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Abstract

Initial studies into the presence of nitrogen and phosphorus containing
compounds in sediments from the Mersey Estuary (Northwest England)
revealed the presence of the azaarenes, a class of carcinogenic organic
micropollutants hitherto undetected in United Kingdom estuarine sediment.
An initial survey of the estuary and two tributary waterways established the
presence of the compounds at significant levels (ng/g).

Three further surveys of the Mersey Estuary, the Manchester Ship Canal,
and the St. Helens Canal were undertaken in an attempt to gain more
information about the levels and distributions of the azaarenes. These further
surveys were undertaken between October 1993 and August 1994.

Trends in azaarene distribution were noted both spatially and temporally
over the collected samples. Spatial variation suggested upstream sources of the
compounds with down-estuary modification, possibly due to solubilisation or
volatilisation of selected compounds. Temporal variation appeared to suggest
differing sources of azaarenes over the course of the project, or seasonally
variable post-depositional processes.

A number of possible source materials were examined, and distribution of
azaarenes within them compared to sediment samples. No one source was
found to correlate precisely with observed sediment distribution, but
atmospheric distribution was implicated as a potential major source.

Additional studies attempted to relate azaarene distribution with that of
the polyaromatic hydrocarbons (a related class of organic micropollutants
which are believed to have similar sources). Little correlation was found
between the two compound classes. Finally, studies were undertaken to assess
the possible remobilisation of azaarenes from the sediments. Mobility was

found to be significant and greatly influenced by ambient pH.
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Abbreviations

Listed below are all abbreviations used in this thesis, except those used in

referring to specific azaarenes. Abbreviations used for azaarenes are detailed in

Appendix II, Compound data.

ADOCs
CHN
DCM
FID

GLC
GC-MS
GPS
NPD
PAC
PAH
RB
SIM

Anthropogenically derived organic compounds
Carbon, Hydrogen, Nitrogen
Dichloromethane

Flame Ionisation Detector

Gas Chromatography

Gas-Liquid Chromatography

Gas Chromatography-Mass Spectrometry
Global Positioning System
Nirogen-Phosphorus Detector

Polycyclic Aromatic Compounds
Polyaromatic Hydrocarbon

Round Bottomed

Selected lon Monitoring



Use of the term m/z as an azaarene identifier

Throughout this work the term m/z, followed by one of the selected ions
monitored by GC-MS is used as a shorthand when referring to a number of
the azaarenes. This non-standard usage may prove confusing to some
spectroscopists. For example, in this thesis, the term “m/z 179 azaarenes”
refers to those azaarenes have a molecular ion of m/z 179 (benzoquinolines,
acridine and phenanthridine). While methylated three ring azaarenes also show
a m/z 179 fragment ion, they are referred to as “m/z 193 azaarenes” as that is
the dominant, molecular ion of the compounds. Wherever the term “m/z XXX”
is used, the number (XXX) refers exclusively to the m/z of the dominant
molecular ion. Hopefully this explanation removes any potential ambiguity in

the usage of m/z as an azaarene identifier.
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Chapter One

Introduction



1.0 Introduction

Since the beginning of the industrial revolution, anthropogenic activities have
had an ever increasing impact on the environment around us. It is now
virtually impossible to find a place on the Earth where chemical evidence of our
activities as a race cannot be found. Yet it is really only in the last fifty years
that interest and concern in the impact we are having, and the legacy we are
leaving future generations, has come about.

More recently, concern has focused on the presence of anthropogenically
derived organic compounds (ADOCs) in waters and sediments. The reason for
this is that the effects of ADOCs on the environment are often more insidious
than other pollution-related phenomena such as mass kills of wildlife by oil
spills, or the huge algal blooms caused by elevated phosphate and nitrate levels
in coastal waters. Many organic compounds have long residence times in the
environment, due to low chemical reactivity and a resistance to metabolism by
biota. They can often be hydrophobic, and accumulate in sediments, or in the
fatty tissues of higher organisms. As a result, there is often a time lag of years
between release of such compounds to the environment and concentrations
reaching levels at which detrimental effects may be observed.

Once levels of certain organic compounds become significant, they may
cause detrimental health effects to biota through a number of mechanisms:
carcinogenicity (e.g. tumours in belugas thought to result from exposure to
polyaromatic hydrocarbons; Beland et al, 1993), mutagenicity (e.g. sex
changes in dogwhelks due to organo-tin compounds; Spooner et al., 1991), or
teratogenicity (e.g. congenital defects in the bills of double crested cormorants
through polychlorinated biphenyl (PCB) contamination of Great Lakes’ biota;
Foxetal, 1991).



Those classes of ADOCs which are regarded by government as being the
of greatest concern! now appear on the Department of the Environment’s
so-called “Red List”. Monitoring of these compounds is regarded as being of
the highest priority and ultimately levels present in discharges will probably be
subject to legislation. However, the Red List includes only synthetic
(manufactured) compounds; pesticides (such as aldrin, DDT and dieldrin),
some herbicides (e.g. atrazine), PCBs, volatile chlorinated compounds (e.g.
dichloroethane), organo-tin compounds and hexachlorohexanes. Thus, while
in some respects the establishment of a Red List is useful, in others it may well
limit our understanding of the impact of organic compounds on the
environment in general, by narrowing attention onto a very few organic
compounds. QOutside the Red List, there remain a large number of
anthropogenically sourced (though not synthetic) organic compounds. The
impact of many of these in the marine environment is very poorly understood.
Even where basic toxicity information does exist, knowledge of a compound’s
distribution in the environment may be practically non-existent.

Among the classes of ADOCs which have received relatively little
attention, are those which contain nitrogen or phosphorus. Inorganic species
containing these atoms (e.g. nutrients such as phosphates and nitrates) have
been subjected to intense study because of their impact on visual and/or easily
measurable parameters within the aquatic ecosystem. However, beyond a
limited number of pesticides and herbicides, such as synthetic pyrethroids
(e.g. Clark et al, 1989), carbamates (e.g. Fisher et al, 1993), and triazines
(e.g. Ahel et al, 1992)), organonitrogen and organophosphorus compounds

have not been extensively investigated.

! The inclusion of a compound on the “Red List” is based on criteria such as persistence,
toxicity, potential bio-accumulation, and the amount of the compound manufactured.
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The present study began with attempts to identify organonitrogen and
organophosphorus species of possible interest in the Mersey Estuary and its
tributaries. Preliminary studies using Gas Chromatography (GC) and Gas
Chromatography-Mass Spectrometry (GC-MS, see Chapter 2) revealed a
number of compound classes, including the azaarenes. The azaarenes became
the focal point of this thesis, owing to their widespread distribution and
potential environmental impact (see Section 1.1). Other organonitrogen and
organophosphorus compounds detected in initial work were not considered
further.

Azaarenes are part of the larger class of ADOCs termed polycyclic
aromatic compounds (PACs), members of which have been recognised
carcinogens since the 1930s. Extensive studies have been made of other PACs,
particularly polyaromatic hydrocarbons (PAHs, see above), yet prior to this
study nothing was known of azaarene distribution in UK estuarine sediments.

Azaarenes have been shown to have significant carcinogenic and
mutagenic activity (see Section 1.1.2). In light of the potential environmental
significance and lack of knowledge concerning these compounds, it was
decided that assessment of azaarene behaviour and concentrations within the
Mersey Estuary and tributary waterways would be the primary aims of this

project.

1.1 Polycyclic Aromatic Compounds

Polycyclic aromatic compound (PAC) is a relatively recent term used to
describe chemical species which “comprise a complex class of condensed multi
numbered benzenoid ring structures” (Vo-Dinh, 1989). PACs encompass
both homocyclic compounds containing carbon and hydrogen only, and

heterocyclic compounds, which may also contain oxygen, nitrogen, or sulphur
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(Fig. 1.1). Other terms used to describe these classes of compounds include
POM (Polycyclic Organic Matter) and PNAs (Polynuclear Aromatics).2

PACs have been a subject of interest over the past seventy years, owing to
their isolation as the major cancer causing agents (carcinogens) in soot and
coal tars. Over the last thirty years there has been considerable interest in the
wider environmental distribution, sources and sinks, and potential hazards to
human health, of the PACs.

Amongst the classes of heterocyclic PACs are the azaarenes. Azaarenes
are a class of PACs, in which one carbon atom on the condensed benzenoid
ring structure has been replaced by a nitrogen atom. Examples of some
azaarene structures are shown in Fig. 1.2, and are discussed further in

Appendix II.

Fig. 1.1. PACs

Homocyclic PAC Heterocyclic PAC

O

Anthracene Acridine
(Polyaromatic Hy‘d rocarbon) (Azaarene)

2The term PAH is often used interchangeably with POM, PAC, and PNA, but strictly
refers only to homocyclic polyaromatic compounds.
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Fig. 1.2 Azaarenes

o oo &

(1) Quinoline (2) Isoquinoline (3) 7,8-Benzoquinoline
[bp.237°, pKb 9.5] [bp. 243°, log Kow 1.82]

0

(4) Acridine (5) Phenanthridine (6) 5,6-Benzoquinoline
[bp. 346°, log Kow 3.30] [bp.721y 349-350]

(7) |-Azafluoranthene (8) 2-Azapyrene (9) Benzoazafluorene
(10) Azachrysene (11) Benzacridine
[log Kow 4.45]



1.1.1 Formation of PACs

PACs are formed during incomplete combustion of organic material,
containing carbon and hydrogen, at temperatures of between 650 and 900°C.
Although the exact mechanism and intermediates in PAC formation are not
known, two general mechanisms have been proposed. Badger (Badger, 1958
(cited in Santodonato et al., 1981); Badger & Novotny, 1963) suggested that
ethylenic radicals in the vapour phase condense, stepwise to yield gaseous
PACs via Cg-C4 intermediates (Fig 1.3). This theory has since been supported
by the combustion studies of Crittenden and Long (1976). Other laboratory
combustion studies (Franceschi et al., 1976) suggest that, for some of the
higher molecular weight PAHs the perinapthenyl radical (Fig. 1.4) may also be
an important intermediate species in the formation of the gaseous compounds.
The gaseous PACs begin to condense onto particulate material when the
temperature of the combustion gases drops below 150°C. These particles are
usually soot or fly ash released during the combustion process. From here the

compounds enter the atmosphere and the environment (see Section 1.1.3).

Fig 1.3 Formation of Benzo[a]pyrene from Cg-C4 intermediates
(after Badger & Novotny, 1963)

For heterocyclic PACs in general, and azaarenes in particular, detailed
formation mechanisms have not been published, although combustion

processes are once again believed to be chiefly responsible. Grimmer & Naujak



(1985) however, suggested that azaarenes may also be formed during the
original fossilisation of nitrogen containing organic matter. Studies undertaken

in the course of this research appear to support these findings (see Chapter 7).

Fig 1.4 Formation of some PAHs from the perinaphthenyl radical
(after Franceschi et al., 1976)

Indenopyrene

Perinapthenyl
radical

Perylene Benzo[ghi]perylene

1.1.2 Health effects of PACs

As early as the 18th century a high incidence of skin cancer was observed in
chimney sweeps, and with the onset of the industrial revolution, also noted

amongst workers in tar factories (Vo-Dinh, 1989). Extensive studies were

7



carried out in the early 1930s to identify the compounds responsible for the
carcinogenic properties of tars and soots. Consequently the first carcinogenic
compounds, dibenz[a,/]anthracene and benzo[a]pyrene were identified. Both of

these compounds are PACs (Fig 1.5).

Fig.1.5 PAC:s first detected as carcinogens

©©©©© o

Dibenz[a,h]anthracene Benzo[a]pyrene

Between the 1930s and the late 1970s, a large number of homocyclic
PACs were synthesised or isolated, and tested for carcinogenicity. A number of
the compounds were found to be very potent skin and hepato- (liver)
carcinogens (Santodonato et al, 1981), and theories were developed in an
attempt to relate this carcinogenicity to molecular structure.

By the early 1980s, the “Bay Region” theory had been developed, and
confirmed experimentally for a number of PACs (including benzo[a]pyrene
and chrysene). In this mechanism it was proposed that carcinogenesis
occurred through conversion of a PAC diol epoxide metabolite to a triol
carbonium ion. Diol epoxides with the oxirane oxygen is situated in the PAC
“Bay Region” (Fig. 1.6) will be more reactive, and hence more carcinogenic.

The “Bay Region” theory has proved successful in accounting for the
general carcinogenicity of individual homocyclic PACs. Over the past decade
however, it has become clear that the carcinogenicity and mutagenicity of
environmental PAC samples cannot be accounted for by homocyclic

polyaromatics alone (Atherholt et al, 1985). Subsequently, a number of other



classes of PACs have also been investigated, with nitrogen containing PACs
being shown to have significant carcinogenic/mutagenic properties (Guerin et
al., 1980; Siak et al., 1985). Amongst nitrogen containing PACs the azaarenes
have been confirmed as hepatocarcinogens in rats (Asahin et al.,, 1972; [.aVoie
et al., 1984) and mutagens for certain classes of bacteria (Grimmer & Naujak,

1985)

Fig 1.6 The “Bay Region” of Benz[a]anthracene
(After Santadonato, 1981)

Bay Region

1.1.3 PAGs in the environment

PACs in the environment are chiefly anthropogenic in origin. Low levels of
these compounds may have always been released naturally into the
environment through combustion processes such as forest fires, or by seepages
of oil, but over the last hundred and fifty years vastly increased PAC fluxes
have occurred exclusively as a result of human activities. 'The major factor
responsible for these increased fluxes, has been the rapid growth in fossil fuel
use. Sedimentary cores from sites along the coast of the USA have shown
strong correlation between total amounts, and types, of fossil fuels burned and
PAC concentrations since 1850 (Hites et al, 1977).

The results obtained by Hites et al. (1977) suggest that combustion of

coal is the dominant source of PAC emissions. Further data from the United



States Environmental Protection Agency (Santodonato et al, 1981) supported
this finding, estimating as much that as 87.3% of US benzo[a]pyrene emissions
in the 1970s originated from coal combustion. In addition to coal combustion
other significant sources of PACs include automotive exhausts? (Sawicki et al.,
1965a), asphalt spreading, oil fired power plants, and cigarette smoking
(Grimmer et al., 1987).

For the United Kingdom, a source inventory of homocyclic PACs has
been published (Wild & Jones, 1995). Domestic coal combustion was thought
to be the primary source of PAHs to the atmosphere (84% of total emissions),
with vehicle emissions (11.2%) also significant.

The environmental distribution of compounds such as PACs, which
condense onto airborne particulates#, depends largely on the residence time of
such particles in the atmosphere, which in turn depends largely on their size.
Studies of benzo[a]pyrene have shown significant fractions of the compound
(up to 60%) associated with sub-micron particles, and almost 100% with
particles of < 3 um diameter (Katz & Pierce, 1976; Miguel, 1979). Particles in
the sub-micron range have atmospheric residence times of 100-1 000 hr, while
3 pm particles may persist for 10-100 hr. In the absence of wet deposition (i.e.
raining out), therefore, PACs may be transported great distances from their
sources, and be detectable in remote locations.

Air samples taken across the Americas, from Alaska to the Amazon, have
shown an almost identical distribution of homocyclic PAC isomers, although
much higher absolute concentrations were reported for urban areas (La
Flamme & Hites, 1978). Studies in the 1980s showed PACs detectable even at

remote North Pacific sites (Atlas & Giam, 1989). Atmospheric deposition of

3 Particularly from vehicles with diesel engines

4Recent studies (Halsall et al., 1994) suggests two and three PAHs in the atmosphere may
be predominantely in the vapour phase.

10



PAHs based on data from two urban sites in the UK has been calculated as
2.31 pg/m2/day (Wild & Jones, 1995).

PACs are routinely detected in the marine environment. They have been
detected in both sediments and waters, although solubility decreases rapidly
with increasing number of condensed benzenoid rings. The distribution of
homocyclic PACs (PAHs) in the Tamar Estuary in the south-west of England
was investigated during the early 1980s (Readman et al, 1982). Two differing
behaviour types were observed for PAHs and, as a result, two classes of
behaviour were defined.

Class I PAHs (with two or three fused benzenoid rings) were relatively
soluble, with little correlation found between concentrations of these
compounds and suspended sediment loadings. In addition, no correlation
could be made between concentration and salinity, suggesting that salting out
of the compounds was not significant. Class I PAHs were also subject to
microbial degradation (spiked 14C-naphthalene losses in the estuary were
between 3 and 72% day1).

Class II PAHs (four and five benzenoid ring systems) were characterised
by a greater hydrophobicity and refractivity within the sediments. The
concentrations of Class II compounds showed significant correlation with
suspended sediment loadings in the Tamar (typical R2 values of 0.7).
Microbial degradation was minimal with losses from  spiked
14C-benzo[a]pyrene sites of 0.011-0.035% day-l. Major removal of these
compounds was thought to be through burial.

1.1.4 Azaarenes in the environment

Studies of azaarene distribution in the environment are much less

comprehensive than those for analogous homocyclic PACs (the PAHs). Based
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on the incorporation of a nitrogen atom into the condensed benzenoid ring
structure and the consequent increase in basicity, differences in environmental
behaviour could be expected, and it is surprising that more studies have not yet
been undertaken.

Whilst some PACs may have been released to the environment through
natural combustion processes the release of azaarenes into the environment
appears to be an almost entirely anthropogenic process>. Studies of older (400-
500 years) lacustrine sediments from Switzerland (Wakeham, 1979) showed
no measurable concentrations of azaarenes.

Sources of azaarenes are largely analogous to those of anthropogenically
derived PAHs: vehicle exhausts (Sawicki et al., 1965a), coal burning (Sawicki
et al., 1965b), bitumen spreading, and tobacco smoking (Grimmer et al,
1987). Azaarenes have been detected in a number of environmental matrices,
including urban air samples (Dong & Locke, 1977; Warzecha, 1993), marine
and freshwater sediments (Wakeham, 1979; Furlong & Carpenter, 1982),
stackgases from coal combustion sources, and industrial effluents (Shinohara
et al., 1983).

A limited number of studies have been made of azaarenes in marine and
freshwater sediments. These are summarised in Table 1.1. In North America,
studies have been made of sediments from Puget Sound (Furlong & Carpenter,
1982), and Hamilton Harbour (Onuska & Terry, 1989). In both locations
azaarenes were found to span two, three and four ring species. In Puget Sound
sediments wide variations in composition and concentrations wereb found
between locations. Cores taken suggested temporal, in addition to, spatial
variations. For the majority of sites, two ring species were dominant over three

or four ring species. The exception here, was in sediments which contained

SStudies undertaken (Chapter 7) suggest that natural petroleum seepages may contain
azaarenes, but these would only have been of minimal, localised importance.
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identifiable coal dust. In Hamilton Harbour sediments, two ring species again
dominated over three ring species for samples which did not contain
recognisable coal or coal products. However, the single compound with the
greatest concentration (for 11 out of 13 sites) was acridine, a three ring
azaarene.

In Europe, studies have been made of sediments from two Swiss lakes
(Wakeham, 1979). In contrast to American samples, the European sediments
showed increasing concentrations of azaarenes with increasing ring numbers,
and four and five ring species were detected. The difference in ring size
distribution has been interpreted in terms of greater coal combustion in Europe

than in America (Furlong & Carpenter, 1982).

1.2 The study area

Merseyside, in the north-west of England (Fig 1.7) is a highly industrialised
urban area with a population of over one million. The River Mersey and its
tributaries drain a catchment area of 4535 km2, which includes Merseyside,
parts of Greater Manchester, Lancashire and Cheshire. These regions are
heavily industrialised with a total population of approximately 5 million, one
million of whom live along the banks of the Mersey Estuary itself (Taylor,
1986). The focus of this study comprised three Merseyside waterways; the
River Mersey and its estuary, the Manchester Ship Canal, and the St. Helens
(also known as the Sankey) Canal.
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