters.
Tropical coastal lagoons are highly productive ecosystems offering optimal
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conditions for intensive aquaculture activities. This is, for instance, the case for
many tropical coastal lagoons of Mexico, in which shrimp and oyster farming
activities already represent an important economic asset. However, these tropical
lagoons are also the recipient of land drainage from agricultural fields where
horticulture and sugar cane production are of primary economic importance. The
promising future of aquaculture relies upon the maintenance of the tropical lagoon
ecosystems which requires the implementation of management practices linking the
interests of both agriculture and aquaculture.
Mexico is one of the developing countries which is greatly concerned with the
management of its tropical coastal lagoon ecosystems. However, sound management
of these systems requires a better understanding of the behaviour and fate of pesti
cides. In conjunction with the Universidad Nacional Autónoma de Mexico (UNAM),
we have been conducting research both through field studies of existing pesticide
residue distributions and by the use of 14C labelled pesticides in experimental
systems.
From field studies in the Altata-El Pabellón lagoon system on the Pacific coast
of Mexico, combined with a survey of agrochemical usage in the area, quantities of
the major agrochemicals entering the drainage basin of this lagoon are now
known [2]. It was found that over the last few years a considerable change had
occurred in the use of agrochemicals. With the notable exception of endosulfan,
classical organochlorine pesticides, such as DDT and the ‘drins’ are now rarely used,
whereas certain organophosphorus and carbamate compounds have become the most
commonly applied agrochemicals in the region. The analytical results from samples
collected in the lagoon have provided crucial information on the pesticides reaching
the aquatic environment. In sediment and biota collected in 1989, DDT residues and
the ‘drins’ were present at relatively low levels, and DDT was dominated by its
metabolites (DDD and DDE), suggesting decreased usage. Endosulfan was also
detected in the lagoon sediments. Of the organophosphorus pesticides detected,
chlorpyrifos exhibited the most widespread distribution. Moreover, chlorpyrifos
concentrations in the lagoon system were found to be related to discharges into the
lagoon from surrounding horticultural areas [2 ].
On the basis of experimental evidence obtained under conditions that apply
mainly to temperate regions, organophosphorus pesticides are generally thought to
display much shorter environmental half-lives than organochlorine compounds.
Furthermore, organophosphates seem to hydrolyse rapidly in aqueous solu
tion [3, 4]. In contrast, little is known about the behaviour of these compounds in
tropical aquatic environments. Therefore, studies on the cycling and persistence of
compounds, such as chlorpyrifos, parathion and DDT, using 14C labelled
compounds, were undertaken at the IAEA-Marine Environment Laboratory
(IAEA-MEL) and at the UNAM laboratory in Mazatlán, Mexico. Preliminary results
are reported here from radiotracer studies which focused on the first stages of
dispersal and degradation of these pesticides in the aquatic ecosystem.
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MATERIALS AND METHODS

The following 14C labelled pesticides were used: chlorpyrifos (0,0-di[ l- 14C]-ethyl 0-3,5,6-trichloro-2-pyridyl phosphorothioate), 1.09 MBq/mg specific
activity; parathion (O.O-diethyl 0-p-nitro-[ring-U-14C]-phenyl phosphorothioate),
3.57 MBq/mg; and DDT (l,l,l-trichloro-2,2-bis(p-chloro-[ring-U- 14C]-phenyl)
ethane ), 3.16 MBq/mg (IZINTA, Budapest). The chemical purity of the pesticides
was checked by thin layer chromatography and was found to be better than 95 %.
Diluted solutions for use in the experiments were prepared in appropriate solvents.

2.1. Degradation experiments

Microcosm experiments were carried out at the IAEA-MEL, at 15 and 32°C,
temperatures which match the minimum and maximum temperatures that have been
measured in these tropical lagoons. Pesticide degradation in sterile sea water was
followed for 5.5 months at 15°C and for one to two months at 32°C. To ensure
abiotic conditions, the sea water was filtered through 0.2 /¿m Nuclepore filters,
spiked with the radiolabelled pesticide and dispensed into sterile Pyrex glass culture
tubes contained in a laminar fume hood. Different tubes were opened over time and
sterility was rigorously controlled throughout the experiment. A dark control was
also run at 15°C.
Experiments on pesticide degradation under biotic conditions and sediment
water partitioning were carried out in Pyrex glass bottles in a thermally controlled
orbital shaker.

2.2. Tank experiments

Experiments in large outdoor tanks which better simulate the ambient environ
mental conditions of the tropical coastal lagoons were initiated in November 1991
in the Mazatlán Laboratory of UNAM (State of Sinaloa), close to the lagoon system
of interest. One of these tanks, built of concrete, contained about 800 kg of sieved
sediment from the lagoon. It was divided into six large compartments by vertical
glass walls each containing 400 L of water 80 cm deep and a bottom sediment layer.
Aquatic organisms used as test animals were transplanted from the lagoons to the
tanks and included oysters, clams, mussel clumps attached to mangrove roots,
shrimp and fish. These large tanks were exposed to natural fluctuations of tempera
ture, wind and attenuated sunlight. Under these conditions it was possible to simulate
the introduction of pesticide residues into the lagoons and to follow, at sublethal
concentrations, the uptake kinetics and partitioning of the chemicals among the
different components of the system.
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2.3. Radioanalyses

Analyses to determine pesticide distribution were made in water, sediment and
tissue samples. Biological tissues were taken after pooling several individuals of
similar size in order to obtain a more representative sample. Tissues were
homogenized with an Ultra-Turrax (Janke & Kunkel) tissue homogenizer and a
100-200 mg aliquot of the homogenate was extracted twice with 2 mL acetonitrile
in an ultrasound bath for 10 min (Bransonic, 50 MHz) and then centrifuged. The
supernatant from both extractions was added to 16 mL of 0.2 /xm filtered sea water
and the pesticide back-extracted twice with 2 mL of hexane. The hexane extract was
transferred into a liquid scintillation vial and mixed with a scintillation cocktail. Two
millilitres of tissue solubilizer (Soluene 350, Packard) were added to the centrifuge
tube containing the solid debris. Solubilization of the tissue pellet was accelerated
by heating in an oven at 60°С for a few hours. The resulting solution was then
transferred to a vial and mixed with the scintillation cocktail in order to measure the
unextractable pesticide residues.
Sediment samples were analysed using a similar procedure. Tests which were
run to check the efficiency of these techniques proved that extraction of pesticide
freshly added to sea water was better than 98% and highly reproducible. Additional
extractions did not significantly improve pesticide recovery. Pesticide extraction
from sediments, following the procedure described above, gave recovery yields
better than 95 ± 3%, and with two additional extractions, only 1-1.5% more
pesticide was recovered.
The main advantage of these analytical procedures adapted for small size
samples is the ease of direct incorporation of the extracts into 10 mL of liquid
scintillation cocktail. The 14C detection efficiency was computed for each sample
by the external standard source method and through the use of ‘quenching’ curves
prepared for the same reagents and sample types. Radioanalytical measurements
were performed with a liquid scintillation spectrometer (TRICARB, Packard), using
standard techniques.

2.4. Chromatography

Thin layer chromatography (TLC) on silica gel plates (Beckman, LHP-K)
provided information on the nature of the materials being separated. From the
aqueous-acetonitrile mixture, hexane selectively extracts the parent compound, and
the polar residues remain in the aqueous phase. Pesticide degradation products,
produced by UV irradiation, as well as non-labelled pesticide standards, were used
for comparison with extracts from the samples. In all cases, on TLC plates after
development with hexane-acetonitrile ( 10 : 1), the degradation products display
different Rf values.
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3.

RESULTS AND DISCUSSION

3.1. Persistence in water

The persistence of pesticides under abiotic conditions at 15 and 32° С is shown
in Fig.l. At 15°C, chlorpyrifos decomposes relatively quickly (Ti/2 = 40 d) in sea
water compared with parathion (TU2 = 394 d) and DDT (Ti/2 = 518 d). For both
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FIG. L (a)-(c) Persistence o f pesticides in different water types under abiotic conditions and
at different temperatures. The pesticide concentration in water as a function o f time is given
in per cent o f time zero concentration (sea water (SW) is from the Mediterranean Sea o ff
Monaco (38%); fresh water (FW) is from the Var River, south o f France; brackish water (BW)
is a mixture o f both to give 19°/00 salinity; D: dark; L: light).

TABLE I. REGRESSION PARAMETERS3 OF THE FIRST ORDER DEGRADATION OF
PESTICIDES IN ABIOTIC CONDITIONS
(n: num ber o f values, a: constant term ; Kj : regression coefficient; r 2: correlation; T m : half-life
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FIG. 2. (a)-(с) Persistence o f pesticides at 32 °C in different water types under biotic
conditions (the water types are the same as those in Fig. 1).

organophosphate pesticides no significant differences were found between
degradation in bottles exposed to light and those kept in the dark. This indicates that
photolysis plays a minor role in the breakdown of these compounds in comparison
with chemical hydrolysis (Table I).
Temperature seems to be a more important factor in the degradation of the
organophosphorus compounds. For example, in sterile sea water under fluorescent
light, chlorpyrifos undergoes degradation about five times faster at 32°C (TV2 =
8 d) than at 15°C (Tm = 40 d) (Fig. 1(a)). Similarly, parathion degrades about
seven times faster at 32°C (Ti/2 = 53 d) than at 15°C (TV2 = 394 d). In spite of
its greater stability, DDT also decomposes slightly faster at 32°C than at 15°C
(Fig. 1).

TABLE II. REGRESSION PARAMETERS OF PESTICIDE DEGRADATION UNDER BIOTIC CONDITIONS AT 32°C
UNDER LIGHT
(experimental data, in per cent o f the initial concentration as a Junction o f time, are fitted to a two compartment model. The symbols
are as in Table I.)
Brackish water

Sea water

n

a

-0 .2 2

0.99

3.2

6

4.08

2.36

-0 .0 0 7 4

0.86

93

3

6

3.74

-0 .0 2 7

0.97

26

89

3

3.98

-0 .0 0 8

0.99

130

9

4.60

-0.0038

0.88

n

a

AT,

-0 .5 1

0.98

1.4

4

4.48

2.66

-0.0073

0.99

95

5

6

4.02

-0 .0 7 8

0.98

9

3

3.86

-0.0078

0.98

8

4.22

-0.0053

0.24

к1

Chlorpyrifos I.

4

4.58

II.

5

Parathion I.
II.

a Initial phase of the curve, days 0-60.
b Second phase, from day 60 onwards.

AT,

r2

T\n

-0.071

0.98

10

3.44

-0.0098

0.99

70

7

4.59

-0 .0 1 5

0.99

46a

87

3

5.69

-0 .0 3 9

0.94

18b

184

9

4.52

-0.0012

0.25
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Tu 2

a

DDT I.

r2

r2

n

Fresh water

IAEA-SM-325/106

645

Under abiotic conditions, different salt and OH“ concentrations have a
measurable effect on the persistence of both organophosphates. A significant
increase in the persistence of parathion is noted moving from freshwater to sea water
(32-53 d), and a similar trend was evident for chlorpyrifos (5-8 d). The persistence
of DDT appears to be unaffected by different salt concentrations (Fig. 1(c) and
Table I).
Tests under sterile conditions are useful as a means to account for the relative
importance of physicochemical parameters in the degradation of the xenobiotic
compounds. However, such conditions rarely exist in nature where the presence of
biotic components alters the fate of these compounds. The role of microbes is
frequently invoked in this respect, and generally it is found that the persistence of
xenobiotic compounds is reduced by microbial action [5, 6 ].
The results from a study on pesticide persistence under biotic conditions are
given in Fig. 2 and Table II. The water types used were filtered through 7 ¿¿m
Nuclepore membrane filters to remove large phytoplanktonic cells and debris, but
to allow the passage of bacteria, picoplankton and small inorganic particles in the
water.
If first order kinetics is assumed for the disappearance of the compounds and
the computation of degradation rates is based on the observations made during the
initial 15 d period, the resultant half-lives are shorter than under abiotic conditions.
For instance, in this case the half-lives of chlorpyrifos and parathion in sea water
would be reduced from 8 and 53 d under abiotic conditions to 2.7 and 25 d,
respectively. The degradation rates observed, which are two to three times faster
than in sterile sea water, are usually interpreted as being due to bacterial
metabolism [6 , 7]. However, the experimental results obtained from measurements
made over a five month period (Fig. 2) better fit a two compartment model. These
results indicate that organophosphorus pesticides dissolved in water do not undergo
degradation at a single exponential rate. In the three biotic water types tested, only
a fraction (59-89%) of the dissolved chlorpyrifos was degraded at a rapid rate
(Tin = 1.3-10 d), which varied with the water type (Fig.2(a)). A significant
fraction (11-31 %) of the dissolved chlorpyrifos persisted much longer in water with
half-lives ranging from 70 to 93 d.
Similar kinetics were observed for parathion in sea water and brackish water
(Fig. 2(b)). Results from the fit to the two compartment model (Table II) indicate
that degradation of 53% of parathion in sea water and 47% in brackish water
occurred at higher rates than in abiotic experiments and resulted in persistence
half-lives of 9 d and 26 d, respectively. In fresh water, the half-life of parathion
during the initial two months was 46 d, comparable with or slightly longer than that
under abiotic conditions. A drastic change in the degradation rate occurred from
day 60 onwards, suggesting the development of bacteria better able to degrade
parathion. The half-life (18 d) for the period between 2 and 5 months corresponds
to roughly one half that measured in sterile fresh water.
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With DDT, no enhancements in degradation rates were observed in the three
treatments (Fig. 2(c)). DDT half-lives were in fact longer than those observed under
abiotic conditions, particularly in fresh water, suggesting that the bacterial
assemblages present in these waters did not include DDT degraders.
It is interesting to note that the two main differences between the pesticide
persistence curves derived for abiotic and biotic conditions are that the:
(1)

(2)

Degradation of the compounds follows first order kinetics in abiotic waters
(with no bacteria and no particles present), whereas it is not a first order
process in biotic waters (with bacteria and suspended particles);
Presence of bacteria accelerates the degradation of the organophosphates, as
frequently reported, but not all of the initially dissolved compound seems
available for degradation. These results further suggest that under biotic
conditions, the persistence of the compound can even be increased compared
with sterile conditions.

3.2. Persistence in w ater-sedim ent systems

Partitioning between water and suspended plus bottom sediments dictates the
transport and fate of pesticides in the aquatic environment and it is known to vary
strongly according to the water solubility of the compounds and the organic carbon
content of the sediments [8 ]. In laboratory batch experiments, adsorption of
chlorpyrifos, parathion and DDT onto fine sediments reaches a steady state within
a few hours (Fig. 3(a)). In the case of DDT, the pesticide initially dissolved in the
water phase is strongly depleted and, at sorption equilibrium, its concentration in
water represents only a few per cent of the initial concentration. Owing to a lower
affinity for sorption to particles, the fraction of chlorpyrifos and parathion remaining
in the water phase at equilibrium can represent as much as 40-60% of the initial
concentration (Fig. 3(a)). However, the partition coefficient, Kp, of the pesticide is
not a constant for each compound. Figure 3(b) shows how Kp is affected by
increased sediment loads in a constant water volume. Results suggest that an
increased ‘dissolved’ organic fraction, originating from the sediment, controls the
partition of pesticides between the water and sediment phases. Therefore, sorption
on sediments is most likely a function of the amount of dissolved organics present
in the overlying water as well as the carbon content of sediment [9].
The rapid association of pesticides with sediments affects their fate and
persistence in the aquatic environment. We tested the effect of sediment sorption on
the persistence of these compounds by an experiment using silty sediment in 0.2 цm
filtered sea water. To assess the role of sediment associated bacteria in the
degradation of the pesticides, controls were run after treatment of the sediment with
formalin. It is fairly well known that the bacterial biomass is generally much higher
in sediments than in water. For example, bacterial concentrations in estuarine
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FIG. 3. Pesticide association with marine sediments, (a) Carbon-14 labelled pesticides
remaining in the aqueous phase o f a water-sediment system at 32 °C with continuous shaking.
Sediment was a mud from the Mediterranean Sea containing 8.1% sand, 79.4% silt, 12.5%
clay and 0.69% organic carbon (dry weight). The sediment load was 7 mg/L. (b) Partition
coefficients (K^J as a function o f sediment load. Kp is defined as the ratio between the
pesticide concentration in sediment (Bq/kg dry) and the concentration in water (Bq/L).
Measurements were made after 15 h equilibration time. The sediment characteristics are
as in (a).

sediments have been reported to be 102- 104 times higher than in the overlying
water column [10]. For many xenobiotic compounds, increased degradation has been
reported in sediments in comparison with degradation rates in water [ 11].
Throughout the experiment, the analysis of the seawater phase indicated that
degradation of the dissolved fraction of pesticides occurred at rates similar to those
determined under biotic conditions in water (Tables II and Ш). Furthermore, no
significant differences were noted in aqueous pesticide concentrations between the
bottles containing treated and untreated sediments (Table Ш). However, the half-life

2

00

TABLE III. REGRESSION PARAMETERS OF THE DEGRADATION OF PESTICIDES IN WATER-SEDIMENT SYSTEMS AT
32 °C UNDER LIGHT IN AN ORBITAL SHAKER
(symbols are as in Table I; F; treated with formaldehyde; U: without formaldehyde and with active bacteria)
Water (interstitial plus
overlying water)

Sediment

a

Tm

n

r2

Tm

Chlorpyrifos [U\

9

4.48

-0 .0 0 4 2

0.98

162

6

4.37

-0 .5 1

0.98

1.3

[FI

10

4.52

-0.0023

0.90

301

5

4.33

-0 .6 3

0.94

1.9

Parathion [£/]

8

4.39

-0.0053

0.78

131

6

4.14

- 0 .0 7

0.94

10

IF]

9

4.52

-0.0013

0.64

522

6

3.80

-0 .0 5

0.85

14

DDT [U]

9

4.51

-0.00046

0.23

1.5 x l O 3

9

4.12

-0 .0 0 3 9

0.44

179

[Fi

9

4.51

-0.00045

0.48

1.5 x l O 3

9

3.99

-0 .0 0 3 6

0.56

194

CARVALHO et al.

n

IAEA-SM-325/106

60

649

90

Time (d)

FIG. 4. (a)-(c) Persistence o f extractable pesticides in sediment as a function o f time
(f: sediment previously trated with formalin during 48 h, followed by a thorough rinse with
sterile sea water to ensure the removal o f any excess formalin; u: untreated sediment contain
ing the natural population o f viable bacteria).

of the sediment associated pesticide was found to be completely different between
the two treatments (Fig. 4). Chlorpyrifos sorbed by untreated sediment degraded
much more slowly (Г1/2 = 162 d) than in the overlying waters (Tm = 2 d).
Previous studies on chlorpyrifos have reported shorter half-lives (24 d) in estuarine
water-sediment microcosms [7]. A similar pattern was found for parathion and DDT
(Table Ш and Fig. 4). The role of the sediment associated bacteria in the degradation
of the pesticides is shown clearly by a comparison between untreated and formalin
treated sediments (Fig. 4) In the case of the organophosphate pesticides, the Tm
values decreased by nearly a factor of two when the bacteria were present. It is also
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noteworthy that in spite of the bacteria present, at the end of the experiment nearly
all of the DDT remained undegraded as well as relatively large fractions of the
sediment sorbed chlorpyrifos and parathion.
The presence or absence of viable bacteria was checked at the beginning and
end of the experiment by cultivating sediment aliquots in marine bacteria culture
medium. Results from replicate experiments were 100% positive for untreated
sediments and 100% negative for formalin treated sediment. Measurements on
aliquots taken from each bottle gave 14C 02 results less than 1% of the total ,4C
present, an observation which attests to the weak transformation of the pesticide
molecules.
From these results it may be concluded that pesticide sorption onto sediments
protects them against degradation and, therefore, their persistence in water-sediment
systems is noticeably increased. The high microbial biomass in the sediment plays
a role in the degradation of these pesticides, but it does not compensate for the
protective effect afforded by pesticide sorption onto sediment particles.

3.3. Persistence in water-sedim ent-biota systems

Experiments on the fate and cycling of pesticides in large outdoor tanks, which
simulate more complex systems, are currently under way. Preliminary results
confirm the rapid disappearance of the three pesticides from the water column by
sorption onto bottom sediments and suspended matter. For example, two days after
the introduction of pesticides, concentrations of chlorpyrifos, parathion and DDT in
water were 15, 66 and 2%, respectively, of the initial concentrations. Thereafter,
the concentration decreased only slowly [12].
Because of the rapid drop in the pesticide concentration in tank water, lagoon
organisms were placed in the tanks 12 h after the introduction of the pesticides in
an attempt to ensure their exposure to sublethal concentrations. The subsequent
accumulation of each pesticide by fish, molluscs and algae took place rapidly and,
presumably, from the residual dissolved fraction of the pesticides. Concentration
factors (CFs) for chlorpyrifos, parathion and DDT in molluscs attained near
equilibrium values after 12-24 h of exposure. Following a five day exposure period,
CFs based on extractable pesticide from tissues and from water ranged from
150 to 650 for chlorpyrifos, between 62 and 340 for parathion, and 4 x 103 to
26 x 103 for DDT depending upon the species [12]. Among the molluscs tested,
clams living in the bottom sediments generally displayed higher concentrations than
either mussels or oysters suspended in the water column. It is therefore likely that
tropical infauna living in the sediment accumulate a substantial fraction of the
pesticide body burden directly from the sediment sorbed pool, as has been proposed
for organic contaminant uptake in temperate infaunal species [13, 14].
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CONCLUSIONS

Preliminary results confirm that organophosphate pesticides are less persistent
in the aquatic environment compared with the organochlorine DDT. In sterile sea
water the chemical hydrolysis of chlorpyrifos and parathion is slightly faster than in
fresh and brackish water. Moreover, in the warm waters of tropical lagoons, de
composition will be enhanced by the high temperatures and will shorten the
persistence of these compounds in the water phase compared with that in temperate
zones. However, in water with suspended particles the persistence of these com
pounds was found to be significantly enhanced. Thus, in tropical lagoons where the
suspended load is generally high, the rapid association of organophosphates with
suspended particles could contribute to the stabilization of these compounds before
significant degradation by chemical hydrolysis has taken place.
Moreover, our results suggest that chlorpyrifos, parathion and DDT partition
ing between water and sediments, which is primarily controlled by the organic
carbon content of sediments, may be fairly sensitive to the concentration of dissolved
organic substances present in the water phase. On the basis of ligand binding studies
with pesticides [9], increasing organic matter concentrations in water should result
in lower Kp values. In tropical lagoons, the decomposition of mangrove litter results
in very high concentrations of dissolved organic matter (DOM). Values as high as
16 mg DOM/L and 160 mg DOM/L, with humic substances contributing 80% of
dissolved organics, have been reported for lagoons in Mexico [15, 16]. Therefore,
in theory, the residence time of pesticides in these waters may be substantially
increased through complex ligand formation with dissolved organic substances.
It was found in our experiments that sediment associated microbes contribute
significantly to the degradation of chlorpyrifos and parathion but at a much reduced
rate when compared with the water column. The rapid sorption of these pesticides
to bottom sediments and suspended matter appears to offer a protection against fast
degradation. Thus, in spite of the large microbial biomass usually present, pesticide
sorption onto sediments results in a much longer half-life.
Lagoon organisms, such as molluscs, shrimp and fish, rapidly accumulate
these pesticides, presumably from the small fraction of pesticides remaining in the
dissolved phase. However, preliminary experimental results with infaunal species
suggest that certain benthic organisms may also be able to accumulate a significant
fraction of these pesticides directly from the sediment sorbed pool. The relative
biological availability of the sediment bound pesticides appears to be a key factor in
the cycling of these compounds in lagoon ecosystems. Further research is needed in
order to clarify the situation with regard to the relative biological availability of sedi
ment associated pesticides with that taken up directly from water and/or through the
food chain.
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MONITORING OF MERCURY
CONTAMINATION IN SURABAYA
BY NEUTRON ACTIVATION ANALYSIS
W. SUSETYO
Yogyakarta Nuclear Research Centre,
Yogyakarta,
Indonesia

Abstract
MONITORING OF MERCURY CONTAMINATION IN SURABAYA BY NEUTRON
ACTIVATION ANALYSIS.
Assessment of the exposure to mercury was carried out for 374 individuals in Surabaya.
The individuals are distributed in four different areas: Kenjeran (89), Nyamplungan (99),
Rungkut (96) and Darmo (90). Yogyakarta, another city on the island of Java, was chosen
as the reference area. Fifty individuals from Yogyakarta were included in this investigation.
Hair samples of the investigated individuals were used as indicators of exposure to mercury.
The mercury concentration in the hair samples was measured using the neutron activation
technique. It was found that Darmo, Nyamplungan and Kenjeran have mercury concentrations
one and a half to three times higher than Yogyakarta, while Rungkut has a similar mercury
concentration to Yogyakarta. This observation, combined with the geographical location of
the investigated areas, leads to the conclusion that the origin of the contamination must have
been before the branching of Kali Mas, the river that runs through metropolitan Surabaya. The
correlation between mercury concentration in male and female individuals to male-female
mobility was also discussed.

1.

INTRODUCTION

Surabaya is one of the most industrialized cities in Indonesia. It has several
industries that use mercury in their processes, such as mercury light bulbs, cos
metics, pharmaceuticals, caustic soda, paper, paint, etc. [1]. Some o f these indus
tries dispose of their wastes into the Surabaya River that runs through the middle of
the city and ends at the Java Sea. A map o f the investigated area and its surroundings
are given in Fig. 1. The goal of this study is to assess the mercury contamination
level in Surabaya. Human hair was used as the indicator o f contamination. The total
mercury concentration in hair samples was measured by the neutron activation tech
nique. No attempts were made to measure methylmercury concentrations. The inves
tigated individuals were selected from among adults between 20 and 40 years old
who do not work directly with mercury and have lived in Surabaya continuously for
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the last five years. It is assumed that mercury contamination in the investigated
individuals occurs primarily through the diet (i.e. food and drinking water). Some
contamination may occur through the use of cosmetics.

2.

EXPERIM ENTAL

2.1. Investigated and reference areas
Four hundred and twenty-four scalp hair samples were collected to be used as
mercury contamination indicators. These samples were taken from four different
areas o f metropolitan Surabaya: Kenjeran, Rungkut, Nyamplungan and Darmo (see
Fig. 1) and from Yogyakarta. The first three areas are fisherm en’s villages with a
relatively low socioeconomic status. Darmo is the only elite residential area, with
a much higher socioeconomic status. To establish a ‘norm al’ value for Java Island,
a non-industrialized city in Central Java, Yogyakarta, was chosen as the reference
area (i.e. no mercury contamination is assumed for Yogyakarta). The distribution of
samples is shown in Table I.

Java Sea

FIG. 1. Areas o f investigation in Surabaya Municipality.

TABLE I. SUMMARY OF MERCURY CONCENTRATION LEVELS IN HAIR SAMPLES
Area

Kenjeran

Rungkut

Darmo

Surabaya
(total)

Yogyakarta

Maximum
(ppm)

Median
(ppm)

Arithmetic mean
(ppm)

Geometric mean
(ppm)

Gender

> 144.6

4.6

10.1 ± 20.4

5.1

Male + female

89

0.6

43

0.6

99.1

4.9

11.0 ± 19.2

6.0

Male

46

1.3

144.6

3.7

9.2 ± 21.7

4.5

Female

96

0.5

39.7

4.5

6.4 ± 6.7

4.3

Male + female

49

0.6

39.7

4.8

7.5 ± 8.5

4.8

Male

47

0.5

17.9

4.2

5.2 ± 4.0

4.0

Female

99

0.5

116.2

4.6

9.7 ± 15.2

4.9

Male + female

51

1.0

55.2

4.6

8.3 ± 11.0

4.9

Male

4.3

11.1 ± 18.7

5.0

Female

48

0.5

116.2

90

1.0

197.9

8.7

17.3 ± 30.5

9.0

Male + female

47

1.3

63.9

9.1

12.5 ± 11.5

8.9

Male

43

1.0

197.9

8.4

22.6 ± 42.1

9.0

Female

374

0.5

197.9

4.9

10.8

± 20.2

5.5

Male + female

190

0.6

99.1

5.5

9.7 + 13.0

5.8

Male

184

0.5

197.9

4.5

11.8 ± 25.6

5.2

Female

50

0.2

46.2

3.5

6.1 + 7.9

3.6

Male + female

28

0.2

46.2

3.2

6.1 + 9.0

3.3

Male

22

0.9

29.2

3.6

6.2 ± 6.4

4.1

Female
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2.2. Sample preparation
About 0.5 g o f hair samples were washed using acetone, rinsed three times
using demineralized bi-distilled water, and finally washed again with acetone [2 ].
The samples were shaken manually for 10 min for each step. The samples were then
dried at room temperature for several days. After they were completely dry, the sam
ples were weighed between 0.1 and 0.4 g and put into polyethylene vials (1 cm d ia.,
2.3 cm high). The lid of the vial was heat soldered to completely close it. The stan
dard solution was made by dissolving HgO in 1 L o f 0.05N sub-boiled H N 0 3 to
obtain the final mercury concentration o f 1.5671 mg/mL. Aliquots o f 5 fiL o f the
standard solution were pipetted into polyethylene vials similar to the ones used for
the samples.

2.3. Mercury measurement
The sample and standaird vials were then put into polyethylene irradiation cap
sules (3 cm dia., 10 cm high). The polyethylene capsules were put into the ‘Lazy
Susan’ irradiation facility of a TRIGA swimming pool type reactor. The mean values
o f the thermal neutron flux was estimated at 5 x 10 1 2 n -c m “2 -s_1. The irradiation
was for 6 h. The samples and the standards were cooled down for several days to
let the short lived radionuclides decay. This permits instrumental determination of
mercury without any chemical separation. Before the counting o f the samples and
standards, they were carefully transferred to new polyethylene vials. The samples
or standards were positioned 30 cm above the detector. The dead time o f the system
was less than 1%. Each sample or standard was counted for 4000 s. The activity of
mercury in the samples and standards was determined through the combined area of
the 69 and 77.3 keV peaks o f 197Hg [3]. The 279 keV peak o f 203Hg was not used
owing to the well known interference o f the 279 keV peak o f 7 5 Se. The specific
count rate o f mercury was found to be 2.17 (counts/min)//¿g.

2.4. Instrumentation
A coaxial Ge(Li) detector (Ortec 8001-1026 NS) with 49 cm 3 of active
volume was used. The resolution o f the detector at the 60Co 1.33 MeV level was
2.5 keV and its relative efficiency 10% compared with a 3 in X 3 in Nal(Tl) detec
tor. 1 The detector was operated at 2500 V. The following electronic modules were
used in the gamma spectrometer system: an Ortec 120-4 preamplifier, a Can
berra 2021 spectroscopic amplifier, a Canberra 3105 high power supply and a
Canberra 8100 multichannel analyser (4096 channels).

1 1 inch (in) = 2 5 .4 m m .
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3.

RESULTS AND DISCUSSION

3.1. Mean values
Table I summarizes the mean values o f the measurements: The arithmetic
mean of the mercury concentration o f the reference area, Yogyakarta, was found to
be 6.1 ± 7.9 ppm. This represents a ‘norm al’ value for Java Island. It cai< be seen
from the table that Rungkut has a mercury concentration level comparable to
Yogyakarta, i.e. 6.4 ± 6.7 ppm. The m ercury concentration in Kenjeran and
Nyamplungan are both about one and a half times higher than that o f Yogyakarta,
i.e. 10.1 + 20.4 and 9.7 ± 15.2 ppm, respectively. Darmo has the highest mercury
concentration of all, about three times higher than that o f Yogyakarta, i.e.
17.3 ± 30.5 ppm.

3.2. Level of contamination
From this observation, it is obvious that mercury contamination has occurred
to some degree at Darm o, Kenjeran and Nyamplungan. It is also important to notice
that, in comparison with the reference area, Rungkut has no mercury contamination.
The W orld Health Organization (WHO) and the Food and Agriculture Organi
zation o f the United Nations (FAO) have established a provisional tolerable weekly
intake o f mercury o f 0.2 mg Hg/week (as methylmercury) which corresponds to the
mercury concentration in hair o f 5 -6 ppm [4]. Table I shows that Yogyakarta and
Rungkut have mercury concentrations very close to this range. This validates the
assumption that the reference area (i.e. Yogyakarta) has no significant mercury con
tamination. A long term daily intake of methylmercury o f between 3 and 7 /xg/kg

TABLE II. NUMBER OF INDIVIDUALS
W ITH M ERCURY CONCENTRATION
GREATER THAN 50 ppm
Areas

N

Rungkut

0

Kenjeran

3

Nyamplungan

2

Darmo

6

Surabaya (total)
Yogyakarta

11
0
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body weight has been shown to lead to hair concentrations of approximately
50-125 ppm [4]. Table II shows the number o f individuals investigated who have a
mercury concentration greater than 50 ppm. As can be expected, nobody in
Yogyakarta and Rungkut has mercury concentrations greater than 50 ppm. Darmo
has six individuals (6.7% ), Nyamplungan has two (2%) and Kenjeran has three
(3.4% ) with mercury concentrations greater than 50 ppm. Only 2% o f the inves
tigated individuals from the total investigated population o f Surabaya have this level
o f mercury in their hair. This implies that they may have had a long term daily
mercury intake greater than 3 /xg/kg body weight. Assuming an average weight of
60 kg, this intake corresponds to 1.26 mg Hg/week, which is at least six times higher
than the tolerable value set by W HO and FAO.

3.3. Origin of contamination
It is very important to understand the geographical situation o f the investigated
areas in order to correctly interpret the above results. The sketch in Fig. 1 can be
used to help understand the following description. The river that runs through the
city o f Surabaya is called the Kali Mas. This river splits into two big branches. The
northern branch is called Kali M ir and the eastern branch is called Kali Jagir. Darmo
is a residential area along Kali M ir, situated just after the river splits into a fork.
Kenjeran and Nyamplungan are two villages near the end of the Kali M ir which ends
at the Java Sea. Rungkut is the only investigated area that is located at the other
branch o f the river, i.e. at the end of Kali Jagir.
From Table I and the above geographical description, it can be inferred that
mercury contamination must occur just after Kali Mas splits and not before it (other
wise Rungkut would be polluted too). This hypothesis is supported by the fact that
Darm o, the closest area to th . fork, has the highest mercury level. Kenjeran and
Nyamplungan, two neighbouring areas at the end o f the Kali M ir branch, have lower
mercury levels than Darm o, but still significantly higher than Yogyakarta. Rungkut,
the only investigated area on the Kali Jagir branch, has the lowest mercury level,
which is equal to that o f the reference area. If the contamination occurred before the
river splits, Rungkut would have a higher mercury level.

3.4. Difference in mobility between genders
In the context o f Indonesian custom, it can be safely assumed that male
individuals have significantly higher mobility than females. This is to say that, on
average, men spend more o f their time outside their residential area compared with
women. If this assumption is valid and the mercury contamination is localized in cer
tain areas, the difference in the mobility should be reflected in the results o f the
measurements.
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Darmo is a residential area with a high mercury concentration surrounded by
areas with lower mercury contamination levels. If the above assumption is valid,
male individuals from Darmo should have lower mercury concentrations than
females. From Table I it turns out that the mercury concentration in male individuals
from Darmo is lower by almost one half than that o f their female counterparts
(12.5 ± 1 1 .5 ppm versus 22.6 ± 42.1 ppm). Consider also Rungkut, an area of low
mercury concentration levels surrounded by areas with higher mercury concentra
tions. If the above mobility assumption is valid, then male individuals from Rungkut
must have higher mercury concentrations than the female individuals. This hypothe
sis is also supported by Table I. The mercury concentration in male individuals from
Rungkut is about one and a half times higher than that o f their female counterparts
(7.5 ± 8.5 ppm versus 5.2 ± 4.0 ppm). In Yogyakarta, the reference area, no mer
cury contamination was assumed, nor in its surrounding areas. The mercury concen
tration in male individuals must not be different from their female counterparts
regardless o f the difference in their mobility. It can be seen from Table I that there
are no significant differences in the mercury concentration o f the two groups
(6.1 ± 9.0 ppm and 6.2 ± 6.4 ppm).

3.5. Effect of cosmetics
The difference in m ale-fem ale mobility may not be the only factor that contrib
utes to the large difference in mercury contamination between male and female
individuals from Darmo. It has been mentioned previously that Darmo is an elite
residential area. This implies that female individuals from Darmo use modern cos
metics daily (as opposed to women in Kenjeran, Nyamplungan and Rungkut, who
cannot afford such items). Men from all the investigated areas use no cosmetics at
all. It is well known that many m odem cosmetics contain some mercury for bleach
ing purposes. From this observation, it is quite possible that cosmetics contribute to
some degree to the large differences in m ercury concentration between males and
females in Darmo.
4.

CONCLUSIONS
From the results and discussion, the following conclusions can be drawn:

(1)

Human hair as a mercury contamination indicator, combined with a geographi
cal description o f the investigated areas, could be used to trace the origin of
localized mercury contamination.

(2)

When contamination is localized, as in the investigated case, the mercury con
centration in the hair of males and females could be used to measure a type
o f ‘mobility index’. This measurement can o f course be extended to groups of
people based on factors other than the gender difference.
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Some areas in Surabaya, such as Darmo, Kenjeran and Nyamplungan have
m ercury concentrations one and a half to three times higher than that o f the
reference area (Yogyakarta). This indicates some degree o f contamination.
Two per cent o f the total population o f Surabaya may have had long term
weekly intakes o f mercury at least six times higher than the tolerable intake
set by W HO and FAO.
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The major Egyptian water resources suffer from the uncontrolled release of
domestic, industrial and sewage wastes and from various decomposing dead animals
and vegetation. Several metallic pollutants may also exist owing to the effect o f sur
face waters on rocks and soils from different origins. Although the presence o f trace
concentrations o f Cr, M n, Co, Cu, Zn and Se in the aquatic environment is essential
to a number of life processes, high concentrations o f these metals and o f several
others that enter the food chain through a number o f pathways cause toxic hazards.
The presence o f uranium, thorium; radium and their natural decay products among
these pollutants Cause additional hazards.
Several reports are now available regarding the assessment o f a limited number
o f metallic pollutants in the aquatic bodies of Lake Nasser, the Nile River and the
Ismailia Canal. The concentration levels and distribution o f uranium, thorium and
radium in these systems have not yet been worked out. Also, the presence o f several
other potentially toxic heavy metals in these water resources has not been fully
investigated.
In this contribution, analytical procedures are elaborated for the simultaneous
determination o f ultramicro-concentration levels o f several metallic pollutants and
natural radioactivity in surface waters, aquatic plantations and soil samples from
different areas representing Lakes El Manzala, Karoon and El Bardawil and from
different locations in the Ismailia Canal and the Nile River. A number o f analytical
schemes are discussed to define long term environmental control systems using
advanced microanalytical techniques based on nuclear and non-nuclear spectroscopic
measurements. These include:
(1)

Simultaneous determination o f V, As, Se, M g, Cr, Mn, Fe, Co, Ni, Cu Zn,
Cd, Pb, Hg, Sr, La, Z r, Th and U using a tuned oscillator with a high resolu
tion echelle grating inductively coupled plasm a-atom ic emission spectrometer.
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Comparable analytical runs for the determination o f As, Cd, Co, Cs, Cr, Fe,
La, M g, Ni, Se, Sr, Zn and U using a dual Hitachi type atomic absorption
spectrometer Model Z-8100/Polarized Zeeman, equipped with a flame and
heated graphite atomizer.
Determination o f uranium, thorium, radium, and their natural decay products,
by gamma ray spectroscopic measurements using a fully integrated data acqui
sition and computation system, including a high purity germanium detector set
(HPGe) coupled with a PC based multichannel analyser system.
Radium isotopes are further identified by alpha spectroscopic measurements
using silicon surface barrier detectors with a vacuum chamber incorporated in
a double width nuclear instrumentation module.

The recommended procedures are characterized by minimal handling opera
tions to reduce contamination risks and to facilitate the assessment o f several ele
ments simultaneously without any interference. The programme serves national
needs for environmental control and presents adequate facilities for regional training
to upgrade the operational ability o f technicians and young scientists.
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ENVIRONMENTAL MONITORING AND RETROSPECTIVE
USE OF SPECIMEN BANK MATERIALS BY
NEUTRON ACTIVATION ANALYSIS TECHNIQUES
M. ROSSBACH
Institut für Angewandte Physikalische Chemie,
Forschungszentrum Jülich GmbH,
Jülich,
Germany

Environmental specimen banking (ESB) in Germany is aimed principally at a
comprehensive inventory of ecologically hazardous substances in typical German
ecosystems by the analysis o f carefully selected biomonitors and their behaviour in
space and time. This task requires a great deal o f administration, co-ordination and
co-operation between many institutions and laboratories involved in this long term
project. The development of reliable sample collection, preparation and storage
procedures for real time monitoring, trend evaluation and baseline data studies is a
leading tool for legislative action on environmental protection. Authentic materials,
such as human tissue, fresh water and aquatic organisms, and terrestrial matrices,
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are available for retrospective analysis o f formerly unrecognized pollutants. The
requirement of thorough characterization of banked materials strongly promotes the
development o f new analytical procedures for more elements or organic pollutants.
Instrumental neutron activation analysis is a powerful multielement technique which
serves in inorganic constituent determination. The use of prompt gamma cold neu
tron activation analysis (PGCNAA) increased the number o f determinable elements
in biological materials to about fifty. The detection o f man-made and natural radioac
tivity in ESB samples permits following o f the uptake and biological half-life of
Chernobyl Cs activity in differently polluted areas of the country.
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COMPARISON OF WET AND DRY ASHING
DURING CERTIFICATION ANALYSIS
OF SOME CZECHOSLOVAK BIOLOGICAL REFERENCE
MATERIALS FOR TOXIC AND ESSENTIAL METALS
M . BER A N
C entral A nalytical L aboratory,
N uclear R esearch Institute,
R ez,
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The recovery efficiency of some metal analytes on the decomposition of animal
and plant tissues by different wet and dry ashing methods may differ substantially.
This was demonstrated during participation of our laboratory in the certification and
use of the following Czechoslovak reference materials: bovine liver, kidney and
muscle, wheat and rye bread flour, green algae and lucerne.
The materials were leached with nitric acid (1:1) at boiling point, followed by
dissolution in ethanol and total mineralization with concentrated HNO 3 -HCIO 4 , and
were compared with the results o f dry mode mineralization in a flow of superoxida
tion gases (NOx, 0 3 and 0 2) at 400°C using an APION (Tessek) dry mode miner
alizer. Metal analytes were determined by atomic absorption spectrophotometry with
flame or electrothermal atomization using an IL-2 spectrophotometer and an IL-755
(Instrumentation Laboratory) graphite furnace.
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Significant negative systematic errors and a low level o f precision were
observed in the case of leaching with 1:1 H N 0 3, especially for iron and lead. The
total wet mineralization (concentrated HNO 3 -H CIO 4 ) shows some incomplete
recovery of iron from animal tissues (bovine kidney and muscle) compared with dry
mode mineralization with APION. The lower rate o f recovery o f iron and lead can
be explained by the detaining of insoluble phosphates in samples with a high phos
phorus content, especially in animal tissues.
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Abstract
ROLE OF NUCLEAR RESEARCH IN ENHANCING ENVIRONMENTAL AWARENESS
IN DEVELOPING COUNTRIES.
Nuclear research and the nuclear industry have created a high degree of environmental
awareness and, in some cases, even led to the creation of an unbalanced picture with mis
guided fears. In reality, nuclear radiation based research has contributed positively to all
phases of human activity. In India nuclear based analytical methods have been used in
monitoring all spheres of the ecosystem with respect to inorganic pollutants. Nuclear radiation
has been used in radiography for the non-destructive testing of industrial components, includ
ing pipelines. Radiotracers have been used in leak testing of lengthy pipelines carrying chemi
cals. Radiation has been used in India in the sterilization of medical products, foods and spices
and the ‘hygienization’ of sewage sludge, for which a plant has recently been set up. The use
of radioactive tracers in groundwater research and management is an example of the conserva
tion and exploitation of natural water resources. Radiotracers have also been used to study silt
movement in rivers and harbour development. Radioimmunoassays and immunoradiometric
assays have proved to be of diagnostic value in the study of infectious and tropical diseases,
like tuberculosis. Radioisotope ( 32P) labelled compounds have proved invaluable in recom
binant DNA technology, which has a direct bearing on ecological issues through the under
standing of the functioning and chemistry of the biological cell and as a diagnostic probe in
identifying foreign genes in engineered organisms. Realizing this potential, a separate labora
tory, ‘JONAKI’, has been established in India for the production and supply of 32P labelled
biomolecules. The paper highlights some of these experiences which can be relevant to many
developing countries.

1.

INTRODUCTION

Nuclear science and technology have generated a widespread awareness of
environmental concerns and, in some cases, these concerns have led to the creation
o f an unbalanced picture distorted by misguided fears. In reality, nuclear radiation
based research has contributed positively to all phases of human activity, leading to
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a healthy appreciation of the need for preservation of the environment, including the
means o f achieving this objective.
India has used nuclear based science in a variety of ways to help understand
and solve diverse problems related to the environment. Examples have been selected
from our past experience to highlight their relevance and to emphasize their need in
the context of most of the developing countries. The major areas are nuclear based
analytical methods for quantitative multielement determination, use of radiation in
non-destructive testing and sewage sludge treatments, use o f tracers in leak testing,
water resource management and silt movement, and use of labelled compounds in
the life sciences.

2.

M ULTIELEM ENT ANALYSIS

Instrumental neutron activation analysis (INAA) has been used [1-3] to esta
blish the usefulness o f human head hair as an effective first level indicator in a
scheme of multilevel monitoring for the environmental exposure o f the population
to inorganic pollutants; the analysis also helped in studying certain pathological dis
orders. In spite o f the uncertainties in establishing the pathways o f the elements from
the environment into hair, head hair has proved to be effective in monitoring
mercury and is currently being pursued as part of an IAEA-W orld Health Organiza
tion Co-ordinated Research Programme. Neutron activation analysis was used in
India two decades ago to establish the abundance level of mercury in sea food,
particularly prawns, to conform to permissible levels in the export of the sea food.
Instrumental neutron activation analysis was used [4] in the analysis of samples from
ten different stages o f a copper mill, both from the point of view of economically
viable recovery of valuable elements and the monitor levels o f these elements being
released into the environment. This exercise led to the setting up of a plant to recover
selenium.
A combination o f energy dispersive-X ray fluorescence (ED-XRF) and INAA
has been used in the chemical characterization [5] of fly ash from thermal power
stations, information which is required for proper assessment o f the environmental
impact. Coal used by thermal power stations in India has an ash content o f about
30% , although the sulphur content is relatively low. Measurement o f the concentra
tions o f toxic elements, such as lead, chromium and arsenic, from a thermal power
station complex with a total installed capacity of 1150 MW(e) did not reveal unac
ceptable levels o f any o f these elements in the release into air. In a subsequent leach
ing study, all the elements leached out of fly ash at less than 0.5% by natural water,
except for antimony and chromium which leached out at about 10%. A similar study
[6 ] involving ED-XRF and INAA characterized the aerosol mass o f samples at Bom
bay collected on a daily basis; multielement measurements combined with multi
variate analysis revealed seven sources of contribution to the aerosol mass, with
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concentrations o f elements o f anthropogenic origin showing larger variations than
elements derived from soil.
Although nuclear analytical methods have been used in a host o f other investi
gations, the most important role of these methods, in particular NAA, has been to
provide crucial validation support to national environmental programmes using
different analytical methods.
Nuclear research centres with access to clean air conditions, thanks to high
efficiency particulate air filters and expertise in making quantitative multielement
measurements, have served as initiators for the setting up of environmental specimen
banks, which are relevant for developing countries in view o f the pristine areas still
present to provide valuable baseline data. This aspect was discussed at a recent IAEA
Advisory Group meeting in Vienna [7].

3.

NON-DESTRUCTIVE TESTING

The use o f radioisotopes in non-destructive testing has been of value not only
in the examination of industrial finished products for their performance, but has also
helped both in ensuring the integrity of pipes carrying hazardous, yet industrially
important, chemicals, and the detection [8 ] o f leaks.

4.

HYDROLOGY

The management o f a vital natural resource, water, which is also the most sus
ceptible to misuse and mismanagement, and is influenced by the surrounding
environment, has been studied using a combination of naturally occurring environ
mentally stable isotopic species [9] o f water ( IH 2 H I60 and 'Н г^ О ), cosmic ray
produced radioisotopes in the environment (tritium and 1 4 C) and reactor produced
radioisotopes. The topics investigated have been groundwater recharge, including
the source and extent of recharge, groundwater salinization mechanisms, the interac
tion between different water bodies [ 1 0 ], investigation o f seepage situations, includ
ing seepage zones in reservoirs, measurement o f seepage.losses in canals, sediment
transport [ 1 1 ] in sea and river beds for harbour development programmes, and,
finally, soil erosion and reservoir sedimentation.

5.

RADIATION STERILIZATION/‘HYGIENIZATION’

Realizing the harmful effects of raw sewage sludge with high concentrations
of disease causing microorganisms, which pose a threat to the environment and
human health, and the potential o f nuclear radiation in converting this sludge into
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a hygienically safe and useful by-product, India has recently set up a Sludge Hygieni
zation Research Irradiator (SHRI) in an industrial town in the State o f Gujarat. This
pilot plant can handle 1 1 0 m 3 o f liquid sludge emanating from 2 0 million litres of
sewage; a dose o f 3 -4 kGy using ^ C o can provide a pathogen reduction factor of
1 - 1 0
million and this plant is expected to be the forerunner of several larger plants
to be constructed in the future.
In considering the remote and inaccessible areas of the country which may not
have adequate medical aid available on the spot, the radiation sterilization technique
has been exploited [12] to produce a complete kit (Dai kit) necessary for attending
to childbirth; this has been very well received. The radiation sterilization of medical
products has proved its value.

6

.

HEALTH AND LIFE SCIENCES

In developing countries, poverty and the resultant health problems are the
major ‘pollutants’ o f the environment. W e have used reactor produced radioisotopes
in the preparation o f chemical compounds for radioimmunoassays (RIAs) and
immunoradiometric assays (IRMAs), as well as large biomolecules for recombinant
DNA technology.

7.

RIA AND IRMA

M ost diseases prevalent in developing countries, such as malaria, filaria and
tuberculosis, have parasitic or bacterial origins. These diseases can be cured easily,
provided the treatment is started early. Hence, early and definitive diagnosis is
important. Since m ost o f the infecting antigens circulate in concentrations that are
at very low levels (subnanomolar) in the early stages of the disease, a technique
which can reach such low levels o f detection is necessary. It is noteworthy that two
in vitro tracer techniques have been developed which not only aid-in the detection,
but also in the quantification of antigen circulation in subnanogram quantities.
In RIA, there is a competition between constant labelled antigens and circulat
ing antigens for a limited, fixed quantity o f antibodies. As the concentration o f the
circulating antigens increases, the amount o f labelled antigens bound to the antibody
decreases. By comparing the response o f binding with standards, one can estimate
the concentration o f the unknown. In IRMAs, instead of a labelled antigen, the
labelled antibody is allowed to react with the antigen. This technique confers a theo
retical advantage over RIA, as it can react with antigens present in much lower con
centrations and be adopted for quantification of very low concentrations of antigens.
W ith the development of monoclonal antibodies, it is possible to achieve a much
higher order of sensitivity.
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Both of these techniques are based on the combination of very high detection
sensitivity of radioactivity and high specificity of the antigen-antibody reaction. In
addition, these techniques are available in the form o f easy to operate kits, known
as immunodiagnostic kits, and battery operated counters which perm it screening of
a large number of samples in remote areas for field studies.
In principle, RIA is suitable for measuring substances that are able to elicit
antibodies or, conversely, for measuring the respective antibodies. Currently,
specific RIA has been developed [13, 14] for the detection and quantification of
tubercular antigens and a large field survey on this epidemic disease has been carried
out. This method is also extended to detect the presence of anti-tubercular antibodies.
Detection o f the hepatitis associated antigen (HAA) is another example o f the appli
cation of RIA to communicable diseases. This test is now routinely employed in
blood banks for screening blood donors for the hepatitis virus carrier. Recent
advances in biotechnology, particularly recombinant DNA, have helped to generate
a variety of monoclonal antibodies for specific antigens, thus achieving the require
ment for very efficient detection of antigens in analytical methods based on IRMA.

8

.

M OLECULAR BIOLOGY AND GENETICS

Recombinant DNA technology involves taking out the genetic material (DNA)
from one organism, fusing it in a test tube to some special forms of genetic material
which are capable o f rapid multiplication in organisms like bacteria, and transferring
the fused DNA to other bacteria, plants or animals. The latter acquire the charac
teristics specified by the DNA segment (genes) in the original host. Genetic
engineering thus permits the design o f new living organisms which can inherit
characteristics from organisms otherwise totally unrelated to them. The organisms
designed in this manner have the great potential of managing our environment and
minimizing pollution.
Different kinds of bacteria have evolved the capacity to utilize specific
hydrocarbons as a source o f carbon and energy for their own growth. A few years
ago, Anand Chakravarti was able to incorporate the genes for the utilization o f differ
ent hydrocarbons in a single bacterial strain, which then acquired the capacity to uti
lize the mix of hydrocarbons found in oil. Bacteria of this type have been useful in
combating oil spills in the seas.
A major source of environmental pollution in recent years are the chemical
pesticides and insecticides required for growing more food to support our increasing
population. It turns out that the insects and pests that are killed by chemical pesticides
can be killed by bacteria and viruses which are natural pathogens of these pests, just
as the bacteria causing typhoid and tuberculosis, and viruses causing AIDS and
influenza, are human pathogens. The pathogenic bacteria kill their host (for instance,
insects) by producing special types of proteins inside the body of the latter. Instruc
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tions for making these toxin proteins are contained in the genetic material of these
bacteria. Biotechnologists have been able to isolate the genes, encoding these instruc
tions for toxin proteins and transferring them through genetic engineering techniques
to plants on which the insects would normally feed. Since these plants now produce
these toxin proteins, insects eating them are destroyed. The wide use o f these kinds
of insect and pest resistant plants should make the utilization o f chemical pesticides
less intensive. It has been found that the proteins which are toxic to the insect do
not harm human beings, even though they are present in reasonably large quantities
in our food. We are working in India to develop such insect resistant plants [15];
this work is at an advanced stage and is expected to give successful results within
the next year.
Radioisotopes have also been used to demonstrate that green manure can
reduce the persistence o f DDT, BHC, etc., by at least twofold to environmentally
acceptable metabolites [16, 17].
A major environmental concern from the standpoint o f agriculture in India is
the salinity of the soil resulting, ironically, from excessive irrigation in some parts
o f the country. This makes large tracts o f fertile land barren. Scientists in India are
trying to identify the bacterial genes which permit certain bacteria to grow in the
presence of high concentrations of salt [18-20]. The transfer of these genes to plants
may perm it the use o f saline soils for growing crops. It should also be possible to
design salinity resistant bacteria which can remove salt from the soil during their own
growth and thus desalinize fertile land [2 1 ].
The necessity for increasing crop yields has also made it imperative to use
chemical fertilizers to supplement the nitrogen available to crops. Like pesticides,
these fertilizers have also been a major source o f environmental pollution, as the
unutilized chemicals enter water resources and pollute them. Larger quantities of
fertilizers have to be used for some crucial plants, such as wheat and rice, which
cannot fix atmospheric nitrogen. On the other hand, plants like legumes have the
ability to support the growth o f some nitrogen fixing bacteria in a symbiotic manner.
The transfer o f the genes which permit this symbiotic growth in bacteria in wheat
and rice crops should greatly reduce the requirement for chemical fertilizers.
Biotechnologists are making attempts to understand the genetic process of nitrogen
fixation in bacteria and their host plants with a view to transferring in the future these
capacities to the major crop plants [22-24].
It is not widely recognized outside biologists’ circles that the development of
recombinant DNA technology and its use are crucially dependent on the availability
o f such radioisotopes as 32P and 3 5 S. In fact, they are used at every stage in the
experiments to make transgenic organisms, in identifying specific genes, in deter
mining the structure of these genes and in monitoring the transfer of these genes from
one organism to another. For instance, the most direct method to check whether or
not a gene encoding an insect toxin has been transferred to a plant cell is to label
the DNA o f the original gene with 3 2 P. Denaturing with heat and mixing this DNA
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with the plant DNA can lead to the attachment of the labelled DNA to the plant DNA
only if the latter has acquired DNA structures similar to the labelled DNA. The join
ing of the two DNA can be easily detected by the normal methods of detecting radio
activity. Such labelled radioactive probes are also playing an increasingly important
role in the early diagnosis o f various deadly diseases of humans, plants and animals.
Early diagnosis can, in many cases, lead to substantial savings in the use of drugs
for treatment, which in the final analysis helps our environment. Realizing the poten
tial of the labelled biomolecules, the Indian Department of Atomic Energy has set
up a separate laboratory (‘JONAKI’) for the production and supply o f 32P labelled
biomolecules. This laboratory is located at the Centre for Cellular and Molecular
Biology, in Hyderabad, and is meeting the needs o f biotechnologists from all over
the country.

9.

SUMMARY

Nuclear science research has provided powerful tools to monitor the environ
ment and preserve the integrity o f the ecosystem, and has helped to maintain the
environmental health o f a nation through enhanced awareness.
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The chairman opened the panel discussion with remarks about the wide scope
and objectives o f the symposium as reflected in the topics and programme. The
important role was stressed o f research using radiation and isotopes in the environ
mental sciences. This role needs to be viewed in the context o f a changing scenario
with respect to the safety and sensitivity of nuclear technology in general.
Particularly in developing countries, nuclear research centres have a vital role to play
in bringing together scientists from various disciplines so as to generate trained man
power that can work towards improving the quality of life, bearing in mind the
diverse socio-economic and scientific backgrounds of the different regions
concerned.
The discussion showed clearly that nuclear analytical techniques and isotopic
tracers have retained some unique advantages in environmental research and
monitoring — despite increased competition from non-nuclear analytical methods.
Particularly favourable applications include isotopic tracer studies o f waste deposito
ries, borehole logging, certification of analytical reference materials and multiele
ment non-destructive analysis o f environmental specimens. However, a number of
factors were identified that are hindering the m ore widespread application o f these
techniques: insufficient transfer o f the relevant technologies to developing countries;
lack o f standardization in sampling, sample preparation and data evaluation; and lack
of public acceptance o f nuclear technology in general.
Many participants felt that there was a need for an international network for
the integration of environmental data. This should also promote the exchange of
information about analytical techniques and results.
The use o f radiation in industry has been unambiguously demonstrated as a safe
technology for the environment, for operators and end-users alike. Some o f these
techniques, such as the sterilization of health care products and modification o f plas
tics, have become a major industrial technology with an excellent safety record.
Among 160 gamma radiation facilities and about 600 electron beam facilities used
677

worldwide by industry for more than twenty years, there has never been a single case
o f an environmental problem. On the contrary, the technology has often replaced
other polluting alternatives.
Under intensive development is radiation technology for the active conserva
tion o f the environment by the removal o f toxic substances emitted by industrial
plants. Radiation is already used to decontaminate municipal wastes and to remove
toxic components from flue gases. The processing of microbiologically contaminated
wastes and industrial wastes has already been developed to the point where industrial
scale applications are expected in the near future.
Improved public education to demystify radiation technology and nuclear tech
niques was strongly recommended. The air o f uncertainty and despondency among
nuclear scientists, on the one hand, and the ebullience and great expectations, on the
other, are unfavourable to the orderly development o f this subject. This is a continu
ing problem, which needs to be addressed in the future.
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