Polychlorinated Dibenzo-p-dioxin and Dibenzofuran
Contamination of Sediments
and Photochemical Decontamination of Soils

Pirjo Isosaari

National Public Health Institute
Department of Environmental Health
Laboratory of Chemistry
P.O. Box 95, FI-70701 Kuopio, Finland

and

University of Kuopio
Department of Environmental Sciences
P.O. Box 1627, FI-70701 Kuopio, Finland

ACADEMIC DISSERTATION
To be presented with the permission of the Faculty of Natural and Environmental Sciences of
the University of Kuopio for public examination in lecture hall L21, Snellmania, University
of Kuopio, on Friday 18th of June 2004, at 12 o’clock noon.

Publisher

National Public Health Institute
Mannerheimintie 166
FI-00300 Helsinki, Finland
Phone
+358 9 47411
Fax
+358 9 47448408

Author’s address

National Public Health Institute
Department of Environmental Health
P.O. Box 95, FI-70701 Kuopio, Finland
Phone
+358 17 201353
Fax
+358 17 201265
E-mail:
pirjo.isosaari@ktl.fi

Supervisors

Professor Terttu Vartiainen, Ph.D.
National Public Health Institute
Kuopio, Finland
and University of Kuopio
Kuopio, Finland
Professor Tuula Tuhkanen, Ph.D.
Tampere University of Technology
Tampere, Finland

Reviewers

Heidelore Fiedler, Ph.D.
UNEP Chemicals
Châtelaine (GE), Switzerland
Professor Jussi Kukkonen, Ph.D.
University of Joensuu
Joensuu, Finland

Opponent

Professor Gunilla Lindström, Ph.D.
MTM Research Centre
Örebro University
Örebro, Sweden

ISBN 951-740-450-6, ISBN 951-740-451-4 (pdf version)
ISSN 0359-3584, ISSN 1458-6290 (pdf version)
http://www.ktl.fi/suomi/julkaisut/julkaisusarjat/kansanterveyslaitoksen_julkaisuja_a/
Kopijyvä, Kuopio, Finland, 2004

Isosaari, Pirjo. Polychlorinated Dibenzo-p-dioxin and Dibenzofuran Contamination of Sediments and
Photochemical Decontamination of Soils. Publications of the National Public Health Institute A 11/2004. 95
pages. ISBN 951-740-450-6, ISBN 951-740-451-4 (pdf), ISSN 0359-3584, ISSN 1458-6290 (pdf).
http://www.ktl.fi/suomi/julkaisut/julkaisusarjat/kansanterveyslaitoksen_julkaisuja_a/

ABSTRACT
The production and use of chlorinated chemicals is a significant source of polychlorinated
dibenzo-p-dioxin and dibenzofuran (PCDD/F) releases to soils and sediments. The
manufacture of a chlorophenol formulation Ky 5 and vinyl chloride monomer between the
1940's and mid-1980's have been identified as potential sources of PCDD/F contamination in
the Gulf of Finland sediments. Moreover, Ky 5 was widely used in sawmills as a fungicide,
which resulted in leakages into soil and sediments. Proper management of these
contamination problems and prevention of human exposure to PCDD/Fs requires in-depth
knowledge of the concentrations and sources of pollution and development of appropriate
techniques for environmental cleanup.
In this study, the concentrations and sources of PCDD/Fs in the Gulf of Finland were
surveyed by analysing sediment samples. Lake sediments from an area with no known
industrial sources were analysed to identify natural formation processes and pre-industrial
sources of PCDD/Fs. In addition, experiments were carried out to investigate and develop a
method for the removal and decomposition of PCDD/Fs in contaminated soils. The method
was based on the use of vegetable oils and sunlight.
Sediment studies showed that the total amount of PCDD/Fs in the Gulf of Finland sediments
was 16.4 kg, measured in toxic equivalents, WHO-TEQs. Fluvial transportation of PCDD/Fs
that originated from the historical manufacture and use of the fungicide Ky 5 next to the
Kymijoki River contributed 76% to the sedimentary PCDD/F load between 1960 and 1986
and still accounted for 58% between 1986 and 1997. Releases attributable to the manufacture
of vinyl chloride monomer had negligible effect on the total PCDD/F load in the Gulf of
Finland. The rest of the PCDD/Fs apparently originate from atmospheric background
deposition. The most heavily polluted sediments were located within 12 km from the
Kymijoki River inlet. However, the impact area of the Ky 5 releases extended over a distance
of 75 km. The dominating congeners in the impact area were highly chlorinated
dibenzofurans. The concentration of 2,3,4,7,8-pentachlorodibenzofuran, the main contributor
to the WHO-TEQ content in Baltic herring, was relatively constant throughout the Gulf of
Finland. Low concentrations of mainly highly chlorinated dibenzo-p-dioxins were detected in
lake sediments that had been formed up to 8 000 years ago. The PCDD/F congener pattern in
the old lake sediments was considered to give evidence of a natural formation mechanism.
When contaminated soil was mixed with vegetable oil (olive oil, for example), a more
efficient dissolution of soil-bound PCDD/Fs was attained than by using the conventional
analytical extraction method. Almost all (99%) of the PCDD/Fs transferred to the vegetable
oil phase could be degraded during ultraviolet irradiation for 22 h. When a mixture of
contaminated soil and vegetable oil was exposed to natural sunlight without a preliminary
extraction step, the PCDD/F concentration declined by 48% in one month. Dechlorination of
highly chlorinated PCDD/Fs during the treatment produced lower chlorinated and more toxic
congeners. However, these reaction intermediates photodegraded rapidly. The type of the
vegetable oil did have some influence on photodegradation. In the development of a costefficient treatment method, further studies should aim at optimising the type and amount of
vegetable oil.
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TIIVISTELMÄ (abstract in Finnish)
Kloorattujen kemikaalien valmistuksesta ja käytöstä aiheutuu merkittäviä polykloorattujen
dibentso-p-dioksiinien ja dibentsofuraanien (PCDD/F) päästöjä maaperään ja sedimentteihin.
Kloorifenolivalmiste Ky 5:n ja vinyylikloridimonomeerin valmistusta 1940-luvun alusta
1980-luvun puoliväliin on pidettty mahdollisina Suomenlahden sedimenttien PCDD/Flähteinä. Ky 5-valmistetta käytettiin lisäksi laajalti fungisidina sahoilla, mistä seurasi valumia
maaperään ja sedimentteihin. Pilaantumisongelmien hoito ja ihmisen altistumisen estäminen
edellyttää syvällistä PCDD/F-tasojen ja lähteiden tuntemusta sekä ympäristön puhdistamiseen
soveltuvien tekniikoiden kehittämistä.
Tässä tutkimuksessa kartoitettiin PCDD/F-yhdisteiden pitoisuuksia ja lähteitä analysoimalla
Suomenlahden eri osista kerättyjä sedimenttinäytteitä. Mahdollisten luontaisten
muodostumisprosessien ja esiteollisten lähteiden selvittämiseksi analysoitiin järvisedimenttejä
alueelta, jolla ei tiedetty olevan teollisuuslähteitä. Lisäksi tutkittiin ja kehitettiin kasviöljyjen
ja auringonvalon käyttöön perustuvaa menetelmää PCDD/F-yhdisteillä pilaantuneen maan
puhdistamiseksi.
Sedimenttitutkimusten perusteella PCDD/F-yhdisteiden kokonaismäärä Suomenlahden
sedimenteissä oli 16,4 kg, mitattuna toksisina ekvivalentteina eli WHO-TEQ:ina. Kymijoen
mukanaan tuomien, Ky 5:n valmistuksesta ja käytöstä peräisin olevien päästöjen osuus
sedimenttien PCDD/F-kuormasta oli 76% vuosina 1960-1986 ja 58% vuosina 1986-1997.
Vinyylikloridimonomeerin valmistuksen osuus oli vähäinen Suomenlahden kokonaiskuormituksen kannalta. Jäljelle jäävä osuus on oletettavasti peräisin ilmakehän kautta tulevasta
taustalaskeumasta. Pahiten pilaantunut alue sijaitsi 12 km:n etäisyydellä Kymijoen suulta.
Alue, jolla Ky 5-päästöjen vaikutus oli havaittavissa, ulottui kuitenkin 75 km:n etäisyydelle.
Vaikutusalueella vallitsevat PCDD/F-kongeneerit olivat hepta- ja oktakloorattuja
dibentsofuraaneja. Itämeren silakan tärkeimmän kongeneerin, 2,3,4,7,8-pentaklooridibentsofuraanin, pitoisuudet olivat melko tasaisesti jakautuneet Suomenlahden eri osissa.
Pieniä määriä lähinnä korkeasti kloorattuja dibentso-p-dioksiineja havaittiin
järvisedimenteissä, jotka olivat muodostuneet jopa 8000 vuotta sitten. PCDD/F-yhdisteiden
kongeneerikoostumus viittasi luontaisiin muodostumislähteisiin.
Kun pilaantuneeseen maahan sekoitettiin kasviöljyä (esimerkiksi oliiviöljyä), saatiin maaainekseen sitoutuneet PCDD/F-yhdisteet liuotettua jopa tehokkaammin kuin yleisesti
käytetyllä analyyttisellä uuttomenetelmällä. Kasviöljyyn uuttuneesta PCDD/F-määrästä
(WHO-TEQ) hajosi 99%, kun uutetta säteilytettiin 22 h:n ajan ultraviolettivalolla. Kun
pilaantuneen maa-aineksen ja kasviöljyn seos altistettiin luontaiselle auringonvalolle ilman
esiuuttovaihetta, PCDD/F-pitoisuus aleni kuukaudessa 48%:lla. Käsittelyn aikana korkeasti
kloorautuneiden PCDD/F-kongeneerien dekloorautuminen tuotti alemmin kloorautuneita ja
enemmän toksisia kongeneereja. Nämä hajoamisen välituotteet olivat kuitenkin nopeasti
valohajoavia. Kasviöljyjen ominaisuudet vaikuttivat PCDD/F-yhdisteiden valohajoavuuteen.
Kustannustehokkaan käsittelymenetelmän kehittäminen edellyttäisi öljyn valinnan ja
annostelun optimointia.
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ABBREVIATIONS AND DEFINITIONS
2,3,7,8-PCDD/Fs

2,3,7,8-substituted polychlorinated dibenzo-p-dioxins and
dibenzofurans (toxic PCDD/Fs; 17 congeners)

d.w

dry weight

EDC

ethylene dichloride

f.w

fresh weight

HpDD/F

heptachlorodibenzo-p-dioxin/-dibenzofuran

HRGC

high-resolution gas chromatograph

HRMS

high-resolution mass-spectrometer

HxCDD/F

hexachlorodibenzo-p-dioxin/-dibenzofuran

I-TEQ

international toxic equivalent (NATO/CCMS, 1988; Ahlborg et
al., 1994)

Nordic-TEQ

Nordic toxic equivalent according to Ahlborg et al., 1988

OCDD/F

octachlorodibenzo-p-dioxin/-dibenzofuran

PCB

polychlorinated biphenyl

PCDD

polychlorinated dibenzo-p-dioxin

PeCDD/F

pentachlorodibenzo-p-dioxin/-dibenzofuran

PCDF

polychlorinated dibenzofuran

PVC

polyvinyl chloride

Safe-TEQ

toxic equivalent according to Safe, 1990

TCDD/F

tetrachlorodibenzo-p-dioxin/-dibenzofuran

TEF

toxic equivalency factor

UV

ultraviolet

VCM

vinyl chloride monomer

WHO-TEQ

toxic equivalent by the World Health Organisation (van den
Berg et al., 1998). The WHO-TEQ for human and mammals,
not including dioxin-like PCBs, is used in this dissertation.

The difference between I-TEQ, WHO-TEQ and Nordic-TEQ is mostly negligible. Where
appropriate, I-TEQ and Nordic-TEQ have been recalculated as WHO-TEQ.
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1 INTRODUCTION
Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/F) are formed in a multitude of
industrial and non-industrial processes in which sources of chlorine, organic matter and
sufficient energy are incorporated (Bumb et al., 1980; Fiedler, 1998; Rappe, 1993;
Tuppurainen et al., 1998). Minor formation takes place in forest fires and other natural
processes (Ferrario et al., 2000; Hoekstra et al., 1999). However, most of the PCDD/Fs are of
anthropogenic origin: humans bear responsibility for their formation through combustion
processes and the manufacture of chlorinated chemicals (Alcock & Jones, 1996; Breivik et al.,
2004; Green et al., 2001). From these sources, PCDD/Fs are released into air, land and water.
Despite the poor mobility of PCDD/Fs, their long half-live does facilitate transportation and
redistribution between environmental compartments (Cole et al., 1999; Lohmann & Jones,
1998; Sinkkonen & Paasivirta, 2000). As PCDD/Fs accumulate from the abiotic environment
into aquatic and terrestrial food chains, then they start to pose a risk to animals and humans
can be at risk (Beck et al., 1996; Hites et al., 2004; Isosaari et al., 2002, 2004).

In certain human populations, the exposure to PCDD/Fs is close to the concentrations that
potentially can cause adverse health effects (Alaluusua et al., 1999; Büchert et al., 2001;
Johnson, 1995; WHO, 2000). Therefore, it is essential to identify the main sources of
PCDD/Fs, including direct emissions and emissions from reservoir sources such as
contaminated soils and sediments (Commission of the European Communitites, 2001).
Improved identification and quantification of PCDD/F sources to air, land and water has been
the objective of the recent inventories carried out in Europe and other continents. Inventories
also aim to evaluate the efficiency of source control measures and try to predict future trends
in emissions (Breivik et al., 2004; Fiedler, 2003; Hansen & Hansen, 2003; QuaE et al., 2004;
UNEP Chemicals, 1999). However, there is still much uncertainty over the quantity and
development of emissions from some sources, particularly the sources of these compounds
into land and water systems (QuaE et al., 2000a; Wenborn et al., 1999).

One of the suspected sources of PCDD/Fs into the Gulf of Finland, a part of the Baltic Sea,
has been the former production and use of a chlorophenol formulation, called Ky 5, next to
the Kymijoki River (Malve et al., 2003; Verta et al., 2003). PCDD/F concentrations that
15

exceed the maximum limit set by the European Commission have been analysed from Baltic
herring and salmon (Bjerselius et al., 2003; Isosaari et al., 2003; Kiviranta et al., 2003). Fish
consumption is a significant pathway of PCDD/F exposure to the fish-consuming residents of
the Baltic Sea region (Darnerud et al., 2003; Kiviranta et al., 2001, 2002). Hence, it is crucial
to make an inventory of the PCDD/F sources into the Baltic Sea.

The manufacture and use of chlorinated chemicals have led to severe contamination of soil at
industrial sites. Since Ky 5 and other chlorophenol formulations were used to treat timber,
high concentrations of PCDD/Fs have been analysed at sawmill sites (Assmuth & Vartiainen,
1995; Kitunen & Salkinoja-Salonen, 1990; Persson et al., 2003; Troyanskaya et al., 2003).
Remediation of soil has a high priority at sites that have been rezoned for residential use.
However, the resources to remove and decompose PCDD/Fs are limited by the few
techniques available and their high treatment costs (Jørgensen & Kalevi, 2002).

The following literature review compiles present knowledge of PCDD/F sources and
concentrations in the Baltic Sea and its drainage area, particularly in Finland. Emphasis is
placed on PCDD/F formation and releases attributable to the production and use of
chlorinated chemicals. Techniques available for the destruction of PCDD/Fs in contaminated
soils and sediments are also reviewed.

16

2 REVIEW OF THE LITERATURE
2.1 Sources of PCDD/Fs to land and water

6RXUFHVDQGHPLVVLRQVLQ(XURSH
Recent PCDD/F emission inventories have utilized an integrated approach to estimate
emissions to the air, land and soil. The quantities of atmospheric emissions are best known.
Emissions to land have also been quantified despite the scarcity of reliable data from most
sources. Direct releases to water have only been qualitatively estimated (QuaE et al., 2000a;
Wenborn et al., 1999). The inventories suggest that emissions of PCDD/Fs to land, including
landfills, may be as high or even higher than emissions into the air (Dyke et al., 1997; Hansen
& Hansen, 2003; Haynes & Marnane, 2000; Wenborn et al., 1999).

A PCDD/F inventory that covered 17 European countries yielded a total annual emission of
38 kg I-TEQ/year to the land in 1994 (Wenborn et al., 1999). The greatest releases were
attributed to the production and the use of organochlorine pesticides (Table 2-1). Pesticides
and other chlorinated chemicals have an especially high potential of penetrating into water
systems. There are many chlorinated chemicals that may contain PCDD/F impurities, which
makes it extremely difficult to estimate the historical and current emissions. Even restricting
to pesticides, 50 potentially PCDD/F-contaminated formulations have been listed (US EPA,
1994). PCDD/F impurities have also been detected in chemicals that have been synthesised
from contaminated raw materials, for example, in Direct Blue 106 and Carbazole Violet
synthesised from chloranil (Alcock & Jones, 1997). PCDD/F-containing chemicals have been
used as pesticides, including fungicides, herbicides and insecticides (chlorophenols,
chlorinated phenoxyacetic acids, hexachlorocyclohexane, chloranile, chloronitrofen),
preservatives for wood, leather and textiles (chlorophenols), dry cleaning agents
(tetrachloroethene), transformer oils and softeners (PCBs), raw materials for chemical
syntheses (1,2-dichloroethene, chlorophenols, chlorobenzenes, chloranil), chemicals for
drinking water purification (ferric chloride), dyes and pigments (chloranil, phthalocyanin),
disinfection products (Irgasan DP 300, hexachlorophen) and coagulants in water treatment
(ferric chloride) (Alcock & Jones, 1997; Ballschmiter & Bacher, 1996; Rappe et al., 1991;
Masunaga & Nakanishi, 1999).
17

Other significant emissions to land and water have been attributed to accidental fires and
treatment and disposal practices of municipal solid waste, combustion at old incineration
plants in particular (Dyke et al., 1997; QuaE et al., 2000a; Wenborn et al., 1999). Disposal of
sewage sludge to land and sea represents a potential route of food-chain accumulation (Beck
et al., 1996; Wenborn et al., 1999). In addition to the direct releases, PCDD/F concentrations
in soils and sediments are affected by the atmospheric deposition. The most important source
of PCDD/Fs into the atmosphere used to be municipal waste incineration; however, a recent
European inventory proposes that iron ore sintering has become the biggest source (QuaE et
al., 2004).
TABLE 2-1. PCDD/F emissions to land and water from the EU countries in 1994 a
Release to land
Release to water
Source
g I-TEQ
% of total release
potential (g I-TEQ)
production and use of chemicals
pesticide production
13 000
34
high
pesticide use
1 600
4.2
high
chemical production
high
paper & pulp production
medium (8-27)
textile treatment
medium
combustion
accidental fires
7 950
21
high
combustion of wood
650
1.7
waste treatment and disposal
incineration of MSW b
7 200
19
b
disposal of MSW to landfill
4 000
10
high
incineration of industrial waste
medium (0.3-16)
waste oil disposal
medium (1.8-7.9)
metal industry
secondary Pb production
1 200
3.2
secondary Cu production
390
1.0
electric furnace steel plant
350
0.9
secondary Al production
310
0.8
metal industry c
medium
a
Wenborn et al., 1999
b
MSW = municipal solid waste
c
Non-ferrous metal production, iron and steel industry, sinter plants: medium releases from each
source

Releases from the production and use of chemicals and incineration of municipal solid waste
and industrial waste are likely to continue their decreasing trend, whereas the patterns of
other releases to land and water are less easy to predict (QuaE et al., 2000b; Wenborn et al.,
1999). With regard to air emissions, a 90% decrease was achieved in the emissions from
18

municipal waste incineration between 1985 and 2000 (QuaE et al., 2004). However,
significant reductions in PCDD/F emissions in the near future are deemed unlikely for all the
other sources except for domestic coal combustion (QuaE et al., 2000a). Therefore, it seems
that the overall emissions in 1985 will not be cut by 90% until 2005, as intended in the 5th
Action Programme of the European Commission (Commission of the European Communities,
2001; QuaE et al., 2000a). Emissions from steel production in electric arc furnaces are even
predicted to increase, due to an expanding activity in this field (QuaE et al., 2000b, 2004). It is
thought that non-industrial emissions will exceed industrial emissions in the near future,
because they are more difficult to control (QuaE et al., 2000a, 2000b).

6RXUFHVDQGHPLVVLRQVLQWKH%DOWLF6HDUHJLRQ
The water basin of the Baltic Sea can be divided into several sub-basins. The commonly
known main basins are the Gulf of Bothnia (Bothnian Sea and Bothnian Bay), the Gulf of
Finland and the Baltic Proper. The catchment of the Baltic Sea covers parts of Finland,
Sweden, Denmark, Germany, Poland, Belarus, Lithuania, Latvia, Estonia and Russia (Figure
2-1).

FIGURE 2-1. Map of the Baltic Sea and its catchment. 1 = Bothnian Bay, 2-4 = Bothnian Sea, 5 =
Gulf of Finland, 6-12 = Baltic Proper, 13 = Kattegat, 14 = Belt Sea (HELCOM, 1993, 2003).
19

The availability of emission data from the countries in the Baltic Sea catchment varies. In
those countries in which source-specific estimates have been made (Finland, Sweden,
Denmark, Germany), the main sources of PCDD/Fs are the same as in the European countries
in general. Waste treatment and disposal is estimated to be the greatest source to land, with
the second largest being either the category "fires and other sources" or "industrial processes"
(Wenborn et al., 1999). The emissions to land seem to be approximately 50 to 100-fold higher
than the emissions to air in Finland, Sweden, Denmark and Germany, and of the same
magnitude in the Baltic countries (Poland, Estonia, Latvia and Lithuania), assuming that
residues (ash, dust, sludge) are disposed of to the land: at landfills or intosoil. However, the
emissions from the Baltic countries may be underestimated because some subcategories have
not been quantified (Table 2-2; Lassen et al., 2003).

TABLE 2-2. Estimates of PCDD/F releases to the land from the countries in the Baltic Sea
drainage area a
Country
Min
Max
Best estimate
(g I-TEQ)
(g I-TEQ)
(g I-TEQ)
Finland b
30
710
370
b
Sweden
95
1 220
660
Denmark b
55
850
450
Denmark c
5.7
168
Germany b
580
10 810
5 700
Poland d
6.6 + 530
Estonia d
0.12 + 15
Latvia d
0.24 + 32
d
Lithuania
0.29 + 18
a
Data from Russia not available
b
Situation in 1994 (Wenborn et al., 1999)
c
Situation in 2000-2002 (Hansen & Hansen, 2003)
d
Emissions to land + residues. Medium estimate in 2000 (Lassen et al., 2003)

PCDD/F sources seem to have some distinct characteristics in each country. In Germany, the
emissions from Hamburg are high and they may affect the pollution status of the Baltic Sea
via atmospheric transportation. Potential industrial sources include emissions from hazardous
waste incineration, production of copper, iron and steel and generation of aluminium (UNEP
Chemicals, 1999). Previously, a manufacturing plant for the herbicide 2,4,5-T was also
operating in Hamburg. In Estonia, Latvia and Lithuania, the amounts of waste that are
incinerated are relatively low. PCDD/F releases to land and water are mainly assumed to
occur from uncontrolled burning processes and discharge of municipal waste water (Jensen,
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2003; Lassen et al., 2003). In Latvia, potentially PCDD/F-releasing industrial processes
include municipal and hospital waste incineration, illegal processing of non-ferrous scrap and
iron and steel production (Jensen, 2003; QuaEet al., 2000a). Oil shale combustion and
refining in Estonia does not seem to be a relevant emission source, although this statement
should be viewed with caution until confirmed by more extensive measurements (QuaEet al.,
2000a). No data is available specifically relating to the PCDD/F emissions in the Baltic region
of the Russia. Probable sources in Russia include biomass and waste combustion (Lassen et
al., 2003). Heavily industrialised areas are located in the areas around St. Petersburg and
Novgorod in which metal industry and production of chlorinated chemicals represent potential
sources (Jensen, 2003). In Poland, releases to land and water are likely to occur from
uncontrolled combustion, discharge of municipal waste water and spreading of sewage sludge
onto the soil (Lassen et al., 2003).

A previous survey has examined industrial activities in the Baltic Sea drainage area in
general. Potentially PCDD/F-emitting industries included pulp and paper plants that were
located in several regions, iron and steel plants located near the Bothnian Bay and aluminium
smelters located in Sundsvall (Bothnian Sea) and near St. Petersburg (Gulf of Finland).
Several industrial plants for metal and chemical processing were operating in the southern and
south-eastern parts of the Baltic Sea drainage area (HELCOM, 1993).

Chlorination processes in which PCDD/Fs have been formed include the chloralkali process,
bleaching of pulp and manufacturing of chlorinated chemicals. The production of chlorine
using the chloralkali process was a source of highly contaminated waste sludge until the
1980's, when most modern chloralkali plants discontinued the use of graphite electrodes
(Rappe et al., 1991). A release estimate of 0.28 to 0.6 g Nordic-TEQ/year from the Swedish
chloralkali plants to water was reported in 1993 (UNEP Chemicals, 1999). Chlorinated
chemicals are not produced in Estonia, Latvia and Lithuania (Lassen et al., 2003). The
production and use of chlorophenols and vinyl chloride monomer will be reviewed in
Chapters 2.1.3 and 2.1.4.

The application of chlorine gas for pulp bleaching used to be a significant source of PCDD/Fs
before its replacement with less hazardous forms of chlorine. In the 1980's, the releases of
2,3,7,8-TCDF from a single pulp mill are claimed to be as high as 60 g WHO-TEQ/year
(MacDonald et al., 1998). It has been estimated that 30 000 t of total organic chlorine were
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annually discharged into the Baltic Sea (Wulff et al., 1993). Today more than half of the pulp
and paper in Europe is produced in Finland and Sweden (Leithe-Eriksen, 2001). The
estimated releases from pulp and paper industry in 1994 were almost the same in Finland and
Sweden, 1.2 to 83 g I-TEQ/year to land and 1.5 to 5.3 g I-TEQ/year to water (lowest to
highest estimates) (Wenborn et al., 1999). In 2001, there were approximately one hundred
paper mills in the Baltic Sea drainage area, with three of them using elemental chlorine for
bleaching. These three paper mills were all located in Kaliningrad, Russia (Leithe-Eriksen,
2001). The production volumes of bleached pulp in the Baltic region increased by 56% during
the 1990's (Leithe-Eriksen, 2001). However, PCDD/F releases are expected to undergo a
continued decline (QuaEet al., 2000b).

Statistics show that the use of PCDD/F-containing pesticides in Finland and Sweden has been
low: in 1994, Finland and Sweden used 4.4 and 6.6% of the pesticide consumption of
Germany, respectively. Pesticide consumption in Denmark has also been higher than in
Finland and Sweden. No data is available pertaining to the consumption in other countries in
the Baltic Sea region (Wenborn et al., 1999). However, production of chlorinated pesticides
has been reported to take place in Poland (Lassen et al., 2003).

The future projections of atmospheric emissions in Sweden suggest that only a minor
reduction in emissions will take place between 2000 and 2005. The slight increase in
emissions from residential wood combustion, industrial combustion, secondary zinc
production and electric furnace steel production will be compensated by a decrease in other
emissions. The emissions from industrial sources were somewhat higher in Finland than in
Sweden in 2000, and an increasing activity in electric furnace steel production and secondary
zinc production is expected to play a bigger role in the development of emissions in Finland.
No major changes are expected to occur between 2000 and 2005 in the overall emissions from
Finland. In Denmark, PCDD/F emissions from all sources are expected to decline or at least
remain unchanged. In Germany, emissions from the electric furnace steel production seem to
be increasing, whereas other emissions are expected either to decline or to remain unchanged
(Quass et al., 2000b).

In conclusion, there are a large number of industrial and municipal sources in the catchment
of the Baltic Sea that have the potential to release PCDD/Fs directly to the air, land and water.
These sources include combustion and chlorination processes as well as the metal processing
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industry. The source reduction that may be achieved through improved emission control in the
near future could be partially lost with increasing activity in some fields of industry.

3URGXFWLRQDQGXVHRIFKORURSKHQROV
Commercial chlorophenol formulations contain pentachlorophenol or its derivatives, sodium
pentachlorophenoxide or sodium pentachlorophenyl laurate. Formulations with di-, tri- and
tetrachlorophenols as the principal effective compounds have also been manufactured. The
main applications of chlorophenols have been found in the timber industry, where they have
been used to prevent freshly felled wood from staining and to protect wooden buildings and
other constructions from the attack of fungi and insects. In addition, chlorophenols have been
used for pest and weed control in agriculture, in the preservation of leather and textiles and
synthesis of herbicides and other chemicals (Alcock & Jones, 1997; Ballschmiter & Bacher,
1996; Wild et al., 1992).

The large-scale manufacture of chlorophenols started in the 1930s. The most important
manufacturing processes were alkaline hydrolysis from chlorobenzenes and catalytic
chlorination of phenol. PCDD/Fs were formed in the process as a result of dimerisation of
chlorinated aromatic compounds. In particular, pentachlorophenol formulations contained
high amounts of PCDD/F impurities with OCDD being the main congener (Ballschmiter &
Bacher, 1996). A Russian sodium pentachlorophenolate formulation contained exceptionally
high proportions of 2,3,7,8-TCDD and 1,2,3,7,8-PeCDD, 63 and 21% of I-TEQ, respectively
(Troyanskaya et al., 2003). It has been estimated that the total amount of about 50 tonnes of
PCDD/Fs in chlorophenol formulations were produced in the world (Ballschmiter & Bacher,
1996).

Most of the chlorophenol production in Europe had ceased by 1987, and PCDD/F
concentrations in the formulations that have mainly been imported from the USA have been
much lower than in pre-1987 formulations (Eduljee, 1999; Ballschmiter & Bacher, 1996). In
1991, strict restrictions were placed on the use of pentachlorophenol in the European Union
(Council Directive 91/173/EEC).

At present, soils and other matrixes that became contaminated in the era of the large-scale use
of chlorophenols still act as secondary sources of PCDD/Fs. In the UK, it was estimated at the
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beginning of the 1990s that approximately 30 tonnes of pentachlorophenol might reside in
soil at contaminated sites, and an additional pentachlorophenol burden of 50 tonnes might be
associated with soil in the non-directly exposed environment (Wild et al., 1992). PCDD/F
emissions from impregnated wood in the United Kingdom were estimated to be 1.2 g
TEQ/year. The volatilisation rate from soils is less than 0.15 g TEQ/year (Duarte-Davidson et
al., 1997).

In Finland, chlorophenols were used as fungicides in the sawmill industry between the 1930's
and 1988 (Jørgensen & Kalevi, 2002). A technical chlorophenol formulation known by the
trade name Ky 5 (also: Ky-5, KY-5) was manufactured and used on a large scale. The
production amounted to approximately 24 000 tonnes between 1939 and 1984 (Malve et al.,
2003; Suominen et al., 1999). It has been estimated that this amount contained about 1 530 kg
of PCDD/Fs, or 20 kg I-TEQ (800 Pg I-TEQ/kg). According to the manual of Kymi
Kymmene Co from 1975, the manufacturing process included dissolution of phenols in
carbon tetrachloride followed by a chlorination step, in which chlorine gas was applied in the
presence of a ferric chloride catalyst. The synthesised chlorophenols, said to be mainly
pentachlorophenol, were dissolved in lime to produce an aqueous solution of sodium
pentachlorophenolate. This solution was press-filtered to remove solid impurities, then heated
in a drum to produce dry Ky 5 flakes (Saatsi, 2002). The solid impurities that were formed in
the process contained PCDD/Fs, and their disposal near the plant at the beginning of the
manufacture is thought to be the main source of the contamination of the Kymijoki River by
PCDD/Fs. An incident of accidental fire at the plant was another source of PCDD/F release
(Malve et al., 2003; Suominen et al., 1999).

According to Vartiainen and co-workers (1995), the predominating chlorophenols in Ky 5
were 2,3,4,6-tetrachlorophenol (55%), 2,4,6-trichlorophenol (36%) and pentachlorophenol
(7%); however, the composition varied to some extent. Tetrachlorophenols have actually been
the most abundant chlorophenols found in some technical pentachlorophenol formulations
(Alcock & Jones, 1997). The PCDD/F content in Ky 5 was 860 Pg I-TEQ/kg (Vartiainen et
al., 1995), which is close to the contents reported in pentachlorophenate (84-510 Pg TEQ/kg)
and in technical pentachlorophenol (1 000-3 000 Pg TEQ/kg) (Alcock & Jones, 1997; UNEP
Chemicals, 1999). The predominating PCDD/F congeners in Ky 5 were 1,2,3,4,6,7,8-HpCDF
and OCDF (Assmuth & Vartiainen, 1995). High concentrations of 1,2,3,4,7,8-HxCDF have
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also been reported, probably due to a misidentification of a non-toxic HxCDF (Assmuth &
Vartiainen, 1995; Vartiainen et al., 1995). In pentachlorophenol, the predominating congener
has always been OCDD. However, it appears that the exact composition changed during the
production so that the relative contributions of HpCDFs and OCDF were much higher in the
1970's than in the 1990's (Alcock & Jones, 1997). Other impurities that have been analysed in
Ky 5 include polychlorinated PCBs, diphenyl ethers (PCDE) and phenoxy anisoles (PCPA)
(Humppi & Heinola, 1985; Vartiainen et al., 1995).

Ky 5 was mainly used at sawmill sites in Finland and Sweden (Persson et al., 2003) where to
prevent fungal staining, timber was dipped into pools that contained an aqueous solution of
Ky 5 (Kitunen & Salkinoja-Salonen, 1990). Timber piles were also sprayed with Ky 5. The
mixture of sodium salts of chlorophenols was soluble in water, whereas the molecular form of
pentachlorophenol was generally applied as an oily solution, for example in diesel fuel
(Exner, 1987; Jackson & Bisson 1990).

In Denmark, the use of pentachlorophenol reached its maximum, 250 to 300 t/year, at the
beginning of the 1970's. Despite the cessation of domestic use for wood preservation by 1978,
it has been estimated that in 2000, 100 to 5 000 g I-TEQ was still present in the existing
timber stock (Hansen & Hansen, 2003). There is no information available pertaining to the
production and use of chlorophenols from other regions in the Baltic Sea drainage area.

3URGXFWLRQDQGXVHRIYLQ\OFKORULGH
Vinyl chloride monomer (VCM) is produced from ethylene dichloride (EDC) by cracking.
The EDC for this process is obtained by direct chlorination of ethene, and by oxychlorination,
which is a process that recycles hydrogen chloride (HCl) that is formed in direct chlorination.
(Carroll et al., 1998; Dyke et al., 1997; Khizbullin et al., 1998; Wenborn, 1999). The
production of EDC, VCM and PVC can be accomplished at the same facility or at separate
facilities. Most of the EDC produced in the USA and Canada is used for VCM production
(Carroll et al., 1998).

PCDD/Fs are principally formed in the oxychlorination process. Solid and liquid waste arises
from the purification of EDC and VCM, the disposal of spent oxychlorination catalysts and
the treatment of effluent. Further emissions of PCDD/Fs may take place during the pyrolytic
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cracking of EDC and the production of polyvinylchloride (PVC) resins (Carroll et al., 1998;
Dyke et al., 1997; Khizbullin et al., 1998; Wenborn et al., 1999). The estimates of total
emissions from the world VCM production at the beginning of the 1990's ranged from 2 to
1 800 g TEQ/year, depending on the source of information (Miller, 1993). A significant
proportion of PCDD/Fs seems to be released to the land (Dyke et al., 1997; Miller, 1993).

Most of the data available on VCM production in Europe relates to the situation at the
beginning of the 1990s. Germany was considered to be the biggest producer in Europe with a
production volume of 6 000 kt/year of vinyl chloride in 1994. Data on the production volumes
of EDC and VCM were virtually unavailable. Based on the production in Germany and the
UK, the total releases in Europe represented more than one percent of all PCDD/F releases to
land (Wenborn et al., 1999). German and Swedish VCM manufacturing plants that have been
mentioned in the literature are not located next to the Baltic Sea (Miller, 1993). In Finland,
vinyl chloride monomer was produced between 1973 and 1981 at one chemical plant that was
located in Sköldvik, in the municipality of Porvoo. The manufacturing process included
oxychlorination of EDC.

The use of PVC in several applications is being phased-out through international agreements
and voluntary commitments (Greenpeace International, 2002, 2003).

1DWXUDOVRXUFHV
Much attention has been recently paid on natural sources of PCDD/Fs owing to the detection
of high concentrations of PCDD/Fs in certain clay minerals, some of which have been used as
mineral supplements and anti-caking additives in animal feeds (Ferrario et al., 2000; Rappe &
Andersson, 2000). Some clay samples have contained PCDD/Fs at concentrations up to
thousands of pg/g. A similar congener profile has been found in clays that represent different
regions and different ages, but a common geological process that could explain the formation
of PCDD/Fs has not been identified (Ferrario et al., 2000; Rappe & Andersson, 2000).

Variable levels of contamination from unidentified sources have also been reported in soil and
sediment samples from different regions and of different ages. For example, Hashimoto and
co-workers (1995) found a PCDD concentration as high as 2 000 pg/g d.w in sediment slices
that were one to ten million years old. The PCDD/F concentration analysed from Australian
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sediment cores that represented the last 350 years was 2 500 pg/g d.w at its highest (Gaus et
al., 2001). In rural lake sediments from the 1840s, a concentration of 100 pg/g d.w was
analysed in the UK (Green et al., 2001). Müller and co-workers (2002) reported PCDD/F
concentrations ranging from 3 to 33 pg I-TEQ/g d.w in Hong Kong sediments and Mai Po
marshes. One characteristic of all these samples was a congener profile that was dominated by
highly chlorinated PCDDs. The profile was different from known industrial sources.

The "trace chemistries of fire" theory helps explain the presence of PCDD/Fs in the
environment before the manufacture of chlorinated chemicals started in the 1920's. The theory
presented at the end of 1970's implied that PCDD/Fs are not only formed in industrial
processes but also in domestic sources, including fireplaces, charcoal grills and cigarettes
(Bumb et al., 1980). Whenever an organic material is burned, traces of chlorine are always
present which give rise to the formation of organochlorine compounds.

Non-industrial combustion sources can be of purely natural or anthropogenic origin. Trees can
be naturally set on fire but our ancestors also burned entire forests for heating and to clear
land for cultivation. Judged by the low formation potential for PCDD/Fs that has been
empirically demonstrated, forest fires as such are unlikely to cause significant contamination
of soils (Hoekstra et al., 1999; Martínez et al., 2000; Prange et al., 2003). However, their role
in PCDD/F redistribution from contaminated areas has been recently addressed (Prange et al.,
2003).

Purely natural formation mechanisms have also been identified. These mechanisms require
that suitable precursor compounds are available. Precursors can be produced naturally in
small quantities (Gribble, 1994) but in some cases they are released in higher quantities from
industrial sources. The formation of PCDD/Fs from chlorophenol precursors via enzymecatalysed oxidative coupling has been demonstrated (Morimoto & Tatsumi, 1997; Silk et al.,
1997; Svenson et al., 1989; Öberg & Rappe, 1992), and it is a possible formation mechanism
mainly for OCDD and HpCDD congeners in digested sewage sludge and in composts (Klimm
et al., 1998; KrauE et al., 1994; Malloy et al., 1993; Stevens et al., 2003), for lower
chlorinated PCDD/Fs in forest soils and peat bogs (Hoekstra et al., 2000; Silk et al., 1997),
and for HpCDD and OCDD in incubated cow manure (Fries et al., 2002). Another formation
pathway is photochemical dimerisation: formation of OCDD, OCDF and smaller amounts of
lower chlorinated PCDD/Fs has been demonstrated after irradiating chlorophenols with UV
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light (Lamparski et al., 1980; Liu et al., 2002; Skurlatov et al., 1997; Vollmuth et al., 1994).
The proposed radical mechanism includes photolytic cleavage of the C-Cl or O-H bond which
leads to the condensation of the radicals and the elimination of HCl (Piccinini et al., 1998;
Skurlatov et al., 1997). In the atmosphere, pentachlorophenol is photochemically transformed
to OCDD (Baker & Hites, 2000).

2.2 Contamination of soils
Guideline values have been set for PCDD/F concentrations in order to categorise soils as
"clean" and "contaminated" or to define acceptable levels of contamination for certain land
uses. In Finland, soils that exceed the level of 500 pg I-TEQ/g dry weight are recommended
to be remediated (guideline value) with a target concentration of 20 pg I-TEQ/g dry weight
(Jørgensen & Kalevi, 2003; Puolanne et al., 1994). In Germany, the Netherlands and Sweden,
PCDD/F guidelines for soil depend on the use of land. In the most sensitive uses, soil is not
allowed to contain more than 1 to 100 pg TEQ/g, whereas concentrations between 250 and
10 000 pg TEQ/g can be accepted for less sensitive uses (UNEP Chemicals, 1999).

The occurrence of exceptionally high levels of contamination in soils (and sediments) at socalled "hot spots" is usually attributable to the manufacture and use of chlorinated chemicals.
For example, in the 1970's and 1980's, releases from the manufacture of 2,4,5-trichlorophenol
and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) contaminated soil in Seveso (Italy), Hamburg
(Germany) and New Jersey (USA) (Exner, 1987). In Poland, the production of 2,4,5-T,
sodium pentachlorophenate, pentachlorophenol and 2,4,5-trichlorophenol was started in 1969
in Neratovice. Dumping of chemical wastes around the production facility led to soil
contamination with 2,3,7,8-TCDD levels up to 29 800 pg/g being reported (Holoubek et al.,
2000). Severe contamination of sawmill sites has been reported in Arkhangelsk district in
northern Russia, with concentrations up to 224 000 pg I-TEQ/g d.w (Troyanskaya et al.,
2003). In Japan, the annual emissions of PCDD/Fs from the herbicides pentachlorophenol and
chloronitrofen (2,4,6-trichlorophenyl-4´-nitrophenyl ether) to agricultural land were more
than 10 kg I-TEQ/year during the 1960's and early 1970's (Masunaga & Nakanishi 1999).
PCDD/Fs have been found in at least 110 of 1 428 National Priorities List sites identified by
the United States Environmental Protection Agency (Pohl et al., 1998).
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Direct inputs of PCDD/Fs to land typically lead to local contamination in relatively small
areas. Volatilisation, erosion, leakages to groundwater and transportation with surface runoff
may result in a wider distribution in terrestrial, atmospheric and aqueous compartments.
Therefore, any contaminated sites that are located within the drainage area of the Baltic Sea
are potential sources of PCDD/F releases into the sea. A few cases of PCDD/F contamination
in the drainage area of the Baltic Sea that originate from the production and use of chlorinated
chemicals have received attention in the scientific literature. The use of Ky 5 has led to soil
and sediment contamination by chlorophenols and PCDD/Fs at sawmill and waste disposal
sites (Assmuth & Vartiainen, 1994; Assmuth & Vartiainen, 1995; Kitunen & SalkinojaSalonen, 1990; Vartiainen et al., 1995). Concentrations of 2,3,7,8-chlorinated PCDD/Fs as
high as 3 200 000 pg/g or 94 000 pg I-TEQ/g d.w have been reported in sawmill soil
(Assmuth & Vartiainen, 1995). In Sweden, the maximum concentration of 2,3,7,8-chlorinated
PCDD/Fs in samples collected from two sawmill sites has been 490 000 pg/g d.w (3 900 pg
WHO-TEQ/g) (Persson et al., 2003).

Contaminated soils and sediments represent potential sources for food-chain accumulation of
PCDD/Fs. Therefore, one of the tasks listed in the Dioxin Strategy of the Commission of the
European Communities (2001) is to prepare a detailed survey of the locations of heavily
contaminated soils and sediments.

2.3 Contamination of sediments
PCDD/F-contaminated sediments have been found in the vicinity of many industrial sites all
around the world. The highest reported quantity emanates from magnesium production in
Norway, where concentrations up to 18 000 pg Nordic-TEQ/g d.w have been analysed in the
sediments of Frierfjord, giving rise to a total load of approximately 50 to 100 kg I-TEQ
(Knutzen & Oehme, 1989). The manufacture and use of chlorine and chlorinated chemicals
has been considered as the major source of severe sediment contamination in Tokyo Bay in
Japan (Sakurai et al., 2000; Yao et al, 2002), Newark Bay (Passaic River) in New Jersey,
USA (Bopp et al., 1991), Thunder Bay in Ontario, Canada (McKee et al., 1990), Arkhangelsk
district in Russia (Troyanskaya et al., 2003), Venice Lagoon in Italy (Green et al., 1999;
Jiminez et al., 1998), Lake Baikal in Hungary (Mamontov et al., 2000) and Hamburg harbour
in Germany (Götz et al., 1990).
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High PCDD/F concentrations have been analysed from fish living in the above-mentioned
water systems. At the beginning of the 2000s, flounder caught from the Frierfjord still
contained 28 pg WHO-TEQ/g fresh weight (f.w) (Knutzen et al., 2003), and striped bass
caught from the Newark Bay contained 29 pg TEQ/g f.w (Litten et al., 2003). In Japan,
PCDD/F concentrations up to 23 pg TEQ/g f.w have been analysed in tuna (Tsutsumi et al.,
2003).

The pollution status of the Baltic Sea has been investigated both in coastal and offshore
regions. However, we still do not have a consistent picture of the levels and time trends of
PCDD/F deposition. Based on the sampling in 1988, Broman and co-workers (1991)
estimated that the annual sedimentation of PCDD/Fs in the whole open Baltic Sea (nearcoastal areas excluded) was 290 g Nordic-TEQ (37 kg of total PCDD/Fs). The highest
concentrations in water samples, including particulate and dissolved fractions, were analysed
in the Bothnian Sea.

Several sediment samples have been analysed from coastal regions of the southern Baltic Sea.
In 1994, the mean concentration in 16 sediment samples from the estuary of the Warnow
River, Bodden area, Mecklenburg Bight, Oder Bight and Arkona Basin was 8.53 r5.40 pg
TEQ/g d.w. Concentrations of PCDDs were typically much higher than those of PCDFs, and
the predominating congener was OCDD (Witt et al., 1997. The unit of measurement given in
the original publication, ng/g, has been corrected to pg/g based on personal communication
with Dr. Karl-Werner Schramm, 2004). Dannenberg and Lerz (1999) found 13-2 991 pg/g
d.w. of PCDDs and 2.5-820 pg/g d.w. of PCDFs in sediment samples collected from
approximately the same areas.

In the Bothnian Sea, sediment contamination has been identified in Hedesunda Bay (estuary
of Dala River, multiple PCDD/F sources), and the vicinity of the Iggesund pulp mill, both
located north of Stockholm. In Hedesunda Bay, the concentrations of 2,3,7,8-chlorinated
PCDD/Fs were up to 190 000 pg/g (1 800 pg Nordic-TEQ/g) (Kjeller et al., 1990). Four
kilometres away from the Iggesund pulp mill, the PCDD/F concentration was approximately
2 400 pg/g d.w. (Rappe et al., 1989). The PCDD/F concentrations decreased with increasing
distance from Iggesund, being slightly elevated at a spot 29 km distant but only reaching the
background level at a distance 150 km away from the pulp mill (Jonsson et al., 1993). The
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concentration of 2,3,7,8-chlorinated PCDD/Fs in a sediment slice that was sampled from the
area between Gotland and the Swedish coast in 1985 was low, 650 pg/g. The presence of
alkyl-PCDFs, however, indicated releases from pulp mills (Kjeller & Rappe, 1995).

Little information on PCDD/F concentrations is available from the Bothnian Bay. In front of
the city of Pietarsaari, PCDD/F concentrations of up to 350 pg Safe-TEQ/g d.w have been
reported, which is equivalent to 63 pg WHO-TEQ/g d.w (Koistinen et al., 1995. Recalculation
by Isosaari).

Contamination of Baltic fish species has also been surveyed. In a recent survey, fresh weight
concentrations of PCDD/Fs as high as 17.4 pg WHO-TEQ/g were measured from pooled
salmon samples from the Bothnian Sea, whereas the maximum in the Gulf of Finland was 9.7
pg WHO-TEQ/g. Pooled herring samples that were collected in spring contained up to 17.7
pg WHO-TEQ/g in the Bothnian Bay and 7.5 pg WHO-TEQ/g of PCDD/Fs in the Gulf of
Finland (Hallikainen et al., 2004; National Food Agency Finland, 2004).

2.4 Remediation of contaminated soils and sediments
$YDLODEOHDQGHPHUJLQJWHFKQLTXHV
Only a few Finnish sawmill sites contaminated with chlorophenols and PCDD/Fs have been
remediated. Remediation has usually been accomplished through mass transfer operations.
Contaminated soils used to be treated by composting until the PCDD/F problem was
recognised. The compost wastes or excavated soil that still contain high concentrations of
PCDD/Fs have been transported to landfills, sometimes to special landfills. In a few cases,
PCDD/Fs have been destroyed by high-temperature combustion. Less contaminated soils
have been capped at the site. No degrading methods other than combustion have been used for
the treatment of PCDD/Fs (Isosaari & Vartiainen, 2002; Jørgensen & Kalevi, 2002).

Combustion of soil and other PCDD/F-contaminated matrixes at temperatures higher than
1 000 qC is a conventional treatment technology that results in PCDD/F destruction
efficiencies of 99.9% or more. Thermal desorption at 600 qC and afterburning of volatilised
PCDD/Fs at temperatures higher than 1 000 qC is appropriate technology when the cleanup
target is somewhat lower (Vis & Krijger, 2000).

31

Several emerging techniques for the removal and destruction of PCDD/Fs from soils and
sediments have been presented in the literature. However, full-scale applications are not yet
available. Soil extraction is one potential decontamination method. Dougherty and co-workers
(1994) have studied the ability of a number of organic solvents, vegetable oils and solvent-oil
mixtures to remove 2,3,7,8-TCDD from soil. With gentle periodical swirling, 13 to 14% of
2,3,7,8-TCDD could be dissolved in the investigated vegetable oils in 20 h, while 65 to 82%
were dissolved in alcohols. The diffusivity of 2,3,7,8-TCDD in soil was highest in solvents
with a low molecular weight and low viscosity, such as alcohols, and fairly low in ethyl oleate
(Dougherty et al., 1991a; Overcash et al., 1991). In systems comprising oil, soil and water, a
preferential partitioning of PCDD/Fs into mineral oils has been noted (Jackson & Bisson,
1990; Kapila et al., 1989). Even water can be used for the extraction. Extraction with water at
elevated temperatures and sometimes also at elevated pressures has been termed subcritical
water extraction. It also results in partial dechlorination of PCDD/Fs. Hashimoto and coworkers (2004) have reported a 99.4% reduction in PCDD concentration in soil after a 30-min
water extraction at 350 qC, at atmospheric pressure.
Reductive dechlorination under alkaline conditions is an effective treatment for PCDD/F
wastes. Peterson and Milicic (1992) have used potassium hydroxide in polyethylene glycolate
(APEG-method) for the destruction of PCDD/Fs in contaminated sludge and activated carbon.
DesRosiers (1989) has used the KPEG (potassium polyethylene glycolate) method, and Oku
and co-workers (1995) have used sodium or potassium hydroxide in 1,3-dimethyl-2imidazolidinone to degrade PCDD/Fs in liquid waste. In novel modifications of the
technology, the use of organic solvents is no longer necessary: reductive dechlorination can
be achieved through a mechanical treatment of PCDD/F-contaminated material in the
presence of alkali metal salts, a process that is close to combustion because the intensive
grinding creates high-temperature zones in the soil (Monagheddu et al., 1999). Other
alternatives for chemical dechlorination of PCDD/Fs include the use a supported noble metal
catalyst (typically palladium or platinum) and an alkaline hydrogen donor solution, for
example, sodium hydroxide (NaOH) in propanol (Ukisu & Miyadera, 2003). Catalytic
multiphase systems for the dechlorination of PCDD/Fs consist of a hydrocarbon solvent in
which PCDD/Fs are dissolved, an aqueous phase, a phase-transfer agent, supported platinum
or palladium catalyst and a source of hydrogen gas (Tundo et al., 2001). Solvated electrons
have been generated for dechlorination purposes by dissolving alkali metals in anhydrous
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ammonia (Getman, 2000). Reductive dechlorination multiphase processes can be operated at
mild temperatures, at 30 to 50 qC.
Ionizing radiation in the form of a high-energy electron beam or J radiation is also capable of
dechlorinating PCDD/Fs. By irradiating spiked soil with J rays, more than 92% of 2,3,7,8TCDD has decomposed (Hilarides et al., 1994).

Ozonation has been successfully used to destroy PCDD/Fs when these agents are first
adsorbed on a hydrophobic zeolite (Leichsenring et al., 1996). In soil suspension, ozonation at
pH 10 and a temperature of 50 qC has destroyed 40% of 2,3,7,8-chlorinated PCDDs
(Palauchek & Scholz, 1987). In seepage water from a landfill, probably containing precursors
for PCDD/F formation, PCDD/F concentrations have started to increase during ozonation
(Vollmuth & Niessner, 1995).

Using Fenton's reagent [Fe(II) and H2O2], Watts and co-workers (1991) have obtained 96%
degradation in the OCDF content in sandy soil. In another study, Fenton’s reagent has
degraded 60 to 97% of pure PCDD/F congeners, but only 33% of PCDD/Fs were degraded in
contaminated soil (Isosaari et al., 1997). Pignatello and Huang (1993) have used a
combination of Fe3+/ H2O2/visible light for the treatment of 2,4,5-T in water, and managed to
decompose 66 to 100% of the PCDD/F impurities present in this herbicide. When
contaminated soil slurry was pretreated with Fenton’s reagent, up 99% of 2,3,7,8-TCDD were
converted to biodegradable intermediates (Kao & Wu, 2000).

Biodegradation of non- to polychlorinated dibenzo-p-dioxins and dibenzofurans has been
extensively investigated (Wittich, 1998). Microbes in PCDD/F-contaminated sediments
exhibit some potential for dechlorination (Adriaens et al., 1995; Albrecht et al., 1999;
Barkovskii & Adriaens, 1996; Bunge et al., 2003), however, the practical significance of
natural processes in site cleanup appears to be low. The best results in PCDD/F
bioremediation have been achieved with white rot fungus. In liquid-phase experiments in the
laboratory, 40 to 76% of tetra- to hexachlorinated 2,3,7,8-PCDD/Fs were degraded in 10 days
(Takada et al., 1996). In one application, 50-87% of tetra- to octachlorinated PCDD/Fs
(chlorination patterns not given) were degraded in soil in 282 days (EarthFax, 2003). Another
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potential remediation technique for 2,3,7,8-PCDD/Fs might be to use isolated bacterial
enzymes in bioreactors (Ishii et al., 2003).

3KRWRGHJUDGDWLRQ
Photodegradation mechanisms
PCDD/Fs have a strong UV absorption at wavelengths shorter than 270 nm; however, their
absorption band extends into the wavelengths longer than 290 nm which makes is possible to
use sunlight as a radiation source for PCDD/F photolysis (Choi et al., 2000; Choundry &
Webster, 1989; Dulin et al., 1986; Tysklind et al., 1993; Wagenaar et al., 1995). Upon
absorption of light, excitation of the PCDD/F molecule leads to the cleavage of either the CCl bond or the C-O bond. Cleavage of the C-Cl bond, dechlorination, accounts for less than
30% of the photodegradation products in isooctane and in aqueous solutions (Kieatiwong et
al., 1990; Kim & O’Keefe, 2000; Rayne et al., 2002). In hexane, dechlorination yields have
typically been higher: 50% from 2,3,7,8-TCDF (Dung & O’Keefe, 1994), 5 to 32% from
OCDD and 35 to 68% from OCDF (Konstantinov & Bunce, 1996; Wagenaar et al., 1995).
The relative yield of dechlorination products decreases with an increasing conversion of the
original compound (Konstantinov & Bunce, 1996; Rayne et al., 2002).

Dechlorination reactions of PCDD/Fs, PCBs and other aryl chlorides (ArCl) are well
established (Bunce, 1982; Chu & Kwan, 2002; Hawari et al., 1991; Konstantinov & Bunce,
1996). In the direct dechlorination mechanism (Eq. 1), absorption of UV light (hQ) by the
ArCl molecule leads to the formation of an excited singlet state that is converted to a triplet
state via intersystem crossing (ISC). Homolytic dissociation of the triplet state into radicals
then takes place readily.
[hQ]
ArCl o

1

[ISC]
ArCl o 3ArCl o Ar• + Cl•

(Eq. 1)

In the most typical form of an indirect or sensitised mechanism, an electron is transferred
from an electron donor (don-H) to the excited state of aryl chloride (ArCl*) and an
intermediate aryl radical anion is formed (Eq. 2).
ArCl* + don-H o ArCl•- o Ar• + Cl-

(Eq. 2)
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The generated aryl radicals (Ar•) are stabilised by hydrogen abstraction that yields the
dechlorination product, ArH.

Cleavage of the C-O bond yields chlorinated dihydroxybiphenyls or hydroxydiphenyl ethers
(the latter compounds are also known as chlorinated phenoxyphenols) (Friesen et al., 1996;
Kieatiwong et al., 1990; Konstantinov et al., 2000; Rayne et al., 2002). As yet, the reaction
mechanism involving the C-O bond cleavage and a complete mass balance have only been
presented for the direct photodegradation of 2,3,7,8-TCDD in aqueous solutions: Rayne and
co-workers (2002) demonstrated higher than 50% conversion of 2,3,7,8-TCDD into 2,2’dihydroxy-4,4’,5,5’-tetrachlorobiphenyl. The other degradation products were chlorinated
phenoxyphenols and lower chlorinated dioxins. It was proposed that the yield of chlorinated
hydroxydiphenyl ethers could be higher in better hydrogen-donor solvents. In isooctane, less
than 10% of 2,3,7,8-TCDD has been found to be converted into 2,2’-dihydroxy-4,4’,5,5’tetrachlorobiphenyl and less than 10% into trichlorodibenzo-p-dioxin (Kieatiwong et al.,
1990).

The ultimate aromatic photodegradation product of PCDDs appears to be hydroxybenzoic
acid (Massé & Pelletier, 1987). Some researchers have also reported on the formation of
PCDD/F-solvent adducts (Hung & Ingram, 1990; Kieatiwong et al., 1990) and chlorophenols
(Konstantinov et al., 2000).

The data available on the influence of the chlorination degree and pattern of a PCDD/F
molecule on photodegradation suggests that there is a more rapid photodegradation for lower
chlorinated PCDD/Fs (Choundry & Webster, 1986; Friesen et al., 1996; Kim & O'Keefe,
2000; Koester & Hites, 1992; Nestrick et al., 1980; Niu et al., 2003; Yan et al., 1995). PCDFs
degrade more rapidly than PCDDs (Konstantinov & Bunce, 1996; Niu et al., 2003; Ritterbush
et al., 1994; Schuler et al., 1998; Wagenaar et al., 1995). It appears that 2,3,7,8-PCDD/Fs
degrade more rapidly than non-2,3,7,8-PCDD/Fs on solid support and in the absence of
photochemical sensitisers (Hosoya et al., 1995; Nestrick et al., 1980). When photochemical
sensitisers are present, like in natural waters, chlorine substituents are preferably cleaved from
positions 1, 4, 6 and 9, and 2,3,7,8-PCDD/Fs are more persistent (Friesen et al., 1990, 1996;
Hung & Ingram, 1990; Konstantinov & Bunce, 1996).
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Solvent and solid phase photodegradation
Photodegradation of PCDD/Fs has been investigated in natural and pure waters, surfactant
solutions, acetonitrile-water solutions and organic solvents (Table 2-3). PCDD/Fs have also
been photochemically degraded on solid surfaces, including soil, walls and vegetation (Table
2-4). Most of the research has been focused on photodegradation in the spectral range of
sunlight.

Photodegradation rates are slow in soil (Kieatiwong et al., 1990; McPeters & Overcash, 1993;
Wong & Crosby, 1978). Solvent additions are needed to overcome the strong binding of
PCDD/Fs to solid surfaces and the shielding effect of particles (Kieatiwong et al., 1990;
McPeters & Overcash, 1993; Wipf et al., 1978). They can also be used to extract PCDD/Fs
from soil before irradiation (Botré et al., 1978; Namikaya et al., 2003). Selection of the
solvent is a compromise between its environmental acceptability, its solubilising and diffusive
properties as well as the UV absorption of the solvent. In strongly absorbing solvents, most of
the UV light is absorbed within a few millimetres or even less. As an example, less than 1%
of the original UV intensity penetrated beyond a depth of 2 mm in ethyl oleate (Dougherty et
al., 1991b). In such a case diffusive and convective transport will determine whether any
reduction takes place in deeper solvent layers or in solvent-amended soils (Dougherty et al.,
1991c, 1993; Kieatiwong et al., 1990). Zhong and co-workers (1993) have stressed the
importance of correct timing for new solvent additions to avoid downward migration of
PCDD/Fs and to optimize photodegradation on the soil surface. The dosage is also crucial:
low doses (0.1%) of ethyl oleate have even led to an increase in PCDD/F concentrations in
soil due to an enhanced solubilisation of strongly bound pollutants (Miller et al., 1989).

Enhanced photodegradation of PCDD/Fs has been reported in solvents that act as hydrogen
donors (Bertoni et al., 1978; Dung & O'Keefe, 1994; Hosoya et al., 1995; Tysklind & Rappe,
1991). The function mechanism of a hydrogen donor has been ascribed to the capability of
hydrogen atoms to stabilise photolytically generated aryl radicals (Hung & Ingram, 1990).
Radical stabilisation could also be an important mechanism in photodegradation pathways
that involve homolytic cleavage of the C-O bond (Rayne et al., 2002).
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TABLE 2-3. Compilation of photodegradation studies in solvent phase
PCDD/F
congener

Solvent

2378-TCDD
2378-TCDD

ethyl oleate-xylene
surfactant
methanol
methanol

2378-TCDD
2378-TCDD
2378-TCDF
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1278-TCDF

2378-TCDF
23478-PeCDF
12347-PeCDD
1234678-HpCDD
OCDD

2378-TCDD

UV source
wavelength a, power or
intensity

hexadecane
ethyl oleate
hexane
pure water
natural water

lamp: 20 PW/cm2
lamp: 254-356 nm
lamp: 254-356 nm
lamp: 100 PW/cm2
sunlight
lamp: 290-320 nm
lamp: 290-320 nm
lamp: 300 nm, 0.6 W/L b
sunlight
sunlight

hexane
pure water
natural water
natural water

lamp: 300 nm, 0.6 W/L b
sunlight
sunlight
sunlight

Irradiation
time

Degradation
efficiency

t½, h

Reference

5d
4.5 h
9h
24 h
8h

100%
100%
88%
100%
100%

18.8*
1.20 *
4.90 *
4.18*
1.81*
0.43
4.99
4.7-6.5
11
5.9-6.3

Bertoni et al., 1978
Botré et al., 1978

5.25 d
10.2 d
cyclohexadiene-hexane
triethylamine-hexane
cyclohexene-hexane
hexane
benzene-hexane
benzophenone-hexane
benzene
acetonitrile-water
isooctane

lamp: 295-350 nm, 1.2
W/L c

lamp: 310 nm

20 min

98%
94%

3.8-4.9
8.5
4.2-4.7
28.7
276
22.5
59.4
2.33
2.65
4.81
8.52
14.4
17.2
31.9
257
0.08

Crosby & Wong, 1971
Dougherty et al., 1991b
Dung & O’Keefe, 1994

Friesen et al., 1990,
1996

Hung & Ingram, 1990

Kieatiwong et al., 1990

Table 2-3. Continuing
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PCDD/F
congener

Solvent

UV source

1278-TCDD
OCDD
1278-TCDF
OCDF
OCDD
OCDF
2378-TCDD
1478-TCDD
12378-PeCDD
2378-TCDD
1278-TCDD
1469-TCDD
OCDD
OCDD
OCDF

pure water

sunlight

hexane

lamp: 285-335 nm

hexane
lab. wastes in isooctane

lamp: 254 nm, 4.6 W
lamp: 254 nm, 4.6 W

n-hexadecane

lamp: 365 nm

hexane

lamp: 254 and 313 nm

wavelength a, power or
intensity

Irradiation
time

80 min
40 min
20 min
24 h
24 h
60 min
555 min
1260 min
15 min

Degradation
efficiency

98%
99%
100%
52%
54%
10%
50%
100%
100%

t½, h

Reference

6.4
23
8.3
6.5
0.33 *
0.20 *
0.06 *
3.28 *
1.56 *
0.95
8.18
140
24.3
0.03 *
0.03 *

Kim & O’Keefe, 2000

4.5
2378-TCDD
tetradecane extract of fly lamp: 300-400 nm, 3000
2
37.3
OCDD
ash
PW/cm
9.8
2378-TCDF
2.1
OCDF
2378-TCDD
decane-butanol
lamp: 313 nm, 0.09 W d
7.7
OCDD
72.6
* Estimated from the data, based on 1st order degradation kinetics
a
Wavelength range or wavelength of maximum intensity (Omax)
b
Calculated based on the reported intensity of 1.48 u 10-6 einsteins L-1 s-1 and quantum energies from Leifer, 1988
c
As above; reported intensity 3.13 u 10-6 einsteins L-1 s-1
d
As above; reported intensity 2.3 u 10-7 einsteins s-1

Konstantinov & Bunce,
1996
Konstantinov et al.,
2000
Nestrick et al., 1980

Ritterbush et al., 1994
Tysklind & Rappe, 1991

Yan et al., 1995

TABLE 2-4. Compilation of photodegradation studies on surfaces and soil
PCDD/F
congener

Matrix

2378-TCDD

soil

PCDD/Fs

wall

2378-TCDD
1234-TCDD

C18surface

Solvent

UV source
wavelength a, power or
intensity
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2378-TCDD
2378-TCDD
OCDD
12389-PeCDF
123489-HxCDF
OCDF
1234-TCDF
12347-PeCDD
123478-HxCDD
OCDD
2378-TCDD

soil

2378-TCDD

floor/wall

2378-TCDD

soil
soil

silica gel
surface

Degradation
efficiency

t½, 1/h

Reference

ethyl oleatexylene
no solvent

sunlight

7d

90%

1100*

Bertoni et al., 1978

lamp: 254 nm, 12 W

48 h

90-99%

7.48-13.8*

2-propanol-water
2-propanol-water
2-propanol-water
2-propanolmethanol
hexadecane
no solvent
no solvent
no solvent

medium-pressure Hg
lamp: 450 W
sunlight

5 min
20 min
4d

100%
100%.
95%

0.01
0.15
0.02

Borwitzky & Schramm,
1991
Hosoya et al., 1995

sunlight
lamp: 310 nm
lamp: 310 nm
sunlight
lamp: >290 nm, 450
W

6d
15 d

100%
44-73%
16-41%
19-30%

lamp: 20 PW/cm2

42 h

87%

0.05
191-429*
480-1990*
712-1190*
3
5
9
88
92
140
270
14.3*

lamp: 280-320 nm,
20 PW/cm2
lamp: 2000 PW/cm2
sunlight

3d

>78%

<33*

9d
60 d

100%
87%

143*
489*

70%

829*

glass
surface

soil

Irradiation
time

ethyl oleatexylene
tetradecane-1butanol
no solvent

Kieatiwong et al., 1990

Koester & Hites, 1992

Liberti et al., 1978a
Liberti et al., 1978b

McPeters & Overcash,
1993

Table 2-4. Continuing
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PCDD/F
congener

Matrix

OCDD

soil

no solvent

2378-TCDD
1278-TCDD
1469-TCDD
OCDD
2378-TCDD
12378-PeCDD
HxCDDs b
1234678HpCDD
OCDD

glass
surface

no solvent

2378-TCDF
23478-PeCDF
HxCDFs b
HpCDFs b
OCDF
2378-TCDD

2378-TCDD

Solvent

UV source

Irradiation
time

Degradation
efficiency

t½, 1/h

Reference

lamp: 310 nm

20 d

34-42%

614-804*

Miller et al., 1989

lamp: 365 nm

2.6 d
0.33 d
0.96 d
-

20%
61%
59%
21%

140
5.83
13.8
815
55.5
57.8
76.2-91.2

Nestrick et al., 1980

wavelength a, power or
intensity

vegetation (cuticular wax)

sunlight

Niu et al., 2003

83.5
105

vegetation olive oil emulsion
olive oilcyclohexane
no solvent
vegetation (herbicide Agent
soil
Orange)

sunlight

sunlight

* estimated from the data, based on 1st order degradation kinetics
a
Wavelength range or wavelength of maximum intensity (Omax)
b
2,3,7,8-chlorinated congeners

9d

6h

77%

45.9
55.0
70.7-78.8
84.5
100.5
93.0*

79%
57%
70%
12%

69.6*
93.5*
3.45*
32.5*

Wipf et al., 1978

Wong & Crosby, 1978

It is also possible to enhance photodegradation by using sensitising compounds. The role of
photochemical sensitisers has been noted in natural waters, in which humic compounds and
algal pigments play a significant role in PCDD/F photodegradation (Dung & O’Keefe, 1994;
Friesen et al., 1990, 1996). Sensitisers have also been added to organic solvents to enhance
the photodegradability of PCDD/Fs. Additions of hydrogen peroxide or azobis(isopropionitrile) shortened the half-life of OCDD in decane-butanol solution by 75% and 45%,
respectively (Yan et al., 1995). Using triethylamine as a photosensitiser, 99% of OCDD had
photolysed in 5 min in hexane (Konstantinov & Bunce, 1996). Photocatalytic treatment with
titanium dioxide (TiO2) has been effective for PCDD/Fs in solvents (Choi et al., 2000). In
contaminated soils, a decline in the I-TEQ content by 21 to 34% has been noted after 12
weeks of sunlight exposure (Isosaari et al., 1998). However, in some experiments, no decline
has been detected (Kobara et al., 2003).
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3 AIMS OF THE STUDY
This dissertation aims to
x Make an inventory of the sources, concentrations and total amounts of PCDD/Fs in the
Gulf of Finland sediments (I, II)
x Investigate the natural and pre-industrial background concentrations of PCDD/Fs in
lake sediments (III)
x Study the photodegradation mechanisms of PCDD/Fs in vegetable oil-UV light
systems (IV-VI)
x Assess the potential of photochemical decontamination of soils (IV-VI)
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4 MATERIALS AND METHODS
4.1 Sediment sampling
Sediment samples were collected by specialists in geology and limnology from the University
of Turku (II), Geological Survey of Finland (III), Finnish Institute for Marine Research and
Finnish Environment Institute (I) between 1994 and 1999. Time dating of the sediments was
carried out at the Radiation and Nuclear Safety Authority (I-III) and University of Turku (II).
The methods used for the sampling and time dating are summarised in Table 4-1.

TABLE 4-1. Sediment sampling and dating methods used in original papers I-III
Sampling site
Depth
Sampling device
Dating method
Gulf of Finland
0-2, 0-5 cm
Limnos sampler
0- ~50 cm
gravity corer
Cs-137, Pu-239, 240,
Pb-210
Sköldvik
0-7 cm
Limnos sampler
0-100 cm
freezing sampler
Cs-137, SCP a
Lake Ahmasjärvi
0-520 cm
piston corer
C-14
a
Spheroidal carbonaceous particles

Paper
I
I
II
II
III

One surface sediment sample or sediment core was collected per sampling point. The surface
sediments were collected with Limnos-type samplers. The deeper sediment cores were
obtained with different types of sampling devices that were designed for undisturbed
sampling. The order of sediment layers was preserved either by slicing the sediment core
onboard the research vessel as it was pushed out from the corer, layer by layer (I), by freezing
the sediment profile immediately in the sea bed (II) or by transporting the core to the
laboratory in closed sampling tubes and sectioning it there in the horizontal position (III). The
sampling points of deep cores in studies I and II were located in echosounded accumulation
areas of depositing material.

4.2 Photodegradation of PCDD/Fs
/LJKWVRXUFHV
The source of light in photodegradation experiments was either a set of two parallel blacklight
lamps (IV, VI), fluorescent lamps (IV) or natural sunlight (V). Blacklight lamps emitted light
in the UV-A and UV-B regions, between 300 and 400 nm. The intensity of the UV light was
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50 W/m2 (5 000 PW/cm2) at the distance of the sample surface. Fluorescent lamps that
emitted light in the visible region were used for the conventional lightning of the laboratory.
The lamps were located approximately two metres above the samples. Under sunlight, the
highest UV intensities measured at noon were between 30 and 35 W/m2; however, a
borosilicate glass cover above the soil samples restricted some of the incident light (V).

9HJHWDEOHRLOV
The vegetable oils used in the experiments included extra virgin olive oil (IV, VI), olive oil
(V, VI), palm oil (VI) and rapeseed oil (VI). The classification criteria of olive oils have been
established by the International Olive Oil Council, IOOC (www.internationaloliveoil.org).
The vegetable oils were widely used food-grade oils that were purchased from a local
supermarket or received directly from the distributor. The properties of the oils have been
described in paper VI.

3KRWRGHJUDGDWLRQH[SHULPHQWVLQOLTXLGV
The purely liquid-phase photodegradation experiments were conducted in vegetable oils and
organic solvents. Vegetable oil, hexane or toluene was spiked with 1,2,3,4,6,7,8-HpCDF (IV,
VI), 1,2,3,4,6,7,8-HpCDD (VI) or a PCDD/F mixture that had been prepared by extraction
from the Ky 5 wood preservative (IV). The concentration in oil or solvent was typically 6 000
pg/g of HpCDF, 60 000 pg/g of HpCDD or 66 000 pg/g of 2,3,7,8-chlorinated PCDD/Fs (900
pg WHO-TEQ/g) when congener mixtures were used.

For each photochemical experiment, a series of samples was prepared in sample vials with an
inner diameter of 2.5 cm. The depth of the solvent was approximately 0.2 cm. The samples
were irradiated under the light source and the entire contents of the vials were taken for
PCDD/F analysis at defined time intervals.

3KRWRGHJUDGDWLRQH[SHULPHQWVRQVRLOV
Photodegradation of PCDD/Fs was examined by using samples of sawmill soil that had
become contaminated when the fungicide Ky 5 was used for wood preservation at least 20
years earlier (IV, V). The soil from Vääksy sawmill had been mixed with organic and
inorganic supplements during a bioremediation trial intended to decompose the
chlorophenols. At the end of the trial, a bucketful of soil with an unchanged PCDD/F
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concentration was taken for photodegradation experiments (IV). The soil from Sikoniemi
sawmill (V) had been excavated from its original location to temporary storage at a landfill
site. The organic content, determined as ignition loss, was 14.7% in the Vääksy sawmill soil
and 6.7% in the Sikoniemi sawmill soil. Both soils were sieved prior to the experiments. They
were dried before usage, though not in the outdoor experiment (V).

Three modifications of photochemical soil decontamination were tested. Soil was either
extracted with vegetable oil and the separated extract was irradiated in the laboratory (IV), or
a soil-vegetable oil mixture was irradiated in a vial in the laboratory (IV) or on a Pyrex dish
outdoors, under sunlight (V). Initial PCDD/F concentrations, vegetable oil to soil ratios and
irradiation times were different in the experiments (see Results and discussion, Table 5-3).

4.3 Analytical methods
([WUDFWLRQDQGSUHWUHDWPHQWRIVDPSOHV
Soil and sediment samples (1.5-4.0 g) were freeze-dried to complete dryness and the dry
weight was determined from the weight loss. The samples were then homogenised with a
spatula and extracted with toluene in a Soxhlet apparatus for 20 to 24 h (I-III, V). In a few
photochemical studies, samples that contained soil and vegetable oil were extracted with 1:1
diethylether:hexane in an ultrasonic bath (IV). After extraction, the solvent was exchanged to
hexane. The extracts were treated with concentrated sulphuric acid to decompose the
vegetable oil.

Samples which comprised of spiked vegetable oils (without soil matrix) were not extracted.
They were dissolved in hexane before decomposing the oil.

The pre-treatment of the sediments also included precipitation of elemental sulphur with
activated copper powder and filter-removal of the precipitate (I-III).

3XULILFDWLRQDQGTXDQWLILFDWLRQRIVDPSOHV
After the aforementioned pre-treatment steps, the vegetable oil, soil and sediment samples
were purified over various solid-phase columns. The same column purification, gaschromatographic separation and quantification methods were applied to all samples (I-VI). In
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brief, the samples were eluted with organic solvents or solvent mixtures through a multi-layer
silica gel column, activated carbon-Celite column and an aluminium oxide column. These
columns were intended to remove decomposed lipids and other disturbing organic matter as
well as compounds that would interfere with the identification and quantification of
PCDD/Fs. For example, with an activated carbon-Celite column PCBs were separated in a
different solvent fraction.
Samples that were concentrated to an approximate volume of 10 to 20 Pl were injected into
the column of a high-resolution gas chromatograph (HRGC) using the split-splitless
technique. A high-resolution mass-spectrometric detector (HRMS) was used to record two
mass per charge (m/z) values per each congener arriving at the detector. Quantification was
based on the isotopic dilution method that compares the responses of native PCDD/Fs with
those of spiked 13C-labelled internal PCDD/F standards.

$QDO\VLVRIGHJUDGDWLRQSURGXFWV
The methods that were used to determine the photodegradation products of PCDD/Fs
included scanning of m/z values over a range 50 to 500 (IV), analysis of tetra- to
heptachlorinated toxic and non-toxic dechlorination products (IV, VI), and analysis of tetrato heptachlorinated hydroxy- and dihydroxybiphenyls and hydroxybiphenylethers (VI).

The samples that were run on the scan-mode were prepared by irradiating 114 ng of
1,2,3,4,6,7,8-HpCDF for 5 or 30 min. The purification of the samples was carried out as
described in Chapter 4.3.2. One half of the purified sample was methylated with
diazomethane and the other half was run in an unmethylated form (IV).

Dechlorination products of 1,2,3,4,6,7,8-HpCDF were determined from several samples that
were taken during the experiments with initial 1,2,3,4,6,7,8-HpCDF concentrations ranging
from 6 to 114 ng/g (IV, VI). Dechlorination products of 1,2,3,4,6,7,8-HpCDD (65 ng/g) were
investigated after 10, 30 and 60 min of irradiation (VI). The identification of non-toxic
PCDD/Fs was based on comparisons with previously run reference mass chromatograms (IV,
VI).
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Hydroxylated products of 1,2,3,4,6,7,8-HpCDD and –HpCDF were extracted from the
vegetable oil samples with an alkaline alcohol and transferred into hexane after acidification.
The samples were methylated with diazomethane, purified and analysed with HRGC-HRMS
(VG 70-250 SE, resolution 10 000). The internal standard solution contained

13

C-labelled

hydroxylated compounds with five to seven chlorine substituents (VI).

4XDOLW\FRQWURODQGDVVXUDQFH
Most of the experimental and analytical work in studies I-VI was carried out in a testing
laboratory (No. T77 in Finland) that was accredited by the Centre for Metrology and
Accreditation. In the first studies (I-IV), accreditation followed the standard SFS-EN 45001
and ISO/IEC Guide 25, and was then updated according to the standard ISO/IEC 17025 (V,
VI). The basic quality control and assurance measures included participation in
interlaboratory studies (I-VI), use of procedural blanks (I-VI), reporting of detection limits
(III-VI), analysis of parallel samples (I, II, IV-VI) and replication of experiments (V, VI).
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5 RESULTS AND DISCUSSION
5.1 PCDD/Fs in the Gulf of Finland sediments
&RQFHQWUDWLRQVDQGVSDWLDOGLVWULEXWLRQ
Investigations in the Gulf of Finland were focused on two regions. Most of the sediment
samples were collected from the proximity of the Kymijoki River inlet, in front of the city of
Kotka (I). This region was selected because transportation of PCDD/Fs from the Kymijoki
River was anticipated in the light of previous studies (Koistinen et al., 1995; Verta et al.,
1999a, 1999b). Another study area was located in front of Sköldvik (Kilpilahti), in the
municipality of Porvoo, where the former manufacture of vinyl chloride monomer (VCM)
could be considered as a potential source of PCDD/Fs into the sea (II). Depending on the
availability of representative samples, investigations were also extended to other areas of the
Gulf of Finland. Sampling was carried out in 1995-1996 in Sköldvik and in 1997-1998 in the
other regions.

The PCDD/F concentrations in the investigated sediment samples can be divided into four
categories: they represented the maximum pollution level in old (years 1960-1986) or recent
(surface; years 1986-1997) sediment layers, or background contamination in old or recent
sediment layers of the Gulf of Finland (Table 5-1). The most polluted sediments were located
near the suspected coastal point sources: in front of Kotka (Kymijoki area) and in Sköldvik. In
these areas, the sum concentrations of 2,3,7,8-PCDD/Fs exceeded the background
concentrations by 80 to 1 100-fold in old sediments and by 63 to 76-fold in recent sediments.
The background WHO-TEQ concentration was exceeded by 14 to 46-fold in polluted areas,
including both old and recent sediment deposits.

The Finnish guideline value for PCDD/F contaminated soils, 500 pg I-TEQ/g d.w (Puolanne
et al., 1994), was used as a rough estimate for contamination, because there are no guideline
values for PCDD/F-contaminated sediments in Finland. However, it should be stressed that
there is no regulatory or scientific basis for the application of the soil guideline value to
sediments, because these matrices are different in many ways.
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Table 5-1. Concentrations of PCDD/Fs (pg/g d.w) in the Gulf of Finland sediments
Region
Years
Classification PCDD/Fs 2,3,7,8WHO-TEQ n a
PCDD/Fs
Kymijoki area
1962-1971 old max. b
101 000
65 600
473 c
d
Sköldvik area
1970's
old max.
914 000
901 000
1070 e
Kymijoki area
Sköldvik area

1997
1995

recent max.
recent max.

52 900
38 200

35 500
29 600

214
683 e

Ref.
I
II
I
II

Gulf of Finland
1960-1986 old backgr. f
570-1 430 330-820
12-26
2
I
Gulf of Finland
1997
recent backgr. 430-810
250-470
10-15
4
I
Gulf of Finland 1996
recent backgr. 480-650
330-510
6.2-8.1 e
2
II
/Sköldvik area
Gulf of Finland, 1997
recent range
800-2 200 460-1 240 14-26
6
I
near-coastal g
a
Number of sampling points
b
Sediment depth 25-31 cm
c
479 I-TEQ
d
Sediment depth 65-68 cm
e
Recalculated as WHO-TEQ, based on the full-congener raw data
f
Sediment dept 5-8 cm
g
Northern coast of the Gulf of Finland, 0-15-km distance from coastline. Not influenced by the
Kymijoki River discharges

PCDD/F concentrations in sediments exceeded the Finnish guideline value for PCDD/F
contaminated soils in a near-coastal sediment core from Sköldvik. Although the
concentrations were lower in the surface layers than those measured deeper in the sediment
core, the surface concentration was still higher than the guideline value. It is likely that the
guideline was also exceeded in the near-coastal sediments in front of Kotka. Twelve
kilometres away from the Kymijoki River inlet, the concentration was almost as high as the
guideline value. Based on these considerations, the area within 12 km from the Kymijoki
River inlet was classified as a highly polluted area (Fig. 5-1).

In the sediments that had been formed at the time of the maximum inputs of PCDD/Fs, the
concentrations of 2,3,7,8-PCDD/Fs ranged from 330 to 820 pg/g d.w (12-26 pg WHO-TEQ/g
d.w) in the area that was classified as "background". The background concentration was
reached at about 75 km away from the two branches of the Kymijoki River, and therefore, the
distance of 75 km was assigned as on the borderline of a slightly polluted area, or in other
words, within the impact zone of the Kymijoki River (Fig. 5-1). In the Sköldvik region, the
background was defined as an OCDF concentration of 200 pg/g d.w (II). The corresponding
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sum concentrations have been presented in Table 5-1. In this area, the background
concentration was reached only at 9 km from the point source. Hence, the forms and shapes of
the coastline may effectively trap pollutants, preventing their transportation farther offshore.
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FIGURE 5-1. A map of the Gulf of Finland, showing the impact area of the Ky 5 release from the
Kymijoki River (I, Table 3) and the main sampling sites (I, II). Sampling sites for sediment cores have
been named.

To expand the knowledge of PCDD/F concentrations and point sources in different parts of
the Gulf of Finland, additional sediment samples were analysed from the southern coast, in
front of Tallinn. The sediments had been sampled between 1993 and 1995 and analysed for
extractable organic halogens (EOX) (Kankaanpää et al., 1997). The remaining sediment
samples were kindly donated for PCDD/F analyses by Dr. Harri Kankaanpää from the Finnish
Marine Research Institute. The samples were undated, 1-cm thick sediment slices from
different depths of the sediment cores. PCDD/F concentrations in this area turned out to be
among the lowest concentrations measured in the Gulf of Finland, ranging from 5.15 to 10.1
pg WHO-TEQ/g d.w (see Table 5-3).

A comparison of the highest PCDD/F concentrations in the Gulf of Finland with those that
have been reported from the Kymijoki River, up to 350 000 pg I-TEQ/g d.w (Verta et al.,
1999b), shows that PCDD/F concentrations declined significantly during the transportation in
the river, and they were further diluted in the sea.

50

In the open sea, the measured PCDD/F concentrations did not differ from the background
concentrations that have been reported from other background regions. In the Gotland deep,
background concentrations of 24 and 27 pg WHO-TEQ/g d.w. (660 and 550 pg/g d.w. of
2,3,7,8-PCDD/Fs) have been found (Koistinen et al., 1995; Rappe et al., 1989). In two areas
of the Mediterranean, the background levels ranged from 0.4 to 39 pg WHO-TEQ/g d.w (di
Domenico et al., 1998; Eljarrat et al., 2001). Bonn (1998) reviewed the PCDD/F data
available from lakes and rivers, and concluded that the background concentrations of
PCDD/Fs in surface sediments are typically less than 1 000 pg/g d.w. The median
concentration of 61 river sediments from rural areas of the USA was 9.9 pg TEQ/g d.w
(Rappe et al., 1997). Finnish lake sediments seem to be cleaner. The median concentration
was 0.65 pg Nordic-TEQ/g d.w in 18 lake sediment samples collected from central Finland
(Koistinen et al., 1990), and concentrations in three northern lakes ranged from 1.4 to 4.2 pg
I-TEQ/g d.w (Vartiainen et al., 1997a).

*HQHUDOWLPHWUHQGV
Time trends in PCDD/F concentrations were studied from dated sediment cores. Time trends
in front of the Kymijoki River inlet reflected the production history of Ky 5, whereas the
trends in Sköldvik followed the production of VCM. The onset of Ky 5 production in 1939
was denoted by rapidly increasing concentrations in the sediments between the 1940's and
1960s-1970s (I, Fig. 2). The incidence of maximum concentrations seemed to be dependent
on the distance from the coast: the farther the sampling point was located from the Kymijoki
River, the later the concentration peak appeared. By the beginning of the 1980's, a rapid
decrease was however noted at all the sampling stations. The PCDD/F sum concentrations in
surface sediments were 24 to 66% of the maximum concentrations observed in the 1960s1970s (excluding sampling station A1: 24-52%) and WHO-TEQ concentrations were 26 to
78% of the maximum concentrations (excluding A1: 26-50%) (I, Tables 1 and 2). If these
trends are compared with the production history of Ky 5 (Verta et al., 1999a), it can be
actually noted that PCDD/F concentrations in dated sediments already peaked at the time
when the production volumes were increasing at their most rapid, and the concentrations
started to decrease earlier than the production volumes declined. In contrast, the emission and
concentration trends of mercury (Hg) (Verta et al., 1999a) suggest that transportation of
pollutants from almost the same location (from the same industrial area in Kuusankoski) into
the Gulf of Finland would take about 10 years. Hence, a delayed peaking of the PCDD/F
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concentrations in the Gulf of Finland would have been expected. The observed discrepancies
might have been caused by an exceptional PCDD/F release during an accidental fire in 1960
and an improvement in emission control and waste management practices as the
manufacturing process developed (Malve et al., 2003; Suominen et al., 1999; Verta et al.,
1999a). Another, less likely reason could be significant emission from sources other than the
manufacture of Ky 5.

The production of VCM had a dramatic influence on the sediment concentrations in front of
Sköldvik. A distinct peak in PCDD/F concentration seemed to conform to the production of
VCM between 1973 and 1981, although the dating of the investigated sediment core did not
reveal the exact years of the maximum inputs (II). In surface sediments, the PCDD/F
concentration was 4.2% and WHO-TEQ was 64% of the maximum concentration in the same
sediment core (Table 5-1).

The period of the highest PCDD/F concentrations was found to occur at the same time in
background areas as in the areas that were directly impacted by the chemical industry, in the
1960s-1970s (I, Table 1). Similar time trends have been reported from several locations, both
from rural and industrial areas: at that time the global emissions from industrial sources were
at their highest (Alcock & Jones, 1996; Duarte-Davidson et al., 1997).

Due to a high sedimentation rate in coastal areas, particularly in Sköldvik, the most polluted
sediments were buried under a layer of more recent, cleaner sediments that was up to 60 cm
thick. However, the surface concentrations in the vicinity of the point sources were higher
than in the background areas, which is indicative of continuing releases from the land. Since
the manufacture of chlorinated chemicals no longer takes place, the origin of PCDD/Fs could
be long-term leakages from contaminated sites or resuspension from the bottom of the
Kymijoki River. Transportation and mixing of contaminated sediments in the Gulf of Finland
might also lead to occasionally elevated concentrations in some locations.

The sedimentation rate of particulate matter in the Gulf of Finland varied with time and
location (I, Fig. 3). The sedimentation rate affects the depositional fluxes of PCDD/Fs and
therefore, the spatial and temporal comparisons of the pollution status cannot be properly
evaluated on a concentration basis alone. In areas with a slow sedimentation rate, the past
reservoir of PCDD/Fs is more susceptible to vertical mixing and transportation and better
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available for biota than in areas in which a rapid burial takes place. Thus it is
recommendedthat the concentration data should be supplemented with information on the
sedimentation rates and origin of the sediment particles.

&RQJHQHUVSHFLILFWLPHWUHQGV
This chapter examines the history of PCDD/Fs in a congener-specific manner. The time
trends of PCDD/F congeners were constructed using the data from the sampling stations K15,
XV-1, LL3a, K20 and JML1b only (Table 5-2). Sampling station A1 was excluded because it
was located near the coastline so that the concentrations were higher and peaked earlier than
at the other stations. K19 was excluded for the reason that the decline in PCDD/F
concentrations was much faster than at other sampling stations, which might indicate some
instability in the sedimentation conditions. SL2s was excluded, as in paper I, because the
concentrations were fairly constant throughout the sediment core. In addition to the decline
percentages, the decline rates in PCDD/F concentrations were calculated to facilitate the
comparisons between sediment cores and congeners.

TABLE 5-2. Concentration trends (rstandard deviations) of selected PCDD/F congeners in
the Gulf of Finland. For the maximum concentrations, n = 5; for the surface concentrations, n
=7
Congener
2378-TCDF
12378-PeCDF
23478-PeCDF
234678-HxCDF
1234678-HpCDF
OCDF

Surface
concn., pg/g
9.72 r1.93
3.59 r0.46
10.6 r2.4 a
13.0 r8.7
2050 r2620
1890 r2230

Maximum
concn., pg/g
year
25.0 r19.2
1980 r5
8.28 r2.19
1978 r8
20.9 r6.7
1976 r10
41.1 r44.2
1975 r7
7490 r11800 1973 r5
8900 r15080 1972 r7

Total
decline, %
53.5 r16.1
51.9 r12.0
47.5 r16.6
56.8 r14.0
61.3 r11.9
62.3 r12.9

Decline rate
% unit/year
pg/year
3.52 r1.96
1.18 r1.59
2.86 r0.68
0.23 r0.04
2.43 r0.42
0.49 r0.10
2.61 r0.30
1.06 r1.14
2.63 r0.29
188 r294
2.59 r0.31
212 r349

2378-TCDD
0.59 r0.38
1.95 r1.79
1982 r6
61.2 r14.3
4.76 r2.23
0.11 r0.12
12378-PeCDD
4.74 r2.90
19.7 r20.3
1978 r5
69.4 r8.8
3.72 r0.33
0.73 r0.72
123678-HxCDD
28.2 r25.1
159 r206
1974 r6
71.8 r9.7
3.25 r0.91
4.90 r5.84
1234678-HpCDD 42.9 r24.0
131 r123
1978 r8
57.4 r10.1
3.27 r1.16
3.98 r3.02
OCDD
108 r28.1
280 r235
1977 r7
49.4 r16.5
2.48 r0.55
7.19 r6.45
a
With n = 22, the average concentration was 10.7 r 2.7 (based on sampling sites from paper I, Table 2)

It appears that the concentrations of lower chlorinated furans peaked later than the
concentrations of higher chlorinated congeners and they also declined more rapidly towards
the surface layer. One exception was 2,3,4,7,8-PeCDF that had the slowest decline rate.
Interestingly, 2,3,4,7,8-PeCDF also has the slowest elimination rate among PCDFs in human
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(Liem & Theelen, 1997). In general, PCDD inputs decreased faster than PCDF inputs;
however, OCDD concentrations remained at a high level longer than OCDF concentrations.
The stability of OCDD and the later peaking of 1,2,3,4,6,7,8-HpCDD and OCDD relative to
the corresponding PCDFs reflected a shift towards the congener profile that was found in the
background areas (see Fig. 5-2).

&RQJHQHUSDWWHUQV
The spatial (Chapter 5.1.1) and temporal (Chapter 5.1.2) distribution of PCDD/Fs in the Gulf
of Finland sediments pointed to the existence of two major point sources of PCDD/Fs: the Ky
5 source in the Kymijoki River and the VCM source in Sköldvik. Further information of
PCDD/F sources was obtained by examination of the percent distribution 2,3,7,8-PCDD/Fs
(congener patterns) in the sediment samples. In the following chapters, the congener profiles
obtained within the previous research projects (I, II) are presented and discussed in more
detail.

Patterns based on absolute concentrations
Figures 5-2 and 5-3 illustrate the PCDD/F congener profiles in Ky 5 and VCM waste sludge
as well as in sediment slices that had become contaminated by Ky 5 and VCM manufacture.
These profiles are compared with the background profiles. Details of these samples are given
in Tables 5-3 and 5-4.
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FIGURE 5-2. Congener patterns of 2,3,7,8-PCDD/Fs (r range) in A) Ky 5, B) sediment polluted with
Ky 5, C) background sediment. See Table 5-3 for details of the samples.
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FIGURE 5-3. Congener patterns of 2,3,7,8-PCDD/Fs (r range) in A) the waste sludge from vinyl
chloride monomer (VCM) manufacture B) sediment polluted by VCM manufacture C) background
sediment. See Table 5-4 for details of the samples. *) Possible artefact peak.
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TABLE 5-3. Details of the sediment samples referred to in Figures 5-2 and 5-4
Ky 5 source
Ky 5 sediment, Background,
n=3
west a
Reference
IV, Table 2
I, Table 1
I, Table 2
Sampling site c
(Ky 5 extract)
A1, K15, K19
JML1b
Distance from Kymijoki
12-20 km
190 km
River
Depth
12-31 cm d
0-1 cm
Years
1959-1980
1993-1996
PCDD/Fs, pg/g d.w
22 300-101 000 610
2378-PCDD/Fs, pg/g d.w
14 900-65 600
365
WHO-TEQ, pg/g d.w
131-440
10.3
D/F ratio e
0.156
0.008-0.041
0.562
a
Western Gulf of Finland
b
Southern Gulf of Finland
c
See I, Fig. 1 for a map
d
Depth of maximum concentration at the sampling sites
e
Ratio of 2,3,7,8-PCDDs to 2,3,7,8-PCDFs

Background,
south b
unpublished
Tallinn, n = 5
150 km
3-15 cm
not available
217-652
137-416
5.15-10.1
0.274-0.503

TABLE 5-4. Details of the sediment samples referred to in Figures 5-3 and 5-5
VCM source
VCM sediment, n = 3
Background, n = 2
Reference
II, Table 2
II, Table 2; Vartiainen et
Vartiainen et al.,
al., 1997b
1997b
Sampling site
(waste sludge)
see II, Fig. 1 a
see II, Fig. 1 b
Depth, cm
62.5-70.0
0-2.5
PCDD/Fs, pg/g d.w
25 900 000
396 000-914 000
482-651
2378-PCDD/Fs, pg/g d.w 22 000 000
389 000-901 000
330-510
WHO-TEQ, pg/g d.w
63 600
625-1 070
6.17-8.12
D/F ratio c
0.006
0.007-0.012
0.244-0.273
a
In front of the cooling water tunnel; 3 slices from the same sediment core
b
Freeze-corer samples with OCDF concentrations of 98 and 174 pg/g d.w
c
Ratio of 2,3,7,8-PCDDs to 2,3,7,8-PCDFs

The predominating congeners in Ky 5 and polluted sediments from the Kymijoki River were
1,2,3,4,6,7,8-HpCDF and OCDF (IV, Table 2; Koistinen et al., 1995; Verta et al., 1999a,
1999b). In Ky 5, 1,2,3,4,6,7,8-HpCDF was more abundant than OCDF; however, in
sediments close to the manufacturing site, OCDF was more abundant. At lower reaches of the
river (Verta et al., 1999a) and in the Gulf of Finland (Fig. 5-2), the ratio of these congeners
was close to 1:1. OCDF mostly predominated over 1,2,3,4,6,7,8-HpCDF in old and remote
sediments which was thought to be an indication of the gradually lessening influence of the
Kymijoki River discharges (I). This could be also due to a change in the PCDD/F composition
in Ky 5 with time.
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A significant contribution of sources other than Ky 5 in the Kymijoki River discharges seems
unlikely due to the almost complete absence of any congeners other than these two
dibenzofurans, and thus, PCDD/Fs in the Kymijoki River discharge can be primarily
attributed to the production and use of Ky 5 adjacent to the river. Nonetheless, a contribution
from other sources that produce almost exclusively PCDFs cannot be completely ruled out.
One possible source of highly chlorinated dibenzofurans, but also of lower chlorinated
dibenzofurans, could have been the production of chlorine by a chloralkali process taking
place near the Ky 5 manufacturing site. The emission history of Hg from the chloralkali plant
into the Gulf of Finland has been investigated by Verta and co-workers (1999a). According to
Rappe and co-workers (1991), the PCDF profile in chloralkali sludge is dominated by almost
equal proportions of 2,3,7,8-TCDF, 1,2,3,7,8-PeCDF, 1,2,3,4,7,8-HxCDF and OCDF. Evers
and co-workers (1993) associated the predominance of OCDF in sediments to the chloralkali
industry and oxychlorination process during EDC manufacturing.

The congener pattern in VCM waste sludge was characterised by high concentrations of
OCDF, lower concentrations of 1,2,3,4,6,7,8-HpCDF, and the almost complete absence of
other PCDD/F congeners (Fig. 5-3). The occurrence of a similar congener pattern in
sediments was evidence that the origin of pollution was VCM production.

The background PCDD/F patterns at the mouth of the Gulf of Finland ("western background")
and in front of Tallinn ("southern background") were identical. The background pattern that
was analysed in the frames of the Sköldvik case study contained a relatively high level of
1,2,3,4,7,8-HxCDF. This was probably an artefact caused by a non-toxic HxCDF that was not
separated from the co-eluting 1,2,3,4,7,8-HxCDF when these samples were analysed.

Polluted sediments were easily distinguished from the background sediments by comparing
the ratios of PCDDs to PCDFs. Owing to the large proportions of 1,2,3,4,6,7,8-HpCDF and
OCDF in both Ky 5 and VCM sources, the PCDD to PCDF ratio in all polluted sediments was
very low and clearly different from the background. In the background sediments, the
proportions of 1,2,3,4,6,7,8-HpCDD and OCDD, in particular, were higher than in polluted
sediments, although 1,2,3,4,6,7,8-HpCDF and OCDF still dominated.
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Patterns based on WHO-TEQ
WHO-TEQ patterns were created by multiplying the absolute congener-specific
concentrations by the toxic equivalency factors (WHO-TEFs) and then plotting the congener
distributions. 1,2,3,4,6,7,8-HpCDF contributed most to the WHO-TEQ in both Ky 5 and
VCM source profiles as well as in sediments that were contaminated via these sources (Fig. 54, Fig. 5-5). There were low concentrations of 2,3,7,8-TCDD in the most severely VCMpolluted sediment core, contributing between 4.1 to 14% to the WHO-TEQ at the depth of
62.5-70 cm. In the topmost layer of the sediment core, the relatively high concentrations of
2,3,7,8-TCDD (322 pg/g d.w) and 1,2,3,7,8-PeCDD resulted in a high WHO-TEQ sum
concentration, and therefore, the decrease in WHO-TEQ was much slower than the decrease
in 2,3,7,8-PCDD/F sum concentration (see Table 5-1). No literature data relating to the
formation of 2,3,7,8-TCDD in VCM manufacturing was found. The current industrial
activities carrief out in Sköldvik might affect the PCDD/F pattern.

In the background regions, 2,3,4,7,8-PeCDF was the dominating congener, followed by
1,2,3,7,8-PeCDD and 1,2,3,4,6,7,8-HpCDF. Together these congeners accounted for about
60% of the WHO-TEQ. With respect to the congener-specific analyses of sediments from the
Baltic Proper, Gotland deep (Kjeller & Rappe, 1995; Koistinen et al., 1997), the
predominance of 2,3,4,7,8-PeCDF and 1,2,3,7,8-PeCDD in the WHO-TEQ pattern appears to
be a widespread phenomenon in the remote areas of the Baltic Sea, irrespective of the
proportions of HpCDD/Fs and OCDD/F.
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FIGURE 5-4. WHO-TEQ patterns of 2,3,7,8-PCDD/Fs (r range) in A) Ky 5, B) sediment polluted by
Ky 5, C) background sediment. See Table 5-3 for details of the samples.
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sediment. See Table 5-4 for details of the samples. *) Possible artefact peak.
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*HQHUDOLQYHQWRU\
According to the Ky 5 inventory (I, Table 3), 88% of the PCDD/F load and 76% of the WHOTEQ load of the Gulf of Finland (years 1960-1997) could be attributed to the Ky 5 source. In
the recent deposits, from the years 1986-1997, the influence of other sources was more
pronounced and the contribution of the Ky 5 source was 79% of the PCDD/F load and 58% of
the WHO-TEQ load. The VCM source had some local importance with regard to the pollution
status, mainly in deep sediment layers. In view of the whole Gulf of Finland, its role was
negligible. A compiled inventory from the Ky 5, VCM and background (atmospheric) sources
that covers approximately the years 1960 to 1997 is presented in Table 5-5.

Table 5-5. Releases of PCDD/Fs into the Gulf of Finland in 1960-1997 (I, II)
Source, years
PCDD/Fs
WHO-TEQ
kg
%
kg
%
VCM manufacture a
11.4
0.6
0.011 b
0.1
Kymijoki River,
1960-1986
1370
68
9.6
59
1986-1997
400
20
2.8
17
Atmospheric, c
1960-1986
129
6.4
2.2 d
13
1.8 d
1986-1997
106
5.3
11
2016
100
16.4
100
Total
a
Soft sediments from depths 0-50 cm or 0-100 cm, undated
b
0.032 I-TEQ
c
Including the impact area of the Kymijoki River and the rest of the Gulf of Finland
d
Calculated based on the average PCDD/F sum to WHO-TEQ ratio, 0.0173, at a remote sampling
station (JML1b)

It was notable that the near-coastal (<12 km) sediments contributed to the total amount of
PCDD/Fs in the Gulf of Finland by 24% in 1960-1986 and by 13% in 1986-1997, although
the size of this highly polluted area was only 1.6% of the total area (I, Table 3). This
highlights the importance of using a dense sampling net in the coastal zone to be able to
identify the point sources and to quantify the releases that account for the majority of the
PCDD/F reservoir in the seabed.

This inventory did not attempt to estimate the amount of PCDD/Fs in the pre-1960 sediments
that contained some additional pollution. The post-1960 sediments were examined for the
reason that the available sediment slices and dating methods reliably covered this period. The
corresponding sediment slices were collected from the depths between 0 and 7-15 cm of the
seabed in remote (offshore) areas and between 0 and 20-35 cm in coastal areas. As the depth
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of the sediment deposits increases, the mobility and bioavailability of PCDD/Fs decreases, so
that the risks associated with the uppermost sediments are definitely higher than those of the
deep-buried sediments.

In the case of Sköldvik, the VCM production volumes and process history were well
documented, and a previous estimate of 20 to 30 g I-TEQ in sediments (Vartiainen et al.,
1997b) was consistent with the present estimate of 32 g I-TEQ that relied on the sediment
analyses. The PCDD/F load from the Ky 5 source has also been estimated before, using the
transportation data from the Kymijoki River. The estimate of 6 to 7 kg I-TEQ was somewhat
lower than the present assessment (Verta et al., 1999a). The completion of the sediment
studies required representative samples, careful time dating and knowledge of the
sedimentation areas – on the other hand, these studies produced a great deal of new and
confirmatory information that could not have been obtained by other means.

,QYHQWRU\IRUWHWUDDQGSHQWDFKORULQDWHG3&'')V
Although the absolute concentrations of tetra- and pentachlorinated PCDD/Fs were low in the
Gulf of Finland, 2,3,4,7,8-PeCDF and 1,2,3,7,8-PeCDD were shown to dominate in the
WHO-TEQ profile of the background sediments (Chapter 5.1.4). As to the PCDD/Fs in Baltic
fish, 2,3,7,8-TCDF and 2,3,4,7,8-PeCDF are the most abundant congeners in herring, salmon
and sprat. 2,3,4,7,8-PeCDF contributes most to the WHO-TEQ content of these fish species
(Kiviranta et al., 2003; Rappe et al., 1989; Vuorinen et al., 2002). According to Broman and
co-workers (1991), 2,3,4,7,8-PeCDF appears to dominate in the WHO-TEQ patterns from the
Scandinavian environmental samples in general. It was also a major congener in the fish that
were analysed from the Sköldvik area: it contributed to the 2,3,7,8-PCDD/F concentration in
perch by 50%, but in marine sediment by 0.01% only (II, Table 2).

Due to the importance of 2,3,7,8-substituted TCDD/Fs and PeCDD/Fs to fish concentrations,
and consequently, to human exposure, their concentrations and distribution in the Gulf of
Finland are examined in more detail in this chapter. The inventory is restricted to the
sediments that had been deposited between the years 1986 and 1997, because only the recent
PCDD/F deposition is relevant with respect to the current fish levels. The presented estimates
contain a relatively high degree of uncertainty, indicated by the large standard deviations
indicate (Table 5-6).
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TABLE 5-6. Inventory of TCDD/F and PeCDD/F congeners in the Gulf of Finland sediments
between 1986 and 1997
Congener

2,3,7,8-TCDF

1,2,3,7,8-PeCDF

2,3,4,7,8-PeCDF

2,3,7,8-TCDD

Area

highly polluted
slightly polluted
background
Gulf of Finland, total

Percentage of
PCDD/Fs,
average r sd a
0.0730 r0.0664
0.1963 r0.0646
1.3916 r0.5413

Load b, kg
from all sources
0.26 r 0.24
2.05 r 0.24
1.37 r 0.53
3.68 r 1.45

from Ky 5 (% of all)
0.26 r 0.24
0.76 r 0.69 c

0.06 r 0.02
0.16 r 0.05 c

highly polluted
slightly polluted
background
Gulf of Finland, total

0.0156 r0.0047
0.0679 r0.0372
0.5943 r0.1568

0.06 r 0.02
0.71 r 0.39
0.58 r 0.15
1.35 r 0.56

highly polluted
slightly polluted
background
Gulf of Finland, total

0.0312 r0.0181
0.1935 r 0.0998
1.2425 r0.2600

0.11 r 0.07
2.02 r 1.04
1.22 r 0.26
3.35 r 1.36

highly polluted
slightly polluted
background
Gulf of Finland, total

0.0071 r0.0059
0.0125 r0.0042
0.1093 r0.0831

0.03 r 0.02
0.13 r 0.04
0.11 r 0.08
0.26 r 0.15

1.02 r 0.93 (28%)

0.22 r 0.07 (16%)
0.11 r 0.07
0.33 r 0.19 c
0.44 r 0.26 (13%)
0.03 r 0.02
0.07 r 0.06 c
0.10 r 0.08 (38%)

highly polluted
0.0350 r0.0215
0.13 r 0.08
0.13 r 0.08
slightly polluted
0.1066 r0.0264
1.11 r 0.28
0.37 r 0.22 c
background
0.3864 r0.0656
0.38 r 0.06
Gulf of Finland, total
0.49 r 0.30 (30%)
1.62 r 0.42
a
Number of analysed PCDD/F congener profiles in highly polluted and background areas, 8; in slightly
polluted areas, 17
b
"Percentage of PCDD/Fs" multiplied by the PCDD/F load obtained from I, Table 3: 362 kg in highly
polluted area, 1042 kg in slightly polluted area, 98.4 kg in background area
c
Assuming the same "percentage of PCDD/Fs" as in highly polluted area
1,2,3,7,8-PeCDD

2,3,7,8-TCDF and 2,3,4,7,8-PeCDF were the most abundant congeners in sediments, which is
directly reflected in the PCDD/F congener patterns of the Baltic fish. The low concentrations
of HpCDD/Fs and OCDD/F in fish suggest that their bioaccumulation efficiency is very low,
as also shown in feeding trials with farmed fish (Isosaari et al., 2004). The contribution of the
Ky 5 source to the amounts of tetra- and pentachlorinated PCDD/Fs ranged from 13 to 38%
(Table 5-6), being much lower than the estimate comprising the total PCDD/Fs, 79% (see
Chapter 5.1.5).

The WHO-TEQ loads of tetra- and pentachlorinated PCDD/Fs in the background area (Fig. 56) confirm the presence of a common source of PCDD/Fs in the background sediments and in
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Baltic herring. In the 1990's, PCDD/F congeners in herring that were caught from the Gulf of
Bothnia and Gulf of Finland had the following median contributions to the WHO-TEQ:
2,3,4,7,8-PeCDF, 64%; 1,2,3,7,8-PeCDD, 21%; 2,3,7,8-TCDD, 7%; 2,3,7,8-TCDF, 3%; other
congeners, d 2% each (Kiviranta et al., 2003). The congener profiles and contributions of the
different sources indicate that most of the PCDD/Fs in herring originated from the
atmospheric background deposition rather than from the polluted sediments (or from the
fluvial discharges that end up in the sediments). However, the differences in herring profiles
between the Gulf of Finland, Gulf of Bothnia and the Baltic Proper have not been investigated
in depth.

0.7

A: Background area

kg WHO-TEQ

0.6
0.5
0.4
0.3
0.2
0.1
0.0

B: Highly polluted area

0.35
kg WHO-TEQ

23478PeCDF

12378PeCDF

2378TCDF

12378PeCDD

2378TCDD

0.40
0.30
0.25
0.20
0.15
0.10
0.05
0.00

23478PeCDF

12378PeCDF

2378TCDF

12378PeCDD

2378TCDD

FIGURE 5-6. Loads of tetra- and pentachlorinated PCDD/Fs (as WHO-TEQs) in A) the background
sediments B) in the highly polluted area of the Gulf of Finland. Illustration is based on Table 5-6.
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The surface concentration of 2,3,4,7,8-PeCDF stated before, 10.7 r 2.7 pg/g d.w (Table 5-2),
was nearly constant throughout the Gulf of Finland, including coastal sediments. The only
exception was a local peak concentration of 131 pg/g d.w in front of Sköldvik. Similar
concentrations have been analysed in 14 coastal sediment samples from the North Sea, where
the average concentration (r standard deviation) of 2,3,4,7,8-PeCDF was 9.4 r 4.1 pg/g d.w
in 1987-1990 (Evers et al., 1993). The concentration of 2,3,4,7,8-PeCDF in the Gotland deep
was 16.4 pg/g d.w in 1985 (Kjeller & Rappe, 1995) and 17.0 pg/g d.w in 1993 (Koistinen et
al., 1997), and a surface sample collected at the same time from the middle of the Gulf of
Finland contained 9 pg/g d.w of 2,3,4,7,8-PeCDF (Koistinen et al., 1997).

The constant concentrations of 2,3,4,7,8-PeCDF in sediments do not correlate with the
PCDD/F concentrations in Baltic herring that increase from south to north. The lowest
concentrations in herring have been analysed in the southern Baltic Proper, and concentrations
in the Gulf of Bothnia are higher than in the Gulf of Finland (Hallikainen et al., 2004; Jensen,
2003; Kiviranta et al., 2003; National Food Agency Finland, 2004; Rappe, 1993). Factors
other than environmental PCDD/F concentrations probably affect accumulation in fish in the
south-north direction.
There are several possible sources for 2,3,4,7,8-PeCDF. A brief review of the congenerspecific data that has been published reveals that 2,3,4,7,8-PeCDF contributes to the WHOTEQ concentration of a commercial PCB formulation Clophen A by 50%; stack gas from an
aluminium smelter by 47%; chloralkali sludge by 40 to 48%; stove ash by 39%; zinc and
copper oxide by 30 to 40%; and stack gas of a waste incineration plant by 27 to 30%
(Ballschmiter & Bacher, 1996; Hosseinpour et al., 2003; Meneses et al., 2004; Rappe et al.,
1990, 1991. WHO-TEQ calculations by Isosaari). In pentachlorophenol formulations and
pulp-mill discharges, 2,3,4,7,8-PeCDF is not the main contributor to the WHO-TEQ profile
(Ballschmiter & Bacher, 1996; Fouguet et al., 1990; Hutzinger & Fiedler, 1993; Jonsson et
al., 1993; Rappe et al., 1989, 1990; Swanson et al., 1988. WHO-TEQ calculations by
Isosaari).
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5.2 Natural sources of PCDD/Fs
The analyses of PCDD/Fs from a deep sediment core from Lake Ahmasjärvi provided support
for the hypothesis that there is a global background for PCDD/Fs in pre-industrial samples.
The low concentrations of PCDD/Fs (0.24-1.70 pg WHO-TEQ/g d.w) in sediment slices that
were up to 8 000 years old were not attributable to contamination from more recent sediment
layers, sampling device, laboratory glassware or ambient air. A characteristic congener profile
was found throughout the sediment core, with a decrease in concentrations occurring in the
following order: OCDD > 1,2,3,4,6,7,8-HpCDD > 1,2,3,7,8,9-HxCDD > 1,2,3,4,7,8-HxCDD
> 2,3,7,8-TCDD (III). Similar profile for at least the three most abundant congers has been
reported in several other pre-industrial samples and samples with no known source of
contamination (Ferrario et al., 2000; Gaus et al., 2001; Hashimoto et al., 1995; Müller et al.,
2002; Rappe & Andersson, 2000).

The PCDD/F concentrations were at their lowest in sediment slices from the depths of 300 to
400 cm that were approximately 8 000 to 8 400 years old. The settlement and natural history
of the investigated region was reviewed to try to find some explanation why the
concentrations increased in approximately 3 400 to 4 400-year old sediments (III). One
possible explanation could be the emergence of an anthropogenic source of PCDD/Fs such as
wood burning or perhaps there had been a change in the prevailing environmental conditions
which enhanced the formation of PCDD/Fs from natural precursors. Examination of the local
history revealed that the first permanent settlement in the drainage area of Lake Ahmasjärvi
arrived much later, in the middle of the 16th century, so that any possible anthropogenic
PCDD/Fs must have been transported from a long distance. About 6 000 years ago, the
ambient temperatures were at their highest, and there were some deciduous trees growing here
that are no longer growing in that region. Physical analyses showed that the organic content of
the sediments increased rapidly as the sediment depth decreased from 400 to 120 cm. No
logical connection between these observations and the formation processes of PCDD/Fs was
found.

Previous theories on the sources of PCDD/Fs in sediments have mainly been based on the
assumptions that degradation and vertical transportation have negligible effect on PCDD/F
concentrations and location in sediment cores. The observed concentrations and congener
patterns should have existed in the environment at the time of the sediment formation, or their
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formation should have taken place in the later sediments. Recent theories on the role of
chlorophenols and other PCDD/F precursors in the formation of a natural dioxin profile could
be more useful in explaining the presence of PCDD/Fs in the Lake Ahmasjärvi sediments. It
has been proposed that the natural profile could result from the formation of OCDD from
chlorinated chemicals, such as pentachlorophenol, followed by anaerobic dechlorination of
OCDD in sediments (Gaus et al., 2002). Precursors in deep sediment layers could actually
originate from the modern industrial sources, because these compounds are much more
mobile than PCDD/Fs. If the dechlorination rate is fast enough, natural background could be
observed in more recent sediments as well, provided that the other inputs are sufficiently low
not to mask the natural source.

In the Gulf of Finland, the oldest sediment slices were about 100 years old (I). These
sediments were not from the pre-industrial age, but they represented the time before the
production and use of organochlorine chemicals. For a comparison with Lake Ahmasjärvi, the
sediment data has been compiled in Table 5-7, and the congener patterns are presented in
Figure 5-7.

If only PCDDs are examined, the main congeners were: OCDD > 1,2,3,4,6,7,8-HpCDD >
1,2,3,6,7,8-HxCDD = 1,2,3,7,8-PeCDD > 1,2,3,7,8,9-HxCDD > 2,3,7,8-TCDD (Figure 5-7).
Still the pattern was not exactly the same as in Lake Ahmasjärvi. Another difference was the
predominance of PCDFs instead of PCDDs in marine sediments, which implies that we can
reject the hypothesis of identical sources for 100-year-old marine sediments and many
thousand year old lake sediments.

TABLE 5-7. Details of the sediment samples referred to in Figure 5-7
K19 a
XV-1 a
Depth, cm
40-42
37-39
Years
1898-1904
1908-1915
PCDD/Fs, pg/g d.w
344
85.3
2378-PCDD/Fs, pg/g d.w 184
63.8
WHO-TEQ, pg/g d.w
6.75
3.30
D/F ratio b
0.243
0.391
a
See I, Fig. 1 for the location of the sampling site
b
Ratio of 2,3,7,8-PCDDs to 2,3,7,8-PCDFs
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JML1b a
12-14
1896-1917
79.6
56.8
2.81
0.491

% of 2378-PCDD/Fs

40

A: 2,3,7,8-PCDD/Fs

30
20
10
0

40
% of WHO-TEQ

B: WHO-TEQ
30
20
10
0
OCDF

1234789-HpCDF

1234678-HpCDF

123789-HxCDF

234678-HxCDF

123678-HxCDF

123478-HxCDF

23478-PeCDF

12378-PeCDF

2378-TCDF

OCDD

1234678-HpCDD

123789-HxCDD

123678-HxCDD

123478-HxCDD

12378-PeCDD

2378-TCDD

FIGURE 5-7. Congener patterns (r range) based on A) absolute concentrations, B) WHO-TEQ in
sediment samples from the Gulf of Finland, from the years 1896-1917 (n = 3). See Table 5-7 for
details of the samples.

Higher amounts of PCDDs with a natural congener pattern could probably be found in
environments in which the direct deposition of PCDD/Fs has mainly consisted of OCDD.
Another possibility is that the deposition of precursors, such as pentachlorophenol, has been
much larger than direct PCDD/F deposition. In view of the extremely low concentrations of
natural PCDDs in Lake Ahmasjärvi and the absence of a natural profile in the Gulf of Finland,
it seems that such conditions were not met in the investigated sediments.

Actually, the congener pattern in the Gulf of Finland was similar to the recent background
pattern (Fig. 5-2). It is also interesting that the only deviation from a sediment profile
analysed from the Gotland deep (years 1882-1922, n = 3) was the smaller proportion of
1,2,3,4,6,7,8-HpCDD and OCDD in the Gulf of Finland (Kjeller & Rappe, 1995).
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Summarising the WHO-TEQ pattern data (Fig. 5-4, 5-5, 5-7), 2,3,4,7,8-PeCDF and 1,2,3,7,8PeCDD were the main congeners in sediments from the background areas in the Gulf of
Finland and in the Baltic Proper (Gotland deep), both in surface sediments and in sediments
that represented the years 1882-1922. On the average, it seems that the WHO-TEQ
concentrations have increased – however, the increase has been less than 5-fold.

The fact that the background WHO-TEQ pattern has remained unchanged implied that the
contribution of 2,3,4,7,8-PeCDF to WHO-TEQ increased as the concentrations of
1,2,3,4,6,7,8-HpCDF and OCDF decreased either in the horizontal or vertical direction in the
seabed, and consequently, the decrease in WHO-TEQ was not as large as the decrease in the
absolute 2,3,7,8-PCDD/F concentration. This explanation also accounts for the previous
observation that the WHO-TEQ concentration in polluted areas did not differ as much from
the background as the 2,3,7,8-PCDD/F concentration (see Chapter 5.1.1).

5.3 Photodegradation of PCDD/Fs
'HJUDGDWLRQSURGXFWV
Dechlorination to tetra- to hexachlorinated dibenzofurans accounted for less than one percent
of the photodegradation of 1,2,3,4,6,7,8-HpCDF in some experiments and 28% at its highest
(IV, VI, Table 5-8). The formation of dechlorination products decreased with irradiation time,
probably because of the more rapid degradation kinetics of the lower chlorinated congeners
than that of the original HpCDF (VI). If non- to trichlorinated dibenzofurans were formed,
they could have easily decomposed further via dechlorination and benzene ring opening, to
produce hydroxybenzoic acid (Massé & Pelletier, 1987).
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TABLE 5-8. Formation of dechlorination products a
Congener and initial
Time,
HpCDF/HpCDD
Dechlorination b
concn. in olive oil
min
degradation, %
toxic, %
non-toxic, %
Ref.
1234678-HpCDF, 6 ng/g
15
66
0.47
1.34
IV, Fig. 1
1234678-HpCDF, 114 ng/g
30
98
0.15
0.15
IV c
1234678-HpCDF, 65 ng/g
30
61
0.92
0.73
VI
1234678-HpCDD, 65 ng/g
30
13
12.4
0.00
VI
1234678-HpCDF, 6 ng/g d
30
16
13.8
14.5
VI
a
Additional data presented in VI, Figure 4
b
Formation of dechlorination products relative to the amount of HpCDF/HpCDD degraded
c
Exact data not published before
d
In palm oil

The dechlorination products of 1,2,3,4,6,7,8-HpCDF included both toxic and non-toxic
PCDD/Fs. When a large data set was examined, dechlorination from positions 1, 4 and 6 was
found to be slightly favoured over positions 2, 3, 7 and 8, which resulted in an accumulation
of small amounts of toxic PCDD/Fs at the end of the photolytic treatments (VI). When
1,2,3,4,6,7,8-HpCDD was irradiated, the yield of dechlorination products was 12% at 30 and
60 min. All the products were non-toxic (VI, Table 5-8). In previous studies, similar
degradation patterns have been obtained when photodegradation has taken place via the direct
mechanism. The direct photolysis yields non-toxic dechlorination products from the parent
PCDDs, whereas both toxic and non-toxic dechlorination products are formed from PCDFs
(Dobbs & Grant, 1979; Kieatiwong et al., 1990; Tysklind & Rappe, 1991; Wagenaar et al.,
1996; Yan et al., 1995). The electron transfer mechanism in sensitised reactions enhances the
formation of toxic PCDD/Fs (Hung & Ingram, 1990; Konstantinov & Bunce, 1996). The
dechlorination patterns in the present study, with pure PCDD/F standards in particular, were
indicative of direct rather than sensitised photolysis.

Humic compounds in soils could act as photochemical sensitisers (Kim & O'Keefe, 1998;
Leifer 1988). It seemed that no accumulation of toxic dechlorination products occurred in the
presence of soil: the residual PCDD/Fs at the end of the experiments were predominantly nontoxic (IV, V).

A nonchlorinated diphenyl ether was tentatively identified as a photodegradation product of
1,2,3,4,6,7,8-HpCDF by screening the mass spectra that were obtained by scan-mode analysis
(IV). A semi-quantitative analysis showed that the amount of diphenyl ether increased by 1.4fold between 5 and 30 min, corresponding to 87 and 98% degradation efficiency of
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1,2,3,4,6,7,8-HpCDF. Other researchers have reported on the formation of hydroxylated
products via C-O bond cleavage (Friesen et al., 1996; Kieatiwong et al., 1990; Konstantinov
et al., 2000; Rayne et al., 2002). It seems likely that the detected compound was actually a
hydroxylated diphenyl ether. However, polychlorinated hydroxybiphenyls (OH-PCBs),
polychlorinated dihydroxybiphenyls (DOH-PCBs) and polychlorinated hydroxydiphenylethers (OH-PCDEs) containing one to seven chlorine atoms were not detected in the irradiated
HpCDF/HpCDD solutions (VI).

,QIOXHQFHRI3&'')VWUXFWXUH
The photodegradability of PCDD/Fs in vegetable oils was investigated using either singlecongener solutions or mixtures that contained almost all the 17 toxic and a range of non-toxic
PCDD/F congeners. In the mixtures, the degradation rates of the lower chlorinated congeners
were influenced by the formation via the dechlorination of the HpCDD/Fs and OCDD/F that
were much more abundant. Hence, the lower chlorinated PCDD/Fs (toxic and non-toxic)
seemed to degrade more slowly than the highly chlorinated PCDD/Fs in this kind of situation
(IV, V). Previous studies indicate that the degradation of lower chlorinated congeners is faster
when degradation is not affected by their simultaneous formation (Nestrick et al., 1980; Niu et
al., 2003) which rarely occurs in real contaminated matrices.

To compare the degradability of the toxic PCDDs with toxic PCDFs, results from these
experiments and congeners (mostly OCDD and OCDF) were compiled that were unaffected
by the dechlorination reactions of other congeners (Table 5-9). The degradation percentage of
OCDD or 1,2,3,4,6,7,8-HpCDD was typically one sixth to one half of the degradation of
OCDF or 1,2,3,4,6,7,8-HpCDF. Using long irradiation times (experiments C and D), high
degradation percents were attained for PCDDs as well as PCDFs.
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TABLE 5-9. Degradability comparison of PCDDs versus PCDFs
Degradation, %
Matrix a, light source
Congener
Time
PCDD
PCDF
A) PCDD/F mixture,
OCDD/F
0.5 h
34
100
blacklight
B) PCDD/F mixture,
OCDD/F
1w
9.8
15
fluorescent
4w
16
31
C) soil extract,
OCDD/F
1h
11
73
blacklight
22 h
97
99
38
58
D) soil, blacklight
OCDD/F
2.5 h
75 h
89
82
E) soil, sunlight
OCDD/F
28 d
31
65
F) pure HpCDD/F,
1234678-HpCDD/F
0.5 h
13
61
blacklight
a
All matrixes contained vegetable oil

Ref.
IV, Table 3-SI
IV, Table 4b-SI
IV, Table 2
IV, Table 5a-SI
IV, Table 3
IV, Table 6-SI
IV, Table 3
V, Table 1
VI

,QIOXHQFHRIZDYHOHQJWKUDQJH
The results showed that PCDD/Fs were effectively photodegraded at wavelengths that are
available from sunlight. Irradiation with blacklight lamps and sunlight both resulted in
significant degradation of PCDD/Fs in contaminated soils (IV-VI). These light sources
emitted light in the UV-A region (320-380 nm); however, the proportion of the more
energetic UV-B light (280-320 nm) was very small. The maximum UV intensities measured
under sunlight were 60 to 70% of the intensity of blacklight lamps (IV), but remained at this
high level for less than four hours around noon. Exact comparisons of the light sources are not
justified because the same matrices were not treated with the same light source.

The absence of UV wavelengths in fluorescent light made it ineffective for photodegradation.
In four weeks, the reduction in WHO-TEQ content of a PCDD/F mixture in olive oil was only
13%, whereas blacklight irradiation reduced the WHO-TEQ content by 96% in 5 h (IV, Table
2. I-TEQ recalculated as WHO-TEQ). As photodegradation under the ambient lightning
conditions in the laboratory was so slow, degradation would have some relevance pertaining
to the sample storage and handling only. The results implied that OCDF concentration would
drop to one half of the original in 52 days if oily PCDD/F samples were stored in open
vessels. As a result of transformation of PCDD/Fs to lower chlorinated congeners, the
congener profiles of PCDD/F samples would also be subjected to minor changes if the
samples were stored unprotected for a long time. Studies conducted by Buser (1988) confirm
that the half-lives of TCDD/F congeners under fluorescent light would also be long, at least
28 days.
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A dark control proved that vegetable oil alone did not degrade PCDD/Fs but a light source
was also needed. The concentrations of all congeners in a PCDD/F mixture remained
unchanged when stored for four weeks in the dark at room temperature (IV). Furthermore,
concentrations analysed in non-irradiated reference samples (IV, VI) were equivalent to the
known amounts of PCDD/Fs that had been added to the samples. In the absence of vegetable
oil, sunlight irradiation did not degrade PCDD/Fs (Isosaari et al., 1998).

The wavelength range effective for photodegradation was related to the UV absorption
properties of PCDD/Fs. Although the absorbance of PCDD/F molecules is at its highest at
wavelengths that are not present in the solar radiation that reaches the ground, they also
absorb some UV light between 300 and 340 nm (Choi et al., 2000; Choundry & Webster,
1989; Tysklind et al., 1993; Wagenaar et al., 1995). In the solar light spectrum, the absorption
maxima of PCDFs are located at 290-300 nm and 315-325 nm (Tysklind et al., 1993). The
absorption bands slightly shift towards longer wavelengths as the chlorination degree
increases. The molar absorptivity is lower for PCDDs than for PCDFs at wavelengths longer
than 270 nm (Choudry & Webster, 1989; Podoll et al., 1986; Wagenaar et al., 1995).
Experiments with photochemical sensitisers and catalysts do not indicate whether indirect
photolysis of tetra- to octachlorinated PCDD/Fs could take place at longer wavelengths
(Konstantinov & Bunce, 1996; Yan et al., 1995; Choi et al., 2000). At wavelengths longer
than 340 nm, 2,7-dichlorodibenzo-p-dioxin degrades in the presence of TiO2 but not without
this catalyst (Pelizzetti et al., 1992).

In view of the UV spectral properties of vegetable oils and PCDD/Fs (VI), a wavelength
range between 320 and 340 nm would be efficient for the direct photolysis of PCDD/Fs. In
most vegetable oils and other solvents (toluene: VI) the advantage of a higher absorptivity of
PCDD/F molecules is partially lost at wavelengths shorter than 320 nm, due to the strong
shielding of the solvent. Using weakly absorbing vegetable oil, such as extra virgin olive oil,
shorter wavelengths could probably be used.

3URSHUWLHVDQGIXQFWLRQVRIYHJHWDEOHRLOV
Vegetable oils had three major functions in photolytic systems. They dissolved soil-bound
PCDD/Fs, transported them towards the surface and acted as hydrogen sources for reductive
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dechlorination. The solubilising effect was examined in aged sawmill soil (IV). The
dissolution of PCDD/Fs was rapid during the first 30 min; however, residual PCDD/Fs were
mobilised slowly. After rotating soil with extra virgin olive oil in a round-bottom flask for 24
h, 93% of WHO-TEQ (91% of I-TEQ) was transferred into the oil phase (IV, Table 1, Table
1a-SI, Table 1b-SI). Some congeners were even found at higher concentrations in oil than
initially in soil. It was believed that a part of the apparent solubility of PCDD/Fs was due to
the transfer of colloidial soil fractions into the vegetable oil phase. The binding of PCDD/Fs
in these fractions probably explained why the residual 1% (29 ng) of OCDF in the separated
soil extract degraded very slowly during the last 17 h of UV irradiation, irrespective of the
constant and rapid degradation occurring during the first 5 h (IV).

The dissolution of PCDD/Fs affected the photodegradation rates in soil-vegetable oil
mixtures. After a rapid initial photodegradation phase in the UV experiment, the dissolution
rate of PCDD/Fs was faster than the photodegradation rate for quite some time. Thus, the
PCDD/F concentration started to increase again. In sunlight experiments, mixing of the
vegetable oil -amended soil during irradiation resulted in an enhanced solubilisation that
doubled the OCDF concentration (Table 5-10).

TABLE 5-10. Observed solubilisation of PCDD/F congeners in olive oil –amended soils
Solubilisation, %
a
Congener
UV experiment
Sunlight experiment b
OCDF
15
103
1234678-HpCDF c
31
45
c
non-toxic HpCDFs
51
67
OCDD
13
-0.3 d
1234678-HpCDD c
27
26
c
d
non-toxic HpCDDs
-3.8
25
a
Vääksy sawmill soil, solubilisation between 17.5 and 67.5 h of irradiation (IV, Table 6-SI)
b
Sikoniemi sawmill soil, solubilisation after mixing with the second dose of olive oil (VI, Fig. 2)
c
Combined effect of solubilisation and formation via dechlorination
d
Degradation was faster than solubilisation or formation

Thus it was assumed that the concentration analysed in soil after Soxhlet extraction in toluene
would not represent the total concentration of PCDD/Fs, because it did not include a strongly
bound fraction of PCDD/Fs intact in soil. Vegetable oils obviously penetrated into the soil
matrix and desorbed PCDD/F molecules. The desorbing effect could be intensified by UV
light, because it decomposes soil organic matter (Patel-Sorrentino et al., 2004), increases the
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concentration gradient between soil and oil by degrading PCDD/Fs and accelerates the
convective transport of PCDD/F molecules driven by evaporation (Dougherty et al., 1993;
McPeters & Overcash, 1993; Overcash et al., 1991). The size of the strictly bound fraction is
likely to vary according to the congener, soil properties and the age of contamination. PCDFs
were found to dissolve faster than PCDDs, whereas we noted no influence of the chlorination
degree on the dissolution rate (IV).

The convective upward transport of PCDD/Fs in vegetable oil solutions and soil-oil mixtures
was not measured. It might have played a significant role in PCDD/F degradation. Otherwise
it would be difficult to explain how it was possible to attain a more than 50% reduction in the
PCDD/F sum concentration in 1-cm deep soil bed (V, Table 1) and in 1,2,3,4,6,7,8-HpCDF
concentration in 2-cm deep olive oil solution (VI) without mixing. The formation of
degrading radicals or electron-transferring species that could migrate into deeper layers and
be stable for a sufficient time to reach the PCDD/F molecules is also unlikely.

On the basis of the photodegradation and diffusion experiments with 2,3,7,8-TCDD in ethyl
oleate solutions under sunlight exposure, Dougherty and co-workers (1991b) have estimated
that a theoretical maximum rate of soil decontamination would be 3.3 ngh-1cm-2. In the
outdoor experiment with olive oil (V), the density of soil was 1.61 g/cm2 (dry weight).
Therefore the decontamination rate of 2,3,7,8-chlorinated PCDD/Fs was 0.87 ngh-1cm-2
during the first two weeks and 0.48 ng h-1 cm-2 during the entire four-week period, which was
relatively close to the theoretical maximum rate.

The hydrogen donor properties of vegetable oils made them better solvents for PCDD/F
photodegradation in comparison with hexane and toluene. The hydrogen production in palm
oil seemed to be suppressed by E-carotene that is an inhibitor of lipid photooxidation. In
addition to the concentrations of E-carotene, the differences between vegetable oil qualities
were attributable to their UV absorbance. A negative correlation was found between UV
absorbance (at 290-310 nm) and photodegradation rate of 1,2,3,4,6,7,8-HpCDF (VI).

To understand better the action mechanisms of vegetable oils, either an experimental
comparison with a wider range of vegetable oils or a more detailed mechanistic study will
need to be performed.

76

$VVHVVPHQWRIVRLOGHFRQWDPLQDWLRQWHFKQLTXHV
Assessment of the efficiency of two modifications of the vegetable oil-UV method for the
treatment of PCDD/F-contaminated soils suggested that degradation results that are
comparable to the blacklight lamp exposures in the laboratory could be obtained by using
smaller amounts and cheaper types of vegetable oils and natural sunlight irradiation (V).
However, this comparison was based on the initial stages of photodegradation that were more
rapid than the subsequent stages. Extrapolation from the overall degradation rate reveals that
the energy consumption required for 95% reduction in WHO-TEQ content would be higher
under blacklight irradiation (experiment A) than under natural sunlight (experiment C) (Table
5-11).

TABLE 5-11. Comparison of three modifications of vegetable oil-UV light method
A) Soil + blacklight
B) Soil extract +
C) Soil + sunlight
blacklight
Reference
IV, Table 3
IV, Table 3
V, Table 1
WHO-TEQ, initial
44.4 ng/g
43.6 ng/g
2.07 ng/g
Organic content in soil
15%
15%
6.7%
Oil to soil ratio
2:1
1:1
0.4:1
Vegetable oil
extra virgin olive oil
extra virgin olive oil
olive oil
Treatment time
75 h
22 h (+24 h) a
28 d
UV consumption
13 kJ/g
1.9 kJ/g
2.4 kJ/g
b
WHO-TEQ, degradation
84%
99% (91%)
48%
t½
28 h
3.3 h
30 d
kc
0.0244 h-1
0.2093 h-1
0.0233 d-1
d
Treatment time, 95%
123 h
14.3 h
129 d
UV consumption, 95% d
57 kJ/g
1.2 kJ/g
11 kJ/g
a
Time used for soil extraction
b
Inclusive of the residual PCDD/Fs in extracted soil
c
First-order reaction rate constant
d
Estimated values required for 95% degradation in WHO-TEQ

The lowest UV consumption was obtained by extracting the soil with olive oil and using
blacklight irradiation for the decontamination of the separated olive oil fraction only
(experiment B). Additional treatment costs of this modification arise from the extraction step.
If the extraction is incomplete, PCDD/Fs remaining in the soil after extraction also impair the
decontamination efficiency. Partial replacement of vegetable oils with low-molecular alcohols
could enhance desorption of PCDD/Fs by accelerating the soil-wetting process (Dougherty et
al., 1994).
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A long-term treatment under sunlight (experiment C) offers certain advantages over the other
treatment options, including efficient desorption of PCDD/Fs from soil matrix and a free UV
source. Still, the treatment costs would be high. If 400 litres/ton of a low-grade olive pomace
oil (see e.g., www.oliveoilsource.com) or rapeseed oil were used, the price of the oil would be
approximately 800 euros/ton, that is approximately 200 euros/m3 or if only a 1-cm layer were
to be treated, 200 euros per one hundred square metres. It must be noted here that a realistic
cost assessment would require experience from large-scale trials and should include all the
associated costs, for example, the mechanical treatments. Process optimisation and oil
recycling could help reduce the costs.
The most critical questions regarding the feasibility of the vegetable oil-UV treatment as a
soil decontamination technique are related to the pre-treatment costs (sieving of soil, for
example), vegetable oil quality and consumption, and the treatment time required to ensure
that all the strictly bound PCDD/Fs have been desorbed and degraded. Further investigations
should be carried out to find the lowest possible oil dose that could be used to maintain an
appropriate dissolution and photodegradation rate. It might be useful to allow some time for
vegetable oil to equilibrate with soil and to desorb PCDD/Fs prior to irradiation so that the
light energy and hydrogen supply could be efficiently utilised for the degradation of dissolved
PCDD/Fs. When the treatment time and vegetable oil dosage is sufficient, the technique is
expected to produce soil that does not exhibit TCDD-like toxicity (IV, VI). Nonetheless, the
soil might still need some post-treatment, for example, removal of vegetable oil by soil
washing or microbial treatment.

In the experiments carried out with sawmill soil (V), 20% of olive oil mixed well with soil at
30% water content and no separate layers of soil, oil and water were formed. If dredged
sediments were to be treated, the high water content could prevent vegetable oil from
penetrating into the sediment particles. Therefore, treatability tests are recommended for soil
and sediment matrices with different water and organic matter contents and particle size
distributions.
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6 CONCLUSIONS
,WHPV$WR'VXPPDUL]HWKHPDLQUHVXOWVRIWKHVHGLPHQWVWXGLHV RULJLQDOSDSHUV,,,,,,
5HVXOWVDQGGLVFXVVLRQ&KDSWHUVDQG 
A) PCDD/F-contaminated areas in the Gulf of Finland
Two contaminated areas in the Gulf of Finland were identified: one in front of Kotka, where
the Kymijoki River discharges into the sea, and the other in front of the municipality of
Porvoo, Sköldvik (Kilpilahti). In these areas, the highest sediment concentrations exceeded
the background concentration of 2,3,7,8-substituted PCDD/Fs by 80 to 1 100 -fold, and
WHO-TEQ level in the background areas was exceeded by 63 to 76 -fold. The highly polluted
area in front of the Kymijoki River inlet stretched out to a distance of 12 km away from the
coastline. In areas that were located more than 75 km away from the Kymijoki River inlet or 9
km away from the coastal point source in Sköldvik, the sediments only contained low
concentrations of PCDD/Fs that were representative of the general background contamination
in the Gulf of Finland and other seas.

B) Sources and history of contamination
In both contaminated areas, the origin of PCDD/Fs was the former manufacture (and use) of
chlorinated chemicals. Identification of the sources was based on the following lines of
evidence: 1) decreasing concentration in sediments with an increasing distance from a coastal
point of PCDD/F release, 2) congener pattern that was similar to the source and 3)
concentration time trend in sediments that followed the production history of the chemical.

In front of Kotka, the time trends of PCDD/Fs in sediments reflected the years when the
production and use of a chlorophenolic fungicide, Ky 5, was at its most extensive. At most of
the sampling points, PCDD/F concentrations (2,3,7,8-PCDD/Fs and WHO-TEQ) in the
surface sediments (years 1995-1997) were 24-52% of the maximum concentrations observed
in the 1960s-1970s. Congener patterns in sediments were dominated by 1,2,3,4,6,7,8-HpCDF
and OCDF, congeners which were also characteristic of Ky 5.

In front of Sköldvik, the sediments had become polluted by the manufacturing wastes of vinyl
chloride monomer (VCM). A significant decrease in PCDD/F concentration was observed
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after the cessation of the manufacture in 1983. Congener patterns in contaminated sediments
were strongly predominated by OCDF.

There was evidence of a natural background concentration for PCDD/Fs in that traces of
PCDD/Fs were detected in approximately 8 000 to 8 400 years old sediment layers from a
remote lake. There was a characteristic congener pattern with the concentrations of OCDD >
1,2,3,4,6,7,8-HpCDD > 1,2,3,7,8,9-HxCDD > 1,2,3,4,7,8-HxCDD > 2,3,7,8-TCDD.

C) PCDD/F inventory
The total load of PCDD/Fs in sediments that had been deposited in the Gulf of Finland
between the years 1960 and 1997 was 2 016 kg, or 16.4 kg WHO-TEQ. 1 770 kg (88%) of
PCDD/Fs and 12.4 kg (76%) of WHO-TEQ were attributed to the Ky 5 source from the
Kymijoki River. The contribution of this source has decreased, so that the respective
proportions were 79% (PCDD/Fs) and 58% (WHO-TEQ) between 1986 and 1997. Of the
tetra- and pentachlorinated congeners that are most abundant in Baltic herring, only 13-38%
originated from the Ky 5 source at Kymijoki River.

The role of PCDD/F releases from the VCM manufacture in the total PCDD/F load in the
Gulf of Finland was negligible. In the absence of significant point sources other than the
Kymijoki River, the rest of PCDD/Fs are likely to be attributed to atmospheric background
deposition.

D) Recent development in PCDD/F concentrations
At present, the production and use of Ky 5 is the only identified point source of PCDD/Fs in
the Gulf of Finland. Kymijoki River continues transporting heavily polluted sediments
towards the sea. Independently of the sources, PCDD/F concentrations were declining at
approximately the same rate throughout the gulf. However, the decline rate was dependent on
the congener: in general, the PCDD concentrations were declining faster than PCDF
concentrations, and among the PCDFs, the decline was fastest for the lower chlorinated
congeners. Congener patterns in the surface sediments were shifting towards the background
pattern, in which the proportions of 1,2,3,4,6,7,8-HpCDD and OCDD increased relative to
1,2,3,4,6,7,8-HpCDF and OCDF, and 2,3,4,7,8-PeCDF had the largest contribution to WHOTEQ.
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When the development of PCDD/F concentrations in fish is assessed, it is important to pay
attention to those individual congeners that are predominating in fish, especially of 2,3,4,7,8PeCDF. The constant concentrations of 2,3,4,7,8-PeCDF throughout the Gulf of Finland and
the slower reduction rate relative to other PCDD/F congeners suggest that multinational
efforts are needed to achieve a faster reduction in the emissions of those congeners that
contribute to significant human exposure.

7KHIROORZLQJFRQFOXVLRQV LWHPV(* FDQEHGUDZQIURPWKHSKRWRFKHPLFDOVWXGLHV
RULJLQDOSDSHUV,999,5HVXOWVDQGGLVFXVVLRQ&KDSWHU 
E) Efficiency of the vegetable oil-UV method in soil decontamination
A rapid photodegradation of PCDD/Fs was demonstrated in vegetable oils. When
contaminated sawmill soil was treated, the strong binding of PCDD/Fs to soil particles was
the main barrier to photodegradation. This obstacle could be overcome by ensuring a proper
solubilisation of PCDD/Fs, either by preliminary extraction of soil with vegetable oil or by
using a longer contact time and periodical mixing of the soil-vegetable oil mixture.

The most effective (99% decline in WHO-TEQ content) and rapid (22 h) photodegradation
was attained with a technique that utilised a preliminary extraction step with vegetable oil and
artificial UV radiation from blacklight lamps. However, an outdoor treatment under natural
sunlight could probably be accomplished at significantly lower costs.

The congener pattern of the soil affected the decontamination rate and efficiency. In soils that
are predominantly contaminated with highly chlorinated furans, like Finnish sawmill soils, the
required treatment time was ultimately determined by the dissolution rate of OCDF and the
degradation rate of the lower chlorinated PCDD/Fs that were formed as dechlorination
products.

F) Functions of vegetable oils
The degradability of PCDD/Fs was better in vegetable oils than in hexane or toluene.
Vegetable oils desorbed soil-bound PCDD/Fs, transported them towards the soil or solvent
surface and acted as hydrogen sources for reductive dechlorination. Vegetable oils were even
capable of solubilising the strongly bound residual PCDD/Fs that could not be removed by
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conventional analytical extraction methods. The excess solubilisation of PCDD/Fs prolonged
the decontamination process.

The type of the vegetable oil had some influence on photodegradation. High concentrations of
E-carotene and strong UV absorption of the oil retarded degradation. The photosensitising
effect of D-tocopherol was noticed at concentrations higher than those naturally present in
vegetable oils.

G) Degradation products
Dechlorination pathway that yields lower chlorinated PCDD/F congeners was the major
photodegradation mechanism that was identified when heptachlorinated dibenzo-p-dioxins
and dibenzofurans were irradiated in the wavelength range between 300 and 400 nm in
vegetable oils. Photodegradation of PCDDs produced non-toxic (non-2,3,7,8-substituted)
congeners whereas the formation of toxic products was slightly favoured for PCDFs. Monoto heptachlorinated hydroxybiphenyls, dihydroxybiphenyls and hydroxydiphenylethers were
not detected.
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