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Abstract

Abstract
It is possible for some chemicals to achieve an effect within a system other than that
of the intended/desired result for which they were employed. One such side effect
can be the perturbation of an organism's endocrine system. Chemicals capable of
this are collectively known as "endocrine disrupting chemicals" (EDCs). The
presence of these EDCs in the environment has the potential to cause adverse effects
in wildlife and humans. This investigation focuses on two EDCs, nonyiphenol (NP)
and nonyiphenol polyethoxylates (NPEO X), and their occurrence in various
environmental matrices in Scotland. NPEO X is a surfactant used in a variety of
applications including detergents and pesticides. NP is used in the production of
certain types of plastic and is also formed during the biodegradation of NPEO X . As
part of this investigation, methods for the extraction (e.g. liquid/liquid, solid phase,
Soxtherm and Accelerated Solvent Extraction (ASE)) and analysis (i.e. GC-MS and
LC-MS) of these chemicals from waste water treatment works (WWTW) waters,
industrial effluents, river waters, sludges and sediments were developed. The
resultant methods were applied to samples from the range of matrices previously
mentioned. A study of six WWTW was conducted to investigate concentrations of
NP (1.1-29.6 ptgIl) and NPEO X (11.3-165.3 tg/l) in effluents within each works. It
was found that several, but not all, WWTW effluents contained detectable
concentrations. Samples collected in an investigation of the bottom sediments of two
contrasting freshwater lochs, Tay and Leven, showed that neither NP nor NPEOX was
detectable in bottom sediments from Loch Tay, whereas Loch Leven bottom
sediments revealed detectable concentrations of NP (8-631 jtg/kg) and NPEOX (3582983 jig/kg). Other matrices tested during this investigation, i.e. sludge-amended
soils (239-586 pg/kg NP and 80-343 p.gfkg NPEO X), WWTW sludges (86-3843
mg/kg NP and <0.45-<10.8 mg/kg NPEO X), and river waters (1.1-5.4 ig/l NP and
12.0 .tg/l NPEOX), also had detectable concentrations in some of the samples.
Improvement of NP and NPEOX removal processes by the water industry, during
water purification, is needed as contamination by wastewater effluents introduces NP
into the fresh water environment at concentrations above the recommended safe level
of 1.0 j.tg/l (Environment Agency for England and Wales). No recommended limits
have been set for NPEOX at this juncture.
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Chapter One

1. Introduction
Synthetic chemicals are usually produced in response to a specific need, e.g. to stop
pests eating crops or to attain a certain level of hygiene or cleanliness. Concern
arises when chemicals designed and used for a specific purpose are found to have
other unrequired effects that could be potentially disadvantageous to wildlife,
humans or the environment. This is the case with a group of chemicals collectively
known as "endocrine disrupting chemicals" (EDCs). The label EDCs covers a wide
variety of chemical substances (both synthetic and naturally occurring) whose
presence in the environment has the potential to cause adverse effects. EDCs have
the ability to mimic natural hormones and so could disrupt the balance of the
endocrine system of an organism. This could lead to a number of possible problems,
as the endocrine system is responsible for the growth, reproduction and maintenance
of an organism. Due to the applications for which they are utilised and their
subsequent disposal, EDCs can be found in a variety of environmental matrices
including wastewater treatment works effluent, rivers, sludges and sediments from a
range of sources. This has implications for wildlife existing in these environments.

In this introductory chapter the subject of endocrine disrupting chemicals and related
topics will be discussed to give an understanding of the complexity of the subject
matter. Two EDCs, nonylphenol and nonylphenol polyethoxylates, have been
selected for investigation in this study and as such will be discussed in more detail.

1.1 The endocrine system
The endocrine system controls growth, maintenance and reproduction of an organism
by using hormones. Hormones are chemical messengers secreted by endocrine
organs (such as the thyroid gland, thymus, adrenal glands, pancreas, ovaries,
pituitary gland and testis) directly into the bloodstream. Therefore the response to a
hormonal signal is very rapid in tissues remote from the secretory organ. Hormones
are active at very low concentrations; most hormones are inactivated rapidly when
their task is completed. There are three main different types of hormone in
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vertebrate metabolism: steroids including the sex hormones (lipid soluble), peptides
such as insulin and amine based hormones e.g. epinephrine, which all act by binding
to specific receptors. Receptors are specific protein molecules that can be found in
the nucleus and plasma membrane of the target cell (Lehninger etal., 1997a).

Hormones interact with their specific receptors to produce an effect within a cell.
For example, steroid hormones (such as oestrogen, a female sex hormone) interact
with intracellular receptors. They form a hormone-receptor complex that migrates to
the nucleus of a cell and combines with specific DNA sites to affect transcription of
genes. Modifying gene expression can affect protein synthesis. Other responses to
the actions of hormones include (using a different mechanism) modifying the
performance of enzymes (Lehninger et al., 1997a).

1.2 What are endocrine disrupting chemicals?
A commonly accepted defmition is "An endocrine disrupter is an exogenous
' substance that causes adverse health effects in an intact organism, or its progeny,
subsequent to changes in endocrine function" (European Commission DGXII, 1997).
Substances that can interact with hormone receptors can disrupt physiological
processes controlled by the endocrine system. This interaction occurs in various
ways:
agonistic effects: a substance acts as a false hormone by binding to a receptor
and causing a response (Lehninger et al., 1997b);
antagonistic effects: substance binds to the receptor and blocks the receptor
site so the required response is not produced (Lehninger et al., 1997b);
interferes with the synthesis of hormones or the breakdown mechanisms that
remove them from circulation (Soto etal., 1995);
altering levels of hormone receptors (Soto etal., 1995);

Substances that have been implicated as endocrine disrupters fall into two main
categories, man-made or those that occur naturally. Table 1.1 shows examples of
endocrine disrupters, along with their uses and modes of action.
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Table 1. 1 Examples of endocrine disrupting chemicals including uses and modes of action
Substance
Phytoestrogens
Steroids

Examples
Isoflavones, Lignans, Coumestrol
17P oestradiol, Oestrone

Alkyiphenols

Nonyiphenol, Octylphenol

Alkyipheno 1
ethoxylates
Phthalates

Nonylphenol ethoxylate
Octylphenol ethoxylate
Dibutyl phthalate (DBP)
Butylbenzyl_phthalate _(BBP)
Atrazine, Simazine, DDT, Dieldrin,
Lindane, Dichlorvos, Endosulfan,
Methoxychlor, Linuron, Trifluralin,
Permethrin,
Tributyltin
Bisphenol A

Pesticides

Organotins
Bi-phenolic
compounds
Synthetic steroids
Polychlorinated
organic compounds

Ethynyl oestradiol
Dioxins
Polychlorinated biphenyls (PCBs)

P.A.Smith

Applications
Present in plant material
Naturally produced by humans and
animals
Used in manufacturing alkyipheno 1
ethoxylates
Industrial surfactants

Modes of action
Oestrogenic and anti-oestrogenic
Oestrogenic

Plasticisers

Oestrogenic

Pesticides

Oestrogenic and anti-androgenic

Anti fouling agent
Component in polycarbonate plastics
and epoxy resins
Contraceptives
By-products of some incineration and
industrial chemical processes.
No longer produced mainly used in
electrical components.
-
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The range of compounds is diverse and could potentially increase as investigations
continue. Both humans and wildlife could be exposed to these chemicals singularly
or as mixtures of compounds as exposure routes are complex. Exposure could be
from the generation of these chemicals, their subsequent applications, accidental
spillage in the environment and disposal processes. The impact of EDCs upon
organisms is potentially immense. Transfer from mother to foetus of an EDC
through the bloodstream can cause hormonal imbalances or changes in receptor
sensitivity, thus leading to reproductive irregularities (Sadik and Witt, 1999). Plasma
steroid levels could be indirectly affected, as EDCs are capable of altering the
activity of hormones in the gonads or adrenals (Mably et al., 1992)
The term EDCs covers a broad range of chemicals that have the potential to affect
several endocrine processes, but several other terms, e.g. oestrogen mimics,
xenoestrogens and oestrogenic compounds, are used for specific examples of
endocrine disruption by chemicals that mimic the action of oestrogen.

1.3 Oestrogen
EDCs can potentially have effects on all endocrine systems, with the main
investigation centred on the female and male sex hormones, i.e. oestrogens and
androgens. Oestrogen is a collective name for female sex hormones such as 17P
oestradio 1 (Figure 1.1), whilst the main androgen is testosterone (Figure 1.1). If a
substance mimics or blocks oestrogens it is referred to as oestrogenic or antioestrogenic and a substance which mimics or blocks androgens is called androgenic
or anti-androgenic, respectively.
OH

HO

CH3 OH

tradioI

0;3
Testosterone

Figure 1. 1 Chemical structure of the naturally produced sex hormones,
oestradiol and testosterone.
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The maturation of secondary sexual attributes in males and females is influenced by
the sex hormones (Lehninger et al., 1997c). Oestrogen and its receptors can be
found in males to control growth and development of organs, but at a much lower
concentration than in females. "It can be seen that (a) oestrogens may induce female
characteristics in males, and (b) prolonged exposure to oestrogen or oestrogen-like
substances may induce feminisation of genetic males" (Montagnani et al., 1996)
OH

HO

6

thy ny I oestradiol

Figure 1. 2 Structure of the synthetic oestrogen, ethyn! oestradiol
17P oestradiol is the primary natural oestrogen found in the body, and other
oestrogens of natural origin include those produced by plants and microbes
(Katzenellenbogen, 1995).

Synthetic production of oestrogens arose because of

potentially advantageous uses in medicine, such as the oral contraceptive pill (1 7a
ethynyl oestradiol, Figure 1.2), hormone replacement therapy for the relief of
menopausal symptoms and the prevention of miscarriage (diethystilbestrol (DES),
Figure 1.3).

HO/C

(C O
Diethylstilbestrol

Figure 1. 3 Chemical structure of DES.

1.3.1

Oestrogenic activity

The ability of a compound to produce a response from oestrogen receptors is a
measure of its oestrogenic activity within an organism. Several different techniques
for the determination of oestrogenic activity have been developed for in vivo and in
vitro use, as discussed by Montagnani et al. (1996), a brief review of which is
presented below.
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In vivo
measurement of the increased glycogen content of the rat uterus, found to be
a metabolic response to oestrogenic potential (Bitman and Cecil, 1970);
enzyme immunoassay for the simultaneous quantification of the ratio of the
two major metabolites ofoestradiol in human urine (Klug et al., 1994);
measurement of increased uterine weight in immature female or
ovariectomized rodents (Bulger and Kupfer, 1983);
measurement of increased vitellogenin synthesis in male and female fish as a
response to raised circulatory oestrogenic potential. Vitellogenin (normally
only seen in female fish) is a protein produced in the livers of fish as a result
of increased oestrogen levels (Purdom et al., 1994);
use of controllable sexual differentiation to identify environmental levels of
oestrogenic potential (Bergerson et al., 1994);

These in vivo tests use biomarkers as sign of elevated circulatory oestrogenic
potential, although they do not necessarily take into account the oestrogenic potential
of the surrounding environment. In vitro studies measure oestrogenic potential of a
chemical against a known standard concentration, usually of oestradiol.

In vitro
the E screen - MCF-7 cell line proliferation (human breast tumour cells).
Only in the presence of oestrogen or oestrogen-like substances in human
serum will this particular cell line proliferate as human serum contains a
proliferation inhibitor that can only be suppressed by oestrogens (Soto et al.,
1995);
use of cultured trout hepatocytes to measure vitellogenin synthesis. Increased
production is indicative of raised oestrogenic activity (White et al., 1994);
receptor binding studies are used to observe competition for binding between
radio-labelled oestradiol and either unknown environmental samples or
known substances to test for oestrogenic potential (Jobling and Sumpter,
1993);
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other bioassays such as biosensors and recombinant yeast screen assays
(iv)
(Sadik and Witt, 1999);
Oestrogenic activity of many compounds has been measured in vitro and calculated
as 'oestradiol equivalents' (arbitrary units where oestradiol equals one). Some of the
strongest of EDCs have a potential activity of much less than one.

1.4 Structural diversity of EDCs
As can be seen in Table 1.1, there is a broad diversity of chemicals that are capable
of producing oestrogenic activity. According to one source (Tong et al., 1997)
eventually "70 000 or more chemicals may ultimately need to be evaluated for
oestrogenic activity", which, at the moment, cannot be readily deduced from
structure alone. However, a common structural theme is the inclusion of a phenol
moiety, or in some cases, such as non-phenolic aromatic compounds, the ability to be
metabolised to phenols (Katzenellenbogen, 1995).
CI

CICICI
C1

CI
C1

ckI71cII

C1

cl
Endosulfan

crU Ui

0

ojY-DDT

\

CI

- S

Kepone

Figure 1. 4 Chemical structures of kepone, o, p' - DDT and endosulfan.
Some non-aromatic compounds also display oestrogenic activity but they are usually
of low potency (e.g. kepone and endosulfan, Figure 1.4). In general, to show some
form of oestrogenic activity, the phenol group is relatively unhindered at the ortho
position and has a bulky hydrophobic structure attached to the meta or para positions
(Katzenellenbogen, 1995). Changes to the rest of the compound affect the potency
as an oestrogen mimic. Oestrogens as a rule tend to be rather hydrophobic and
lipophilic in nature, as do their mimics, and the potential is there for bioaccumulation
and bioconcentration (of EDC5) in fatty tissues (e.g. lipids and membranes). High
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levels could lead to leaching into the bloodstream, resulting in a low, persistent level
of compound capable of stimulating certain oestrogenic responses.

1.5 Do combinations of EDCs have an effect on their
oestrogenic potential?
Exposure to EDCs in the environment is a complex issue as wildlife could be
exposed to a mixture of compounds at a range of concentrations. This has led to an
investigation of the pharmacological issues involving this topic. Questions such as
'do combinations of EDCs produce additive/synergistic/no extra effects?' have been
posed. Some of the background theory involved is discussed by Kortenkamp and
Altenburger (1999). For example, if a combined mixture of chemicals is more
effective at producing a response than is predicted by consideration of the individual
components, the combination effect is synergistic. If the prediction is met the
combined effect is additive, and if the effect is less than predicted this is called
antagonistic. The assessment of combination effects relies upon the predictions
about expected effects of a mixture. There are two suitable ways to establish the
theoretical basis for defming the expected effects of combinations of chemicals in
endocrine disruption: concentration addition and response addition. Concentration
addition assumes that "each individual component of a multiple mixture is assumed
to contribute to the observed overall effect by acting in proportion to its
concentration, regardless of any effect threshold" (Kortenkamp and Altenburger,
1999). Response addition "assumes that compounds act on different subsystems in
organisms, with different sites of action" (Kortenkamp and Altenburger, 1999).

The concept of combination effects can be applied to mixtures of EDCs, as they are
more likely to be seen in the environment as complex composites. A study by
Arnold et al. (1996) stated that "In one yeast based assay, the binary mixtures of
weak oestrogenic pesticides, including dieldrin, chlordane, toxaphene, and
endosulfan, exhibited greater than a 90-fold effect". However, other laboratories
could not reproduce the results from this study and the paper had to be withdrawn.
Research is ongoing in this area and a study by Kortenkamp and Altenburger (1999)
suggested that it might be possible for chemicals at concentrations lower than their
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individual no-observed-effect-levels, to produce effects by acting in an additive
manner.
It has been shown that some EDCs can display unusual dose-response behaviour
where the response initially decreased with dose, then increased, so producing an
inverted U-shape dose-response relationship (vom Saal

et al., 1997). This

information, and the fact that many EDCs mimic steroidal compounds that are found
naturally at significant levels, makes it difficult to monitor the effects of such
chemicals.

1.6 EDCs and animals
The discovery that synthetic chemicals could show oestrogenic activity is not a new
phenomenon, as in the 1930s it was reported that certain substituted phenols had this
ability (Dodds and Lawson, 1938). In recent years, it has been discovered that many
other chemicals also share the ability to produce an oestrogenic response in
organisms. Awareness of this issue was highlighted when scientists studying
wildlife in certain areas became aware of new reproductive health problems. For
example, the decline in the population of alligators in Lake Apopka, Florida, in the
1980s was linked to decreased reproductive success (Guillette, 1994). Further
investigation showed one reason was a reduction in size of the male phallus
compared with the norm and other reproductive organ abnormalities in both males
and females. Subsequent studies showed that a major spill of the pesticide
"keithane" which contained both DDE (dichlorodiphenyldichloroethylene) and DDT
(dichlorodiphenyltrichloroethane) (Figure 1.4) was responsible as high levels of
DDE were found in their tissues. Tests showed that DDE binds to androgen
receptors and blocks their activity (Kelce et al., 1995), hence the reproductive
abnormalities.
It has been proven that gull embryos exposed in vivo to DDT and other pesticides
show signs of reproductive damage (Fry, 1987). Marine gastropods (e.g. Nucella
lapillus) (Langston, 1996) exposed to anti-fouling agents containing tributyltin (used
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in paint on the hull of sea-going vessels to stop organisms adhering to the hull) have
been found with a reproductive condition commonly called "imposex" where female
reproductive organs partly resemble male organs, preventing reproduction.
Hermaphroditism in male fish contained in settling lagoons of sewage treatment
works had been noticed along the river Lea in 1978 (Jones, 1993). Investigators
were initially concerned that ethynyl oestradiol was the culprit, but no trace of this
substance could be found. At this time evidence became available that implicated
alkylphenol polyethoxylates (APEO5) as possible endocrine disrupting chemicals.
As it is known that APEOs can be found in sewage effluent they could have been
responsible, although the report concluded that the origin of the oestrogen-like
substances present was unknown (Purdom et al., 1994). More recent work by
Thorpe et al. (2001) has shown that nonylphenol, a breakdown product of
nonyiphenol polyethoxylates, is capable of inducing a concentration-related increase
in plasma vitellogenin within juvenile rainbow trout. It is possible that nonyiphenol
could have caused the effects witnessed by Purdom et al. (1994) as it is highly likely
that it would have been present in sewage effluent that also contained APEOs.

Phytoestrogens produced by plant material have effects on animals. Livestock fed on
phytoestrogen-containing subterranean clove

(Trfolium subterraneum)

can

experience infertility problems as adults (Price and Fenwick, 1985). California quail
(Guillette Jr et al., 1995) and deer mice (Guillette Jr et al., 1995) exhibit decreased
reproductive output as a consequence of eating phytoestrogen-containing drying
grasses. Figure 1.5 shows one of the phytoestrogens produced by plants, again with
a phenolic moiety.
OH

HO
Coumestrol

Figure 1. 5 Structure of coumestrol, a phytoestrogen produced by plants.
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1.7 EDCs and humans
The evidence for a link between EDCs and effects in humans is more controversial.
Some researchers believe that elevated levels of testicular cancer, breast cancer
(Davis and Bradlow, 1995; Wolff et al., 1993), birth defects such as hypospadias
(congenital malformation of the penis) (Sharpe and Skakkebaek, 1993) and declining
sperm counts and sperm quality (Carlsen et al., 1992) are linked to exposure to
EDCs. Others refute these ideas e.g. "there is no data yet proving a causal
relationship between environmental oestrogens and illness or disease in people"
(Feldman, 1997). The only undisputed exception (so far) to this is the clinical use of
DES in humans, which has been shown to produce harmful effects.

Several papers do quote individual instances of exposure to EDCs and the effects
believed to be caused by them. For example, it was reported by Singer (1949) that
DDE was responsible for reduced sperm counts in aviation crop dusters. An
insecticide called Kepone has been implicated in low sperm counts and decreased
libido (Guzelian, 1982) in factory workers who handled the chemical.
Diethylstilbestrol (DES), a chemical given to women during the 1950s,'60s and early
'70s to prevent miscarriage, has been shown to be a very potent nonsteroidal
oestrogenic compound. It was administered to approx. 2.3 million women in the
USA and so provides an example of the effects of EDCs. The children produced by
women treated with DES have subsequently been found to display high incidences of
reproductive tract disorders (including carcinoma), abnormal pregnancies, as well as
reduced sperm counts (Stillman, 1982; Linn et al., 1988).

1.8 Embryonic exposure to EDCs
It is known that the sex of many alligator and turtle species is influenced by
temperature. Normally the incubation temperature affects the embryos so much that
either males or females are produced and few intersex animals are seen (Bull, 1980).
Sex reversal can be induced by exposing developing embryos to an oestrogenic
compound at a specific period of development, usually the middle third of the
embryonic period (Guillette Jr et al., 1995). Embryos therefore are vulnerable to
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EDCs during this interval, and even an EDC with a short half-life in the environment
can still have a major effect on a developing organism if it is present during this time.
For example, alligator (Bull et al., 1988) or turtle (Gutzke and Bull, 1986; Crews et
al., 1989) eggs incubating at male-producing temperatures, but given a single
treatment of oestradiol, can produce apparently normal females. When the
concentration of the oestrogenic compound is below a certain threshold, intersex
individuals are produced, as is the case when turtle eggs are exposed to oestradiol
and PCBs (Bergerson et al., 1994).

1.8.1

Why are embryos affected by such apparently
"weak" EDCs?

A study by Soto et al. (1995) investigated the oestrogenic activity of several
compounds using the E-screen test. Using the relative proliferative potency (RPP),
which measures ratio between minimum dose of oestradiol and tested compound
needed to achieve maximum cell yield (oestradiol = 100%), several compounds were
tested. Coumestrol has an RPP of 0.001 and p-nonylphenol has an RPP of 0.003,
whilst technical grade nonyiphenol (most commonly seen form of NP in the
environment) has an RPP of 0.0003. Pesticides such as DDT, Kepone (see Figure
1.4 for structures) and Methoxychlor all had RPPs of 0.0001%. All of these
chemicals are much weaker in their oestrogenic effect than oestradiol.

As mentioned earlier, the point at which the embryo is exposed to EDCs can make a
huge difference to the normal development of the organism. EDCs can have two
different types of effects, organisational or activational. "Organisational effects
occur early in an individual's lifetime and induce permanent effects, whereas
activational effects usually are transitory actions occurring during adulthood"
(Phoenix et al., 1959). Embryos have high rates of mitosis, which makes them
sensitive to disturbances such as EDCs. The organisational response of an embryo to
EDC exposure depends on "(i) critical periods of sensitivity during embryonic
organisation, (ii) bioaccumulation versus degradation and secretion, and (iii) free
versus bound hormone" (Guillette Jr et al., 1995).
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One of the most documented examples of this phenomenon is that of DES. Exposure
of rodents to oestrogenic chemicals "during in-utero development or immediately
after birth results in pathological changes of the reproductive tract, as well as
functional differences at puberty and throughout adulthood" (Guillette Jr

et al.,

1995). Both male and female mice exposed neonatally to DES can have
reproductive tracts that display unique protein and gene expression patterns when
compared to controls (Uchima et al., 1990; Newbold et al., 1989). DES can also
effect the immune system. If an adult is exposed, temporary inhibition of some
aspects of the immune system can occur, whereas neonatal exposure causes
persistent damage to some immune system parameters (Kalland, 1980). The severity
of DES-induced embryonic abnormalities can be increased in later life by exposure
to oestrogens during puberty. Daughters of women treated (with DES) during
pregnancy have experienced many reproductive health problems. An example is the
occurrence of vaginal clear-cell carcinoma (Herbst and Bern, 1981) only after the
onset of puberty, when the concentration of oestrogen in the plasma is increased to
stimulate the growth of the reproductive tract.
The effect of free versus bound hormone must also be taken into account. There are
mechanisms to control the amount of free circulating natural oestrogen in vertebrate
metabolism. Most of the time, a hormone 'is stored and unavailable' in a hormoneplasma protein complex, which is too big to cross capillary walls, and so the
physiological activity is determined by the amount of free unbound hormone. It is
uncertain, however, whether this mechanism will protect against EDCs as these
substances can have varying binding affinities to plasma proteins. For example, it
has been found that 99% of dieldrin in circulation binds to plasma proteins but o,p 'DDT in plasma is readily available to cells (Guillette Jr et al., 1995).

One researcher (Safe, 1995) claims that the total amount of environmental oestrogen
exposure is inconsequential because of their low potency and also the amount of
phytoestrogens consumed in our diet far outweighs the oestrogenic potency of
environmental oestrogens. Studies have shown that phytoestrogens can actually help
to protect against "hormonal cancers" as they can stimulate the production of sex
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hormone-binding globulin (Mousavi and Aldercreutz, 1993), which specifically
binds to sex hormones and reduces their bioavailability. Cancerous cells in these
types of cancers require sex hormones to proliferate. Phytoestrogens have also been
shown to have an inhibitory effect on the growth of some cancer cells (Mousavi and
Aldercreutz, 1993). As discussed earlier, however, it seems that endocrine disrupting
effects are felt most strongly in the developing young of a species as they can receive
bioaccumulated EDCs from their mother.

1.9 Potential transfer of EDCs through soil and plants into
the food chain
As many EDCs are lipophilic in nature, potentially they are able to sorb to soils,
sediments and sludge. The main ways of disposing of sludge in the UK are landfill,
incineration or application to agricultural land after treatment. When sludge is used
on agricultural land, it raises issues about the transfer of a substance from the
soil/sludge to the growing plant or grazing animals.
It is possible for plants to take up a chemical from the soil water through the roots, or
from the air surrounding the plant. This chemical can be transported throughout the
plant. Grazing animals can ingest a substance through eating contaminated plants,
the soil attached to the plants and/or the actual soil/sludge itself. "By assuming that,
on average, soil/sludge generally comprises no more than 6% of the dry matter intake
of most grazing stock, a cow consumes 0.9 kg of soil/sludge and 14.1 kg of
vegetation per day" (Duarte-Davidson and Jones, 1996). Therefore it is important to
determine the likelihood of transfer of a chemical from soil to a plant or animal and
further up the food chain. Various factors such as partition coefficients, physical
properties, persistence, polarity, the type of grazing animal and plant have to be
taken into account. The amount to which the chemical is bioconcentrated,
bioaccumulated and bioavailable affects the potential transfer from one system to
another.
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1.10 Nonylphenol
C9H19—---0H

Figure 1.6 Structure of nonyiphenol.
Nonyiphenol (NP) (Figure 1.6) is used in the production of certain plastics and nonionic surfactants - nonylphenol polyethoxylates. Its oestrogenic activity was
discovered when the p-nonylphenol isomer leached into the medium from plastic
containers during oestrogenic activity trials (Soto et al., 1991). In relation to
nonylphenol polyethoxylates (NPEO X it has a higher oestrogenic potential and is
)

more lipophilic.

1.10.1 Toxicity of nonyiphenol
Nonyiphenol can have toxic effects through its oestrogenic activity and also its acute
toxicity. A study by Guenther and Pestemer (1992) evaluated the phytotoxicity of
NP on higher plants and found that it caused a strong inhibition of the growth and
germination of the test plants. Acute toxicity data for aquatic organisms depend on
species and experimental conditions and is in the range from 0.18-5.0 mgIl (McLeese
et al., 1980; Bringman and KiThn, 1982). The oestrogenic activity of NP and NPEO X
can be measured in fish by the production of the protein vitellogenin.

Sewage treatment works (STW) effluent contains a concoction of substances from
the breakdown of many different chemicals. There is a proven correlation between
feminisation of fish (e.g. the roach (Rutilus rutilus)) and exposure to STW effluent in
UK rivers (Jobling et al., 1998). Studies have been carried out on both caged and
wild fish placed in the effluent of STW. Exposure to oestrogenic substances is
indicated by the raised levels of vitellogenin found in the fish and some studies have
determined that nonylphenol is capable of inducing this response (Thorpe et al.,
2001; Harris et al., 2001).
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1.11 Nonylphenol ethoxylates (NPEOX)
NPEOX (Figure 1.7) are non-ionic surfactants, substances that reduce the surface
tension of a liquid. Surface tension is the tension of the surface-film of a liquid,
tending to minimise its surface area. Anything that is surface active, such as a
detergent that contains surfactants, will be able to affect the wetting properties of a
liquid. This makes them "particularly suited for use wherever interfacial effects of
detergency, (de)foaming, (de)emulsification, dispersion or solubilization can enhance
product or process performance" (de Voogt etal., 1997). Non-ionic surfactants carry
no residual electric charge, which makes them compatible with both anionic and
cationic types of surfactants. As a consequence of this they are found in a variety of
applications, including industrial cleaning agents, paint, herbicides, pesticides, pulp
and paper manufacturing and textile production. NPEO X were used in domestic
cleaning agents but due to their endocrine disrupting properties have been phased out
of the formulations.

1.11.1 Synthesis and structure
NPEOX are produced by alkylating a mixture of nonene isomers to form nonylphenol
(NP) (with branched alkyl chain) in an acid catalysed (K011lethanol) process (Thiele
et al., 1997). At this point ethoxylation takes place by reacting an alkylene oxide

(usually ethylene oxide) with the nonylphenol using a known molar ratio of ethylene
oxide to alkylphenol (Bolva and Markov, 1981), causing the formation of a
compound with the required ethoxylate chain length.

C9H19—<---0 --(CH2CH20)—H
(a)

(b)

Figure 1.7 Structure of nonyiphenol polyethoxylate showing the two regions of
the molecule (a) hydrophobic and (b) hydrophilic. Number of ethoxylate units
in molecule is indicated by x.
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Products resulting from this process are a complex mixture in each case. The alkyl
moiety is branched, leading to the formation of isomers, and different oligomers are
manufactured, as a polyethoxylate chain with varying numbers of ethoxylate groups
(following a Poisson distribution) is produced. The number of ethoxylate groups (x
in Figure 1.7) and the nature of the alkyl group define the properties of the molecule.
Surfactant ability is conferred by the amphiphilic nature of the

NPEOX molecule.

Hydrophobicity is provided by the nonpolar nonylphenol region and the ethoxylate
chain forms the hydrophilic polar area (Figure 1.7).

Nomenclature is based upon the length of the alkyl side chain of the phenol group
(commonly eight or nine carbon atoms) and the number of ethoxylate groups
attached to the alkylphenol. For example,

NPE015 corresponds to a nonylphenol

side chain, with a Poisson distribution of ethoxylate groups that has the peak of
highest intensity at fifteen.

1.11.2 Breakdown of NPEO X
As a result of the applications in which

NPEOX are used (i.e. detergents), the wastes

are usually discharged straight into the sewage system where they eventually enter a
sewage treatment plant. Complex biodegradation of

NPEOX then takes place in

which the first step (primary degradation) is cleavage of ethoxylate groups from the
main chain. "Primary biodegradation of surfactants is defined as structural
modification that results in the loss of the surfactant ability, while ultimate
biodegradation is the conversion of the primary degradation products to

CO2 and

H2 0" (Meyers, 1992). Primary degradation involves the relatively rapid hydrolytic
removal of ethoxylate groups from

NPEOX resulting in intermediates such as NP,

NPEO1 and NPE02. Ultimate biodegradation of these intermediates is a slower
process because of the presence of the benzene ring and the greater insolubility in
water (Brunner et al., 1988). Carboxylated

NPEOX (NPECX) may also be formed

from microbial attack yielding a carboxylic acid functional group at the terminal end
of the ethoxylate chain (Figure 1.8).
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—(C112CH20)—CH2COOH

Figure 1.8 Carboxylated NPEO X, an aerobic degradation product of NPEO X

.

Biodegradation products of NPEOX such as NPEO 1 , NPE02 , ( nonylphenoxy)ethoxy
acetic acid (NPEC 1 ) and (nonyiphenoxy) diethoxy acetic acid (NPEC 2) have been
found to be more toxic, persistent and lipophilic than the parent compound (Thiele et
al., 1997). NPEO 1 and NPE02 have been shown to be the least soluble oligomers of
NPEOX by Ahel and Giger (1993a) whose investigation established a linear
relationship between solubility and the number of ethoxy groups for NPEO X

.

Octanol-water partition coefficients (log K) for these two substances have been
calculated at Ca. 4.2 (Ahel and Giger, 1993b) which means that they can accumulate
in aquatic organisms and sediment.

1.11.3 Toxicity data
Humans can be exposed to NPE09 through its use in the spermicide nonoxynol-9.
However, when nonoxynol-9 and octoxynol-9 were applied intravaginally as a
contraceptive jelly to rats, no developmental or reproductive toxicity resulted
(Abrutyn et al., 1982; Sand et al., 1984). According to Manjuck (1989), who
conducted a review of available data for humans regarding spermicide usage and the
occurrence of birth defects, there is no cause for concern as there is "no known risk
association" between spermicide usage and birth defects.

NPEOX with a low number of ethoxylate groups can have a greater endocrine
disrupting effect and toxicity than molecules with a greater number of ethoxylate
groups. The 48-hour LC 5 0 values of NPE016, NPE09 and NP for the Japanese
medaka (Oryzias latipes) decrease from 110.0 mgfl for NPEOI6 to 11.2 and 1.4 mg/i
for NPE09 and NP, respectively (Yoshimura, 1986).
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An equation has been developed that transforms concentrations of NPEO X int'
'nonylphenol toxic equivalents' (Butwell et al., 2002). Equation 1.1 shows how a
comparison of NP and NPEO X concentrations can be made using this equation. The
concentration of equivalents is then compared to the current environmental quality
standard level of 2.5 p.g/l maximum allowable concentration., to see if the calculated
number is significant.
[NP] + [NPEO 1 ]/1.3 + [NPE02]/1.7 + [NPE03]/2.3 + [NPE0 4]13.0 + [NPE05]/3.9 +
[NPE06]/5.1 + [NPE07]/6.7 + [NPE08]/8.7 + [NPE0 9]/11.1 + [NPEO 1 0]/15.0 +
[NPEO 11 ]/19.6 + [NPE0 12]/25.6 + [NPE0 13]/33.6 + [NPE014]144.0 + [NPE015]/57.6
<2.5 j.tg/l.
Equation 1. 1 Equation used to convert concentrations of NPEO X into
'nonyiphenol toxic equivalents'.

1.12 Occurrence of nonyiphenol and
polyethoxylates in the environment

nonyiphenol

NP and NPEOX have been observed in various aqueous environmental matrices,
including rivers, estuaries, lakes and sewage treatment works effluents. For example,
an investigation of the rivers Aire, Thames, Lea, Wye and Ouse in the UK by
Blackburn and Waldock (1995) found that NP was present at differing concentrations
in all of these rivers. Concentrations of NP in unfiltered and filtered samples ranged
from 0.2-180 jtg/l and from 0.2-53 tg/l respectively. The highest concentration
observed of 180 tg/l was seen in a highly polluted section of the river that received
surfactant inputs from textile industries. This study also examined selected estuaries
in the UK and found concentrations of NP ranging from <0.03-5.2 g/l in unfiltered
samples and <0.03-3.1 pg/1 in filtered samples. Surface waters from Laurentian
Great lakes basin and the upper St. Lawrence River (Canada) were examined in a
study by Bennie et al. (1997) for the presence of NP. Samples were filtered before
analysis and concentrations of NP ranged from 0.10-0.92 j.igIl, much lower than
Blackburn and Waldock's data for filtered river samples. Six rivers in Germany
were analysed for the presence of NP (Fries and PUttmann 2003). The results of this

P.A.Smith

-19-

Chapter One
study revealed a lower river water concentration range (0.028-1.22 tg/l) of NP (in
filtered samples) than in both of the previously mentioned studies.

River waters from the Glatt River, Switzerland, were analysed for the presence of
NPE03..2 0 (NPE0320 refers to 3 to 20 individual ethoxylate groups), NPE02, NPEO 1 ,
and NP by Ahel et al. (1994b). Results showed that NPEO16 was <1 tg/l, whilst the
concentration of the lower oligomers, NPE0 35, was low but detectable (-1jig/1) in
the contaminated area of the river. Concentrations of NPEO 1 and NPE02 ranged
from <3-69 p.g/l and <0.3-30 .ig/l respectively. NP concentrations were observed in
the <0.3-45 jig/i range.
Several investigations of the occurrence of NP and NPEO X in wastewater treatment
works (WWTW) effluents have been conducted on a world-wide basis. The
presence of NP has been determined in aqueous samples from WWTW in Japan, e.g.
1.3-75 jig/i in sewage influent (Nasu et al., 2001), Spain, e.g. 0.65-57.64 jig/i in
various wastewaters (Planas et al., 2002), Germany, e.g. 2.13 jig/i in an influent
sample (Korner et al., 2000) and Switzerland, e.g. 110-270 jimol/m 3 in primary
effluents (Ahel et al., 1994a) to name but a few.
WWTW effluents have also been tested for the presence of NPEO X with a variety of
ethoxylate groups. Nasu etal. (2001) investigated NPEO 14 (6.1-92 jig/l) and NPE0 5
(9.5-810 jig/1) in a Japanese study of sewage influents. Pianas et al. (2002) limited
their investigation to NPEO1 (0.96-62.26 jig/l) and NPE0 2 (0.38-39.69 jig/l) in a
Spanish WWTW. Other research in Greece by Fytianos et al. (1997) examined
NPEO I I3 (1180-1620 jig/l), research in Canada (Plomley et al., 1999) investigated
NPE0 11 6 (1 jig/i in sample of influent) and a study in Denmark (Cohen etal., 2001)
chose to examine NPE06.. 15 (25.1 jig/i in an influent sample). NPEO X was broken
into two categories NPEO 1 plus NPE02 (310-840 jimol/m) and NPE0320 (13103220 jimollm3 ) in surveys of selected Swiss primary effluents (Ahel et al., 1994a).
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Solid environmental matrices such as sediments from rivers and coastal locations,
sludges from WWTW and sludge-amended soils have been monitored for the
presence of NP and NPEO X . An investigation of river sediments, suspended and bed,
in six rivers in England revealed NP concentrations of 29-1048 rig/kg for suspended
and 6-69 p.g/kg for bed sediments. In water samples associated with the sediment
samples, NP was <0.01 tg/l (Long et al., 1998). Sediments from Masan Bay, Korea,
were investigated by Khim et al. (1999) for the presence of NP, concentrations
ranging from 113-3890 tg/kg. NP, NPEO I , NPE02 and NPE03 were measured and
reported as total NPEO0..3 (0.05-30 mg/kg) in estuarine sediment from Jamaica Bay,
Long Island, New York by Ferguson et al. (2001).
Sludge samples from selected sites in Canada were analysed for NPEO 1 (28-304
mg/kg), NPE02 (4-118 mg/kg) and NPE0 3.. 17 (9-169 mg/kg) by Lee et al. (1997).
Concentrations of NPE0 3.. I7 were much lower than concentrations of NPEO I in their
respective sludge samples. Primary sludge from a WWTW in Denmark (Cohen et
al., 2001) had a NPE0 615 concentration of 43.6 mg/kg. Sewage sludges that had
been subjected to composting, heat treatment and lime stabilisation (common
treatments before the sludge is released for disposal) were found to contain high
levels of NP, NPEO1 and NPE0 2 by La Guardia et al. (2000). Concentrations of NP
in two composted sludges were 5.38 and 172 mg/kg, whereas concentrations in heattreated and lime-stabilised sludges were 496 and 820 mg/kg, respectively. It was
noted that three of these NP concentrations are in excess of the limit (at that time) of
50 mg/kg for land application set in Denmark. This limit has subsequently been
reduced to 30 mg/kg NP in the period of time after publication of this study.
Concentrations of NPEO1 and NPE0 2 are much less than those quoted for NP.
Concentrations ofNPEO1 in composted sludges were 0.722 and 2.55 mg/kg, whereas
concentrations in heat-treated and lime-stabilised sludges were 33.5 and 81.7 mg/kg,
respectively. NPE02 was not detected in the two composted sludges.
Concentrations of NPE02 in heat-treated and lime-stabilised sludges were 7.36 and
25.3 mg/kg, respectively. As sewage sludge is often applied to land once ready for
disposal, the degradation of NP in sludge applied to soil was investigated by
Hesselsøe et al. (2001). Under aerobic conditions in homogenised sludge/soil
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samples, NP degradation occurred within 38 days. In non-homogenised mixtures
with restricted oxygen availability, NP degradation was not finished within 3 months.
It was also reported that "no detectable amounts of NP were transported from the
sludge aggregates to the surrounding soil".

1.13 Analysis of environmental matrices for nonylphenol
and nonylphenol polyethoxylates
Several extraction methods have been applied to the determination of NP and NPEO X
in a variety of environmental matrices. Solvent extraction into dichloromethane has
been applied in an investigation of wastewater, septage and groundwater by Rude! et
at'.

(1998) for the presence of NP and NPE01. A combined steam

distillation/solvent extraction procedure was employed by Ahel et al. (1994b) to
determine NP in river waters, and sewages/sludges (Ahel et al. (1994a)). To
determine the concentrations of NPEO 3-20 in these waters, Ahel et al. (1994) used
the standard Wickbold procedure (bubbling of gaseous nitrogen through sample in
funnel containing a layer of ethyl acetate, causing analyte to be concentrated into the
solvent layer). Lye et al. (1999) also utilised the technique of combined steam
distillation/solvent extraction to examine water, sewage and sediments for the
presence of NP. Solid phase extraction forms the basis of extraction methods used
by a number of previously published studies. Various packing sorbents have been
used including

C2

(Smith et al., 2001; NP extraction from estuarine water),

graphitized carbon black (Di Corcia and Samperi, 1994; NP and NPEO X extraction
from raw and treated sewages) ENV+ (Rice et al., 2003; NP and NPEOX extraction
from river water) and

C18

(Jonkers et al., 2003; NP and NPEO X extraction from

estuarine water). Soxhiet extraction has been utilised in the extraction of NP and
NPEOX from solid samples such as sediments (Isobe et al., 2001) and sludges
(Marcomini and Giger, 1987). Shang et al. (1999) uses accelerated solvent
extraction (ASE) in the extraction of NPEOx from sediments.

The analysis of NP can be achieved using GC-MS (Blackburn and Waldock, 1995)
or reverse phase HPLC with fluorescence detection (Khim et al., 1999) or reverse
phase HPLC with mass spectrometric detection (Jonkers et al., 2003). Analysis of
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extracts containing NPEO X can be achieved using reverse or normal phase HPLC.
Using reverse phase all components of the NPEO X molecule elute as one peak
whereas normal phase allows the separation of individual ethoxylate groups. Normal
phase LC-MS was utilised. by Shang et. al. (1999) as, their. method of choice, whereas
as Khim et al. (1999) used reverse phase HPLC with fluorescence detection in their
investigation.

1.14 Aims of project
It was highlighted in a study by the Scottish Environment Protection Agency (SEPA)
in 1996, that some wastewater treatment works (WWTW) effluents within the area
serviced by the former East of Scotland Water contained both NP and NPEO X. It
was therefore decided to undertake an independent investigation of the levels of NP
and NPEO X in selected WWTW within East of Scotland Water's service area. Also
to be included, was the examination of certain other environmental matrices for the
presence of these chemicals. The aims of the work were as follows.

To develop robust, simple, reproducible analytical methods for the investigation
of selected endocrine disrupting chemicals i.e. nonylphenol and nonylphenol
polyethoxylates, in various environmental matrices.
To apply these methods to the determination of the concentration, behaviour and
fate of these chemicals in wastewater treatment works and associated
environments.

To realise these aims, the following objectives were set.
To develop extraction and analysis techniques for nonyiphenol in wastewater and
trade effluents using liquid/liquid extraction and GC/MS.
To develop extraction and analysis techniques for nonylphenol polyethoxylates in
wastewater and trade effluents using solid phase extraction and LC/MS.
To develop extraction and analysis techniques for the above mentioned chemicals
in sediments and sludge using Soxhlet or Accelerated Solvent Extraction coupled
with GC/MS or LC/MS.

P.A.Smith

-23-

Chapter One
• To decide upon an environmental sampling programme, including methods of
sampling and sites of interest.
• To use the analytical results to gain a greater understanding of the concentration,
behaviour and fate of these chemicals in the environment.

1.15 Further information
The articles contained within the book "Endocrine disrupting chemicals" (Hester and
Harrison, 1999) provide a comprehensive review from a chemical perspective. "Our
stolen future" (Colburn et al., 1996) is the publication which had the greatest impact
(with respect to the topic of endocrine disruption) in the awareness of the general
public
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Experimental techniques and method development

The initial section on experimental techniques provides a brief summary of the main
principles of the techniques used in the NP and NPEO X extraction and analysis
procedures. Sections 2.2 and 2.3 are concerned with data quality and origin of the
chemical reagents used in this study. Method development was an important part of
the early stages of this research project. This is often a complex procedure where
several issues may need to be examined before deciding upon the final conditions to
be employed in the analysis of the analyte of interest. Sections 2.4-2.6 describes the
-t extraction aiiu eiea!i up methods used to isolate iNr and 1NrrJ, 110111
ueveiopfllellt of
aqueous and solid samples. The final section describes the instrumental methods
leading to identification and quantification of NP and NPEO X .

2.1 Experimental techniques

2.1.1

Liquid/liquid extraction

The technique of liquid/liquid extraction exploits the differing affinities that
compounds have for water and organic solvents. A chemical, in aqueous solution, is
shaken with aliquots of organic solvent. This facilitates the transfer of the chemical
from aqueous phase to organic phase, so that the compound can be extracted into a
solvent suitable for the next stage of the analytical procedure (Sharp et al., 1989a).
As the quantity of solvent used in this procedure is generally smaller than the amount
of aqueous material used, this introduces a concentration step into the extraction
method.

2.1.2

Solid phase extraction (SPE)

In essence, SPE (Fifield and Kealey, 1995a; International Sorbent Technology, 2000)
consists of passing a sample in a liquid form through sorbent material in a column
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and then eluting extracted compounds from the sorbent using an appropriate wash
solvent. SPE is ideal for a variety of purposes, such as trace enrichment, solvent
exchange and purification. It can offer a number of advantages for sample
preparation: reduction in organic solvent usage, high recovery of analytes, a
concentration step and purified extracts.
A basic SPE column is shaped like a syringe barrel, made out of plastic or glass and
contains a known weight of silica particles (with an average size of 40 or 50 tim)
sandwiched in-between two porous polyethylene fits. Silica particles are rigid,
highly porous and chemically resistant to most solvents, making them good inert
packing materials. Compounds such as long chain hydrocarbons are chemically
bonded to the particles to improve the selectivity of the material for certain
chemicals. Analytes in the aqueous sample interact with and are retained on the
packing material to separate components from the aqueous phase. At the end of the
process, analytes can be eluted from the sorbent material using an appropriate
solvent.
To prepare a cartridge for use the first step is to condition the column. A solvent
such as methanol is applied followed by either water or a buffer solution. The
sample is loaded at a controlled flow rate, washed with liquid that will elute the
interfering compounds, but not the analyte of interest, and then dried under vacuum
to remove all traces of water if needed. Elution of the analyte retained on the sorbent
is achieved through careful selection of solvent.

2.1.3 Soxtherm extraction

One of the most common extraction techniques for use with solid matrices is Soxhiet
extraction. This essentially consists of boiling the solvent and refluxing it through
the sample for a few hours (see Reeve (2002a) for a more detailed account of Soxhlet
extraction). Soxtherm extraction is basically the automated (and faster) version of
this technique.

P.A. Smith

-26-

Chapter Two
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Figure 2.1 Schematic of the main components of automated Soxtherm.

Figure 2.1 shows a schematic diagram (not to scale) of the apparatus used in
automated Soxtherm. A known weight of sample is put into a cellulose thimble that
is placed onto a wire holder in a specially designed glass beaker. Enough solvent is
added to the beaker so that the sample is immersed in solvent, then the beaker is
attached to the device. Water for the condenser is turned on and the solvent heated to
the specified temperature using an electric heating device. Each stage of the
extraction process is regulated by an electronic controller which has been preprogrammed with the required parameters. The solvent is boiled for a set time and
then a solvent reduction stage occurs so that the level of solvent is below the base of
the thimble. The solvent is refluxed for a set time (known as the extraction time),
after which the beaker can be removed and the solvent-based sample used in the next
part of the method. A Gerhardt Soxtherm 2000 automatic device connected to a
Gerhardt variostat controller was used in this investigation.

2.1.4 Accelerated Solvent Extraction (ASE)

ASE was developed to speed up the extraction of chemicals from solid and semisolid matrices. Increasing the pressure and temperature allows the extraction to
occur faster. Another benefit is the reduction in volume of solvent needed. Figure
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2.2 shows a schematic representation of the extraction process. A metal ASt cell
(containing the sample) is filled with solvent and heated to the required temperature
in an oven and subjected to pressure using nitrogen gas.

Solvent
S
Oven
ASE extraction
cell
Collection vessel
vent based extract

Figure 2.2 Schematic representation of Accelerated Solvent Extraction.

After a set time in the oven, solvent is pumped into the cell and heated for an
assigned period of time. Then the solvent is purged into a collection vial using
nitrogen gas. It is now ready for the next stage in the extraction procedure. An
Accelerated Solvent Extractor 200, manufactured by Dionex, was used in this
investigation.

2.1.5 Gas Chromatography

"Chromatography is a technique in which the components of a mixture are separated
based upon the rates at which they are carried through a stationary phase by a
gaseous or liquid mobile phase" (Skoog et al., 1996a).
In gas chromatography (Skoog et al., 1996b), the stationary phase is a liquid or solid
attached to an inert solid surface either by chemical bonding or adsorption. The
liquid can be coated onto a inert packing material and inserted into a coiled glass or
metal column, or spread as a very fine film onto the inside of a coiled narrow bore
fused-silica capillary column. A gas is used as the mobile phase in this type of
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chromatography to carry the sample through the column containing the stationary
phase. Helium commonly fulfils this function.
The technique of gas chromatography is based upon the ability of an analyte to
partition itself (in dynamic equilibrium) between the two phases. A vaporised
sample is injected onto the column and pushed through by the continuous flow of the
mobile phase. The amount of partitioning depends upon a compound's volatility and
affmity for the stationary phase. If the sample contains a mix of chemicals with
varying volatilities, the compounds that have a lower volatility will have a lower
concentration in the mobile phase and so move more slowly along the column than
the more volatile compounds. Thus the sample is separated into its constituent parts
as it interacts with the stationary phase (Sharp et al., 1989b).
As the separated sample is eluted from the column it can be directed into a detector
that produces a signal which can be converted into the concentration of the chemical.
This signal can be plotted as a function of time against detector signal intensity or
concentration of chemical, to produce a number of symmetric peaks. The plot is
known as a chromatogram, the area underneath a peak is used to determine the
concentration of the chemical and the plot can also be used to help identify chemicals
by the time in which they elute from the column. An example of a chromatogram
can be seen in Figure 2.8 (a). Gas chromatography is best suited to volatile thermally
stable compounds that have a mass less than approx. 500 mass units.

The instrument used to perform gas chromatography is called a gas chromatograph
(Figure 2.3). A complex system of flow regulation ensures that the flow rate of
carrier gas (mobile phase) through the gas chromatograph remains constant.
Samples are injected through a rubber septum into a heated injector port. Once
vapourised, the carrier gas pushes the sample through the column (the column is
contained within an oven to keep the sample at a temperature at which it is a vapour),
until the separated components of the sample reach the detector.
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Figure 2.3 Schematic diagram of the major components of a gas
ch romatograph.

The time taken from injection of a sample to its detection is known as the retention
time. This time remains constant under a given set of conditions (e.g. temperature,
flow rate, column type etc.) and is used in the process of identification of a chemical.
There are several detectors available for use with a gas chromatograph; factors that
influence the choice of detector include sensitivity, reproducibility, ease of use and
responsiveness to the analyte under investigation. Once detected, information about
the chemical is recorded in a computerised data integration system.

In this investigation, a gas chroniatograph was linked to an ion trap mass
spectrometer (which acted as the detection system). Coupling gas chromatography
to mass spectrometry (GC-MS) provides a powerful analytical technique. Both
qualitative and quantitative data can be obtained, with high selectivity and
sensitivity. More information about mass spectrometry is given in section 2.1.7.
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2.1.6

Liquid - liquid Chromatography

The chromatographic principles of liquid - liquid chromatography (Skoog et al.,
1996c and Sharp et al., 1989c) are the same as in gas chromatography. In this case
however, both mobile and stationary phases are liquids. To achieve a stationary
liquid phase that cannot be washed away by the liquid mobile phase, the liquid
molecule must be chemically bonded to an inert surface. The inert surface is
provided by spherical silica particles of diameter 5 .tm (other packing materials and
sizes are available, but will not be discussed as they are not relevant to the technique
used). A long chain hydrocarbon (commonly C8 or Cl 8 carbon chain length) is used
in the formation of the bonded liquid stationary phase, where it is bonded onto the
surface at one end of the chain. Addition of a polar functional group (e.g. amino,
diol) changes the nature of the stationary phase. This material is packed into a
stainless steel column of varying diameter and length depending upon the
requirements for usage.
The mode of operation of liquid chromatography (LC) instrumentation is named after
the two types of stationary phase (polar and non-polar). Polar groups in the
stationary phase means that the LC system is operating in what is referred to as
'normal-phase' and the eluent solvents are based upon hydrocarbons. 'Reversephase' is the term used when the stationary phase is non-polar and the solvents used
in elution are polar. Common elution solvents are water, methanol or acetonitrile.
LC is a very adaptable technique as there are many combinations of packing
materials and mobile phases that can be used to separate mixtures. This flexibility
means that mixtures having a wide range of polarity and volatility can be resolved.

Liquid chromatography can be automated and is often referred to as 'high
performance liquid chromatography' (HPLC) because of the performance
capabilities of the column. HPLC requires the use of a pumping system capable of
high pressures (up to 6000 psi) and a wide range of flow rates.
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Solvents used in HPLC must be degassed before use to remove any dissolved gasses
or air bubbles, as they can interfere with the analysis. This can be achieved in two
ways, sparging of the solvent with an inert gas such as helium or by using a vacuum
degassing system. The use of a complex pumping system allows the elution solvents
to be mixed before coming into contact with the sample or analytical column.
Depending on the system, up to four different solvents can be used at one time.
When the percentage composition of the elution solvents remains constant
throughout the time taken to elute all compounds of interest (commonly referred to
as run time) this is known as 'isocratic elution'. If the percentage composition of the
solvents change in a controlled manner over the run time this is known as 'gradient
elution'.
The main components of an automated HPLC system are shown in Figure 2.4. A
sample is injected using a valve into the mobile phase and pumped through a guard
column. This removes particulate material and some contaminants before they reach
the main analytical column. The guard column is a short, replaceable section of the
same packing material as the main column. Separation of the sample takes place in
the analytical column. Components eluted from the column are detected and the
information generated is recorded in a computerised data recording system. The
results of the separation and detection of a sample are displayed as a chromatogram
(cf. the chromatograms generated in gas chromatography
Pulse damperI)r1_FilterI—*
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Figure 2.4 Schematic of the main components of HPLC.
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There are several types of detector systems available commercially. In this study
HPLC was linked to a quadrupole mass spectrometer (see Section 2.1.7) which acted
as the detection system. Coupling HPLC to mass spectrometry (often referred to as
LC-MS) is useful as it provides an analytical technique capable of low levels of
detection and selectivity.

2.1.7 Mass spectrometry

Mass spectrometry allows the mass measurement of molecules.

A mass

spectrometer is a device for the production and mass measurement of ions. It
consists of four basic parts; a sample introduction device, an ionisation region, a
mass analyser and an ion detector, all enclosed in a vacuum system. Mass
spectrometers typically operate under a vacuum in the region of 10 4 Nm 2 (10
mbar) to minimise the number of collisions between ions and background gas as they
travel through the various devices that are constituent parts of the instrument
(Williams and Fleming, 1995a).
The GC-MS instrument used in this investigation was a ThermoFirmigan GCQ. This
consists of a gas chromatograph coupled to an ion trap mass spectrometer. A brief
description of the processes involved in this type of mass spectrometer is given in the
following paragraphs.
In general, samples can be introduced into a mass spectrometer in any form, but they
must be in a gaseous state before entering the ionisation region. Using heat to
volatilise a molecule works well for relatively non-polar compounds up to - 1000
Daltons or for medium polarity compounds up to -300 Daltons (Williams and
Fleming, 1995a).

Using gas chromatography (GC) as the separation technique

ensures that sample molecules are in the gaseous state as they enter the mass
spectrometer. However, using GC places limitations upon the types of compounds
that can be analysed by this system as GC works best with thermally volatile
substances up to 500 mass units.
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Thermally volatile materials can be made to produce ions by electron impact (El)
ionisation. A beam of electrons (typically with energy of 70 electron volts (CV)) is
used to bombard the gaseous molecule, displacing an electron and producing a
'molecular ion' (a positively charged radical). The molecular ion gains so much
energy from the high-energy electrons that it actually breaks bonds within the
molecular ion causing it to fragment into smaller pieces. This fragmentation leads to
a pattern of fragment ions that can be used in the identification of the initial
compound. A disadvantage of El is that the molecular ion is sometimes not seen in
the fragmentation pattern or is of very low abundance. Ions are expelled from the
ion source using a repeller voltage, into the mass analyser.

The mass analyser separates ions according to their mass to charge ratio (mlz).
Normally singly charged ions are produced and so z is taken as one, making m/z
equal to the mass of the ion. If multiply charged ions are produced (e.g. using
electrospray - see LC-MS summary) then a computer program is used to calculate
molecular weight.
The GCQ instrument uses an ion trap mass analyser. Ions are directed into a small
cavity formed by the arrangement of three electrodes. A radio-frequency field holds
ions in the ion trap. They are then ejected and detected as the field is scanned. It is
possible to isolate one ion species by pre-selecting a voltage and ejecting all others
from the trap, so that further fragmentation can occur.

The mass analyser expels ions onto a surface that emits secondary electrons when an
ion strikes it. These electrons are accelerated onto a scintillator that produces
photons. A photomultiplier tube detects these photons, generating an amplified
current that is proportional to the number of electrons.
Results of the mass analysis are displayed as a 'mass spectrum'. This is a plot of
relative abundance of each detected ion versus its m/z value. Relative abundance is
used because the most abundant ion is arbitrarily given a value of 100%. An
example of a mass spectrum can be seen in Figure 2.8.
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The LC-MS instrument used in this investigation was a Waters Alliance 2690
separations module (a type of HPLC instrumentation) coupled to a Micromass ZMD
quadrupole mass spectrometer. A brief description of the processes involved in this
type of mass spectrometer is given in the following paragraphs.

Interfacing a mass spectrometer to an HPLC colunm allows the liquid sample leaving
the column to be ionised. This is achieved through the use of either of two
atmospheric pressure ionisation techniques specially designed for this purpose,
electrospray ionisation (ESI) or atmospheric pressure chemical ionisation (AIPCI). In
ESI, liquid leaving a capillary needle flows through a potential difference causing it
to become a fine mist or spray, containing charged droplets (this process is enhanced
if a co-axial flow of nitrogen is introduced). To obtain a molecular ion from the
sample liquid, a drying gas (e.g. nitrogen) is used to evaporate solvent from the
droplet. As the droplet decreases in size, desolvation may be encouraged by the
overwhelming of cohesive forces within the droplet by repulsive Coulombic forces.
This process can result in molecular ions that are multiply charged. Drying gas is
pumped away from the charged sample molecules, which are then directed in to a
mass analyser using an electric field.
A common ionisation technique used in LC-MS and GC-MS is chemical ionisation
(CI). A gas (e.g. methane, ammonia) is introduced into the ion production area (at a
pressure of

102 Nn -2 ) and ionised using electrons with energies up to 300 eV,

causing fragmentation of the reagent gas. Positively ionised fragments can collide
with neutral gas molecules (because of the higher source pressure) to produce an ion
capable of protonating a volatilised sample molecule. The true molecular weight of
the sample molecule can then be determined, as its weight will be one mass unit
more than that of the observed m/z value for the molecular ion. Using this technique
a lesser amount of fragmentation of the initial compound is often observed. This
ionisation method can be adapted for use with LC-MS interfaces. Atmospheric
pressure chemical ionisation (APCI) is a technique designed for this particular
application. It is used to generate ions from a liquid sample. The mobile phase
containing the sample flows through a heated nebulizer probe (using nitrogen as a
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nebulizing gas) and is vapourised. Corona discharge is used to form reactant ions.
CI occurs as the reactant ions and sample molecules collide (Fifield and Kealey,
1995b). This process forms mainly singly charged ion species for small molecules
(<1000 atomic mass units).
The mass analyser used was a quadrupole analyser. Four electrode rods up to 30 cm
in length are arranged as shown in Figure 2.5 (which shows the frontal view).
Electrode
-____-------- Ion

00

Figure 2.5 Schematic of a quadrupole mass analyser

Ions travel through the centre of the arrangement and are subjected to a constant
voltage U, from one pair of opposite rods and a radio-frequency potential V, between
the other pair. Mass analysis of the ions can occur by varying V. U and V together,
or by keeping the ratio of UN constant (Williams and Fleming, 1995b). Tons are
detected when they reach a detector after passing through the electrodes without
colliding with them, and the results recorded. Results of the mass analysis are
displayed as a mass spectrum.
Mass spectrometry is a useful technique as identification of unknowns can be
achieved through matching of fragmentation patterns with a library fragmentation
pattern, instrumentation can provide selectivity and low limits of detection, large
amounts of sample extract are not required and quantitative data can be obtained.
The primary sources of information on the topic of mass spectrometry were Williams
and Fleming (1995) and Fifield and Kealey (1995).
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2.2 Quality assurance/ quality control
When developing an analytical scheme it is important to consider factors that could
influence the reliability of the analytical result and introduce errors into the
procedure. Quality assurance and quality control are subjects that take these issues
into consideration. Reeve (2002b) defines quality assurance as "the overall
methodology needed to minimise the potential errors" and quality control as "the
measures used to ensure the validity of individual results".

Errors could be introduced at any point in the proceedings from the collection of
samples and their handling, to instrumental measurement and production of a
numerical result. Steps should be taken to minimise the possibility of errors and
provide a measure of confidence in results produced by the analysis. The first stage
to be considered is sample handling and storage. Care should be taken to ensure that
any sample taken is free from contamination, e.g. introduced by sampling equipment,
storage containers or from reagents/apparatus used in the extraction procedure. As a
good working practice, equipment and laboratory surroundings should be kept clean
to reduce potential contamination sources.
Instrumentation used in the analysis should be regularly checked for any decrease in
performance or chromatographic resolution. Calibration of instruments should also
be undertaken periodically to confirm efficacy.
The reliability of a method can be checked by extracting and analysing additional
samples of known composition in association with the customary samples. One form
of this type of sample is known as a 'recovery' sample, and it can also be used as a
measure of the efficiency of the procedure. A known amount of chemical is added to
a sample matrix at the beginning of the method and the sample is then subjected to
all processes in the procedure. At the end, the amount recovered from the matrix can
be established and expressed as a percentage of the initial spike. Another form of
this type of sample is known as a 'blank' sample. The blank sample composition
could either be close to that of the unknown or composed of reagents used in the
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extraction (referred to as a procedural blank), but in either case it must not include
the analyte under investigation. Presence of the analyte in the blank infers
contamination (Reeve, 2002c).
The precision of a procedure can be investigated by combining practical experiments
with statistical analysis software to gain an understanding of the precision of data
generated using that methodology (see the appendix for results of the NP precision
test in aqueous matrices). Inter-laboratory tests of extraction and analysis procedures
for the analyte of interest also form part of quality control procedures (see appendix
for a description of one such test involving the determination of NP from an aqueous
matrix).

2.3 Sources of reagents
As part of quality assurance protocol, the origin of the chemical reagents used in the
methods should be recorded. This ensures that continuity of procedures can be
maintained from one analytical batch to the next, e.g.. if the use of a reagent supplied
by a manufacturer other than the original results in unwanted modification to the
method, changes can be traced more easily and rectified.
Technical grade nonylphenol was bought from Aldrich, UK. Nonylphenol
polyethoxylates (n = 6, 8, 10, 12 and 15) were purchased from Greyhound, UK. dPAT-I (deuterated polyaromatic hydrocarbon) internal standards mix 26 was obtained
from Qm, UK. This is a mixture of six d-PAHs (1,4-dichlorobenzene D4,
acenaphthene D10, chrysene D12, naphthalene D8, perylene D12 and phenanthrene
D10) at a known concentration that can be used as internal standards in the
quantification of nonylphenol. All solvents used were of HPLC grade quality from
Rathburn, UK or Fisher, UK. Solid phase cartridges were purchased from Isolute,
UK, or J.T. Baker, USA. Anhydrous sodium sulfate and Matrex silica 60 were
purchased from Fisher, UK. Alumina oxide active (Brockman grade Il-HI) was
bought from BDH, UK. The water purification system used to produce distilled and
deionised water was an USF elga system with option and maxima devices.
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2.4 Method development
Developing a procedure for the extraction and subsequent analysis of a particular
chemical from an environmental matrix requires the consideration of several factors
in the planning stage. Factors that should be considered include:
- physical properties of the chemical
- types of environmental matrix to be studied
- behaviour of the analyte in the matrices
- can available extraction techniques be used?
- what analytical instrumentation is needed/available and can it provide the
required level nfsensitivitv/detptinn9

-

I ------

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

Some information on these topics can be gained from reference materials and/or
previously published work. Other topics have to be investigated practically. When
testing extraction methods practically, there are more factors that should be
considered including:
- reproducibility of results
- suitability of extraction technique for the matrix
- what conditions of the extraction technique must be optimised to improve
analyte recovery from the matrix?
- can extraction procedure be completed within a reasonable timescale (e.g.
one/two working days?)
Before some of the above issues can be resolved, an optimised analysis procedure for
each of the analytes of interest and particular matrix type must be completed. To
achieve this analytical instrumental conditions must be explored. In this study, the
chosen analytical techniques were GC-MS and LC-MS. Some of the details that
need to be studied in GC-MS include:
- temperature of injector port
- oven program
- mass spectroscopic conditions, e.g. instrumental voltages and sensitivity
of detection
Some of the details that need to be studied in LC-MS include:
- mobile phase composition
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- pump program
- column type
- HPLC/MS interface
- MS instrument voltages

Instrumental conditions are established by analysing standard materials (chemicals
manufactured to a required level of purity) under different conditions, until a
compromise is reached between sensitivity, chromatographic resolution, length of
run time and solvent usage. Once these conditions have been established they can be
applied to a sample which contains the analyte in the requisite matrix, so that any
adjustments to the method can be made. Various combinations of solvents, materials
and temperatures etc. were investigated for each of the methods developed, using the
recovery as an indication of the efficiency of the method.

Matrices such as sediments, soils, sludges and wastewater effluents consist of a
variety of compounds, many of which can be extracted along with the analytes of
interest. These co-extractants could interfere with analysis and so a method that
removes them must be developed also.

Developing an extraction method for aqueous

2.4.1

samples

2.4.1.1 Samples containing nonylphenol

Nonylphenol is extracted from wastewaters and industrial effluents using
liquid/liquid extraction into DCM. Details of the procedure are given in section
2.5.1.1.
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2.4.1.2 Samples containing nonylphenol polyethoxylates (NPEOX)

SPE was the preferred method of extraction for nonylphenol polyethoxylates
(NPEOX) from aqueous samples because, as the ethoxylate chain increases, the water
and solvent miscibility of the compound changes. When more than 14 ethoxylate
groups are present, the compounds become too water-soluble and so are not
efficiently extracted by liquid/liquid extraction techniques.

Many different types of sorbent material have been developed for use with solid
phase extraction cartridges. The choice of sorbent material to be used in an
extraction depends upon the polarity of the liquid that contains the analyte. In this
case there was a choice of C8, SDB, OasisTM and C18 sorbent materials. Different
column conditioning, loading and elution solvents were also investigated. The
results of which can be seen in Table 2.1.
Examination of Table 2.1 reveals that certain combinations of materials give better
results than others. When C 8/SDB sorbent material was utilised it did not provide
acceptable levels of recovery (between 65-1 10%), even when used in conjunction
with liquids that had worked well in other test situations.

OasisTM cartridges gave

satisfactory percentage recovery levels (above 65%) under certain set conditions.
However, these cartridges are slightly more expensive than others and would cost too
much for the quantities required. It was decided not to use C8 cartridges as they did
not give reproducible results. Various combinations of liquids with C18 cartridges
were investigated. Although a mixture of DCM and methanol as an elution solvent
did give acceptable recovery amounts (above 65% recovery), it was decided to use a
combination of methanol and deionised water to prepare and utilise a C18 cartridge
for the extraction of NPEO X from aqueous samples. This combination gave an
acceptable result without using a chlorinated solvent, reducing the exposure of the
operator to a health hazard. The final set of conditions is described in full detail in
Section 2.5.1.2.
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2.4.1.3 Summary

The adopted method for the extraction of NP from an aqueous matrix involved
liquid/liquid extraction of one litre of sample into DCM (2 x 50 ml aliquots),
followed by a reduction in volume of the solvent extract (to 0.5 ml) and the addition
of an aliquot of internal standard (0.5 ml of 2mg/l d-PAH) so that the extract was
ready for GC-MS analysis

As a result of the method development work, the adopted method for the extraction
of NPEOX from an aqueous matrix involved the use of C 1 8, 1g. 6 ml SPE cartridges.
The cartridges were conditioned with methanol (2 x Sml) then water (2 x 5 ml), and
samples loaded into the cartridges at a vacuum pressure of ---'4 mm Hg. After
loading, the sample was dried under vacuum (--'25 mm Hg) for 30 minutes. Elution
of NPEO X was achieved using methanol (2 x 4 ml). The solvent extract was then
reduced in volume to 0.5 ml and an aliquot of 99.9% MTBE, 0.1% acetic acid (0.5
ml) added so that the extract was ready for analysis by LC-MS.
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Table 2.1 Results and details of method development for aqueous samples using solid phase cartridges
Column
solvents

conditioning

Cartridge
type

Sample
name

Oasis

Low
spike

3ml MeOH, 3m1 elga

Oasis

High
spike4
High
spike*
High
spike*
High
spike#
High
spike4
Low
spike
Low
spike
Low
spikeww
Low
spike
Low
spikeww

2x5m1 acetone, 2x5m1
elga

Oasis
Oasis
Oasis
Oasis
C181
SDB
C18!
SDB
C18/
SDB
C8
C8
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Wash
solvent

Elution solvent

6m1 MeOH

3m1
5%MeOH in
elga
2x3ml elga

2x5ml acetone

"

"

"

2x5ml MeOH, 2x5ml
elga

"

2x5m1 MeOH

"

"

"

2x5m1 ethyl acetate,
2x5m1 elga
2x3ml MeOH, 2x3m1
elga

"
6m1 elga

2x5m1 ethyl
acetate
2x5m1 MeOH

Sample conditions

20p.l NPEO 15
1.036g(L and *

Volume of Volume of Weight
of
cartridge
sample
sorbent
(ml)
(ml)
(mg)
3
60
200

%
recovery
by area
73.93

1 00 p NPEO 15
1.036g/L and +
lOOpi NPEO I5
1.036gfL
and +

250

3

60

42.23

250

3

60

39.64

250

3

60

86.73

100l.tl NPEO15
1.036g1L

250

3

60

77.30

250

30

60

43.17

200

6

500

3.28

200

6

500

0

200

6

500

14.02

46

20tl NPE0 15
1.036g/L

"

"

Smleluentmix

"

"

2x5mlMeOH

"

"

"

"

:200

3

500

31.35

"

"

2x5m1 acetone

"

200

3

500

74.12
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Table 2.1 Results and details of method development for aqueous samples using solid phase cartridges (continued)
Cartridge
type

Sample
name

C18

Low
spike
Low
spike

C18
C18

Low
spike

C18

Low
spike
Low
spike
Low
spike

C18
C18

C18
C18
C18
C18

Low
spike
High
spike.!'
High
spike*
High
spike.!'

Column
solvents

Elution solvent
Wash
solvent
__________ ____________ ________________
5mlMeOH

conditioning

4C

3m!
5%MeOH in
elga
6m HPLC
14m1 MeOH, 6m1 HPLC
grade water
grade water
_________ __________
3m1 MeOH, 3m1 elga

6m1 MeOH

2x5m1
MeOH:DCM
(9:1)

"

Sample conditions

20pJNPE0 15
1.036g1L
20tl NPE0 15
1 .036g1L and *

19

2x5m1 MeOH

500

69.84

200

6

2000

100.14

200

6

2000

55.55

200
-______
200

6

2000

80.39

6

2000

91.69

200

6

2000

0

100p1NPEO 15
1.036g1L

250

6

500

51.44

66

250

6

500

86.57

250

6

500

10.86

lOpi NPE0 15
1.036gfL
______________
"and"
10!d NPE0 15
1.036gIL

2x5m1 ethyl
acetate

"= same conditions as above, + = acidified to pH 1.5, * = acidified to pH 3, elga = deionised water,

A=

acidified to pH 3, solution contains 1%

(v/v) methanol, .. = deionised water sample, ww = wastewater sample. Unless specified all other samples are composed of tap water.
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recovery
by area
47.87

6

66

2x5ml acetone, 2x5m1
elga
2x5m1 MeOH, 2x5ml
elga
2x5ml ethyl acetate,
2x5m1 elga

%

200

6m HPLC
14m1 MeOH, 6ml HPLC
grade water
grade water
__________ ___________

2x5ml
MeOH:DCM
(4:1)
2x5mIDCM:
hexane (1:1)
2x5mlacetone
2x3m1 elga

Volume of Volume of Weight
of
cartridge
sample
(ml)
l)
500
6
200
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2.4.2 Developing extraction methodologies for use with
solid matrices

Method development for solid matrices was started using the technique of Soxtherm
extraction. Extraction solvents in various mixtures were investigated as shown in
Table 2.2.
Table 2.2 presents the solvents and mixtures of solvents, which were investigated for
Soxtherm extraction of the selected chemicals from a solid matrix. The percentage
recovery of a spiked matrix sample was used as an indication of the efficiency of the
test conditions. Sample conditions that gave less than 70% and greater than 120%
recovery were rejected from the investigation, as ideally sample recoveries should be
between 70% and 110%. NPEO X is not miscible with hexane therefore any solvent
mixture containing hexane will not be capable of extracting NPEO X from the matrix.
Some combinations of methanol and dichioromethane (DIM 2:1, DIM 3:1 and MID
4:1) gave good recoveries of NPEOX, further investigation shows that D/M 3:1 was
the best combination. The other mixtures resulted in chromatograms with split
peaks, whilst chromatographic resolution and peak shape of mixtures containing
D/M 3:1 was good. When extracting NP, investigation of mixtures of acetone (A)
and hexane (H) (particularly A/H 4:1 and WA 4:1), revealed the potential for good
recoveries using these combinations. However, it was discovered that solvent-based
final extract samples with a large proportion of acetone formed two layers at the end
of the Soxtherm extraction procedure. The reasons for this behaviour were not
investigated any further as it was ascertained that a mixture of WA 4:1 produced a
high percentage recovery without this problem. The initial time for which a sample
was subjected to boiling and extraction stages of a Soxtherm extraction procedure
was found to be insufficient. Initially for both components the boiling time was 30
minutes with an extraction time of 90 minutes and 75 minutes for NP and NPEO X
respectively. These times were increased to 35 minutes of boiling and 95 minutes of
extraction for NP and to 90 minutes of boiling and 95 minutes of extraction for
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NPEOX, as this improved results. Details of the final extraction procedure are shown
in Section 2.5.

The other technique used to extract chemicals from solid matrices was Accelerated
Solvent Extraction (ASE). One benefit of ASE is that the same solvent mixture as
for Soxtherm extraction can be used. The temperature and pressure at which the
extractions were carried out are from multi-purpose parameters already programmed
into the device. It was determined that less sample was needed for sludge analysis
than was needed for soil or sediment analysis, as chemicals have the potential to
accumulate in this matrix.

2.4.2.1 Development of methods to remove interferences

Development of a method for the removal of co-extracted compounds and possible
interference from a matrix-based sample involves choosing the appropriate material
to 'clean' the sample, and establishing the solvent or mixtures of solvent that would
leave the majority of interference on the column yet elute the analyte of interest.

It was discovered that samples containing NP must be treated with silica while
alumina must be utilised with samples containing NPEO X. An investigation of the
solvent/solvent mixtures needed to elute each component from the sample revealed
that DCM gave acceptable recoveries when used to elute NP from a silica column. A
mixture of DCM and methanol in a ratio of 20:1 was chosen as the solvent mixture to
use when eluting NPEOX from an alumina column.

2.4.2.2 Summary

For the extraction of NP from solid matrices either Soxtherm or ASE was utilised.
Soxtherm extraction consisted of refluxing a mixture of hexane/acetone 4:1, (160 ml)
at 180°C through a sample for 35 minutes, followed by a reduction in the volume of
the Soxtherm solvent extract to 0.5 ml and its subsequent application onto a silica
clean-up column. In ASE, the sample was inserted into a metal cell that was filled
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with solvent (hexane/acetone 4:1, --3 3m!), heated in an oven (100 °C for 5 minutes)
and subjected to pressure (2000 psi) using nitrogen gas for an assigned period of
time. The ASE solvent- extract was also reduced in volume to 0.5 ml, and applied to
a silica clean-up column. All solvent- extracts were eluted from the clean up
columns (which were not solvent conditioned prior to use) using DCM (35 ml),
reduced in volume to -.10ml whereupon hexane (10 ml) was added. The extracts
were further reduced in volume to give the required analyte concentration range
depending on the type of matrix under investigation and the addition of an aliquot of
internal standard. Extracts were then transferred to vials in preparation for GC-MS
analysis.

For the extraction of NPEO X from solid matrices either Soxtherm or ASE was
utilised. For Soxtherm extraction the optimum method consisted of refluxing a
mixture of DCMlmethanol 3:1, (160 ml) at 150 °C through a sample for 90 minutes,
followed by a reduction in the volume of the Soxtherm solvent-extract to 0.5 ml and
its subsequent application onto an alumina clean-up column. In the method
developed for ASE, the sample was inserted into a metal cell that was filled with
solvent (DCMlmethanol 3:1, 3 3m!), heated in an oven (100 °C for 5 minutes) and
subjected to pressure (2000 psi) using nitrogen gas for an assigned period of time.
The ASE solvent-extract was reduced in volume to 0.5 ml, and applied to an alumina
clean up column (which had not been conditioned with solvent prior to use). All
solvent sample extracts were eluted from the clean up columns using DCM!methanol
20:1 (35 ml), reduced in volume to 0.2 ml whereupon 99.9% MTBE, 0.1% acetic
acid was added until the volume reached 0.5 ml. Extracts were transferred to vials in
preparation for LC-MS analysis.
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Table 2.2 Investigation of solvent mixture composition for extraction of selected
chemicals from solid matrices.

Solvents! solvent Extraction of NP
(% recovery)
mixtures

Solvents! solvent Extraction of
NPEOX
mixtures
(% recovery)
dn
Acetone (A)
16.2
Dichioro methane
(D)
2.38
Hexane (H)
Methanol (M)
26.6 4.

•
•

15.6
82.4

Acetone (A)
Dichioromethane
(D)
Hexane (H)
Methanol (M)

71.8
27.3

DIM 1:1
DIM 2:1
DIM 3:1
DIM 4:1

73.8
65.2
89.5
79.3

MID 2:1
MID 3:1
MID 4:1

44.9
35.4
44.4

DIM 1:1
D/M2:1
D/M3:l
D/M4:1

28.2
71.5
82.3
dn

M/D 2:1
MID 3:1
MID 4:1

64.3
49.5
83.1

A/H 1:1
A/112:1
A/H 3:1
A/H4:1

(a)
(a)
(a)
(a)

A/Hi:!
A/H2:1
A/H 3:1
A/H4:1

127.0 •
138.1 0
54.3
90.2 0

H/A2:1
HIA3:1
WA 4:1

(a)
(a)
(a)

WA 2:1
H/A 3:1
WA 4:1

120.5
34.2
96.5

4

•
•

See footnote for explanation of symbols.

'Table legend
•= Average recovery (n =2)
4 = Average recovery (n =3)
• = Average recovery (n = 4)
0 = Average recovery (n = 5)
dn = data not available
(a) Mixtures containing h exane do not extract NPEO X from the matrix.
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2.5 Methods applied to the studied environmental matrices
2.5.1 Aqueous samples

Each sample (solid or liquid) was logged into the East of Scotland Water Laboratory
Information Management System (LIMS) and given its own unique identifying
sample number. Information about the sample could therefore be retained and its
status monitored.
2.5.1.1 Samples containing nonyiphenol

Glassware such as a 50m1 measuring cylinder, a 250 ml beaker, sintered drying
columns, turbovap tubes, separating funnels and centrifuge tubes were rinsed with
dichloromethane (DCM) before use in the extraction process, labelled with the
corresponding sample number (if needed) and assembled according to requirements.

A glass measuring cylinder (capacity one litre) was firstly rinsed with deionised
water followed by a small amount of the sample to be analysed. One litre of the
sample was measured out and then poured into its corresponding funnel. The
recovery was determined by spiking a one litre sample of deionised water with 100
j.tl of 1.0 g/l NP spiking solution in acetone. One litre of deionised water was used as

a procedural blank.
DCM (50m1) was added to the funnel, which was shaken and vented to release any
pressure build-up. It was then shaken for 5 minutes at 170 rpm using a Gerhardt
Laboshake. The funnel was removed from the shaker and left to settle. If an
emulsion had formed, the DCM layer was transferred to a centrifuge tube and spun at
2,500 rpm for 5 minutes using a Mistral 1000 centrifuge. Residual water in the
centrifuge tube was put back into the separating funnel. The organic layer was run
through a sintered glass drying column containing anhydrous sodium sulfate (--30 g,
oven dried at 440°C for 4 hours, pre-rinsed with DCM) which was placed above a
glass turbovap tube (which fits into a Zymark Turbovap II concentration workstation
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- a type of solvent reduction system). Another 50 ml of DCM was added to the
original separating funnel and the above procedure followed again. DCM layers
were combined into the same turbovap tube. The water in the funnel was discarded
and the sides of the glassware rinsed with DCM (-1 5 ml). This DCM was then
passed through the sintered drying column. Once the DCM had stopped dripping
through the anhydrous sodium sulfate, more DCM (-15 ml) was washed through the
sodium sulfate to remove the last traces of the analyte of interest. Each aliquot of
DCM was combined into the same turbovap tube.
A Zymark Turbovap II concentration workstation was used to reduce the volume of
solvent in the turbovap tube by using a gentle stream of nitrogen and a water bath
temp of 25 T. Once the level of solvent was approximately 10 ml, hexane (10 ml)
was added and the solvents mixed. The solvent was then reduced in volume to 0.5
ml whereupon the tube was removed from the workstation and 0.5 ml of 2 mg/l dPAH internal standard solution in hexane added. The sample was mixed and used to
rinse the sloping sides of the tube, then it was transferred into a GC vial and sealed
ready for analysis by GC-MS.
2.5.1.2 Samples containing nonyiphenol polyethoxylates (NPEO X

)

Extraction of NPEO X from aqueous samples requires the use of solid phase extraction
(SPE) cartridges. The type of cartridge used in this process were Isolute

C18,

1 g (of

sorbent material) with an internal volume of 6 ml. An illustration (not to scale) of
the apparatus used in the extraction is shown in Figure 2.6, a Vac Elute vacuum
manifold was used to allow multiple processing of samples. A vacuum pressure of
—4 mm Hg was maintained at the start of the procedure. To achieve the same flow
rate throughout the method, the vacuum pressure was increased as the cartridges
were loaded. The first part of the procedure was to condition the cartridges with 2 x
5 ml aliquots of methanol, followed by 2 x 5 ml aliquots of deionised water. Once
this conditioning process had begun it was essential that the cartridge was not
allowed to dry out. If it did, the whole process must be started again from the
beginning.
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The recovery sample consisted of tap water spiked with a known amount ofNPEO 15
(10

j.tl

of 1.0 gIl NPE0 15 in methanol). A procedural blank consisting solely of tap

water was also extracted at the same time as any other samples. The volume of
sample depended upon the matrix type, e.g. river water sample volume was 500 ml
whereas industrial and sewage effluents required 250 ml. Using plastic tubing the
aqueous sample was drawn through the cartridge under vacuum and the liquid
effluent was drawn into a water trap for disposal. Once the sample had loaded, 10 ml
of deionised water was used to rinse out the sample container and the rinsings loaded
onto the cartridge. At this point increasing the vacuum pressure to 25 mm Hg and
allowing air to be drawn through for 30 minutes dried the cartridge. After 30
minutes the vacuum was turned off. Elution of the analyte from the sorbent material
was achieved by the addition of 2 x 4 ml aliquots of methanol, which were collected
into a test tube. The first aliquot of methanol was allowed to soak into the sorbent
material for approx. 30 seconds to aid elution of the analyte. The contents of the test
tube were quantitatively transferred into a Turbovap tube and the test tube rinsed
twice with lml of methanol (which were combined into the Turbovap tube). Using a
Zymark Turbovap II concentration workstation with a water bath temperature of
40° C the volume of solvent was reduced to 0.5 ml, whereupon 0.5 ml of 99.9%
MTBE 0.1% acetic acid solution was added. This solution was transferred to a vial
and crimped ready for analysis by LC-MS.

2.5.1.3 Summary

The adopted method for the extraction of NP from an aqueous matrix involved
liquid/liquid extraction of one litre of sample into DCM (2 x 50 ml aliquots). A
reduction in volume of the solvent extract (to 0.5 ml) and the addition of an aliquot
of internal standard (0.5 ml of 2mg/I d-PAH) were the final stages in the preparation
of the extract in anticipation of GC-MS analysis.

As a result of the method development work, the adopted method for the extraction
of NPEOX from an aqueous matrix involved the use of C 1 8, ig, 6 ml SPE cartridges.
The cartridges were conditioned with methanol (2 x 5m1) then water (2 x 5 ml), and
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samples loaded into the cartridges at a vacuum pressure of-4 mm Hg. After loading,
the sample was dried under vacuum (25 mm Hg) for 30 minutes. Elution of NPEO X
was achieved using methanol (2 x 4 ml). The solvent extract was then reduced in
volume to 0.5 ml and an aliquot of 99.9% MTBE, 0.1% acetic acid (0.5 ml) added so
that the extract was ready for analysis by LC-MS.

SPE cartridge

Tap
Pressure gauge

-*

Connection
to vacuum
system and
water trap

Sa
vacuum manifold

Figure 2.6 Illustration of SPE apparatus.

2.5.2 Extraction of sediment by Soxtherm

Sediment samples were freeze-dried before the extraction procedure, taking care to
note wet and dry weights (see appendix for total section weights and sediment
processing procedure). The weight of sample used depended upon the total dry
weight, as the sample was split into four portions for four different extraction
regimes (as NP and NPEOX required different extraction solvents and both Soxtherm
and ASE were used).
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2.5.2.1 Soxtherm extraction of sediment samples for nonyiphenol

Soxtherm beakers were rinsed with hexane prior to use. Into a beaker, four antibumping granules and copper turnings (5.00 ± 0.05 g) were placed. A
hexane/acetone 4:1 mixture (160 ml) was then poured into the glass container and a
wire extraction thimble holder was inserted into the correct position within the
beaker. Anhydrous sodium sulfate (6.00 ± 0.05 g) was added to a cellulose
extraction thimble. A known amount of sediment sample (typically between 4-8 g)
was accurately weighed and added to the cellulose thimble, whereupon it was
inserted into the holder in the Soxtherm beaker. A known amount of nonyiphenol
(100 ti of 5 mg/i in acetone) was added to a portion of the sediment then mixed

in to

ensure an even distribution of the nonyiphenol. Vigorous stirring of the sediment
with a metal spoon for thirty seconds was the method used to mix spiked samples.
This sample was referred to as the "recovery" sample because it was used as a
measure of the efficiency of the procedure by establishing the concentration at the
end of experiment. As a procedural blank, sodium sulfate (6.00 ± 0.05 g) was added
to a thimble and the same extraction conditions used.
The Soxtherm beakers were inserted into a Gerhardt Soxtherm device. Parameters of
the applied instrumental conditions are presented in Table 2.3. After the sediment
sample had been subjected to the extraction procedure, the solvent was transferred to
a Turbovap tube (which was pre-rinsed with hexane) using 3 x 4 ml of hexane to
ensure that the entirety of the chemical was transferred into the tube. It was then
reduced in volume, using a gentle stream of nitrogen and a water bath temperature of
30°C, to the 0.5 ml mark. The resulting aliquot of sample was then cleaned up by
application onto a silica clean up column (see Section 2.6.1 for procedure).
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Table 2.3 Soxtherm extraction parameters for the removal of NP and NPEO X
from solid matrices

Solvent mixture
Temperature limit/ °C
Extraction temperature/°C
Boiling time/minutes
Solvent reduction stage A xl 5m1
Extraction time/minutes
B or C solvent reduction
Solvent reduction interval/minutes
Solvent reduction pulse/seconds

NP
Hexane/acetone 4:1
200
180
35
5
95

NPEOX
DCMIMeOH 3:1
200
150
90
5
95

-

-

4
3

4
3

2.5.2.2 Soxtherm extraction of sediments for NPEOX

Soxtherm beakers were rinsed with DCM prior to use. Four anti-bumping granules
and copper turnings (6.00 ± 0.05 g) were placed into a beaker. A DCMIMeOH 3:1
mixture (160 ml) was then poured into the glass container and a wire extraction
thimble holder was inserted into the correct position within the beaker. Anhydrous
sodium sulfate (6.00 ± 0.05 g) was added to a cellulose extraction thimble. A known
amount of sediment sample (typically between 4-8 g) was accurately weighed and
added to the cellulose thimble, whereupon it was inserted into the holder in the
Soxtherm beaker. The recovery sample consisted of adding a set amount of NPE015
(100 pi of 10 mg/l in methanol) to a portion of the soil and mixing to ensure an even
distribution of the NPE015. As a procedural blank, sodium sulfate (6.00 ± 0.05 g)
was added to a thimble and the same extraction conditions used.

The Soxtherm beakers were inserted into a Gerhardt Soxtherm device. Details of the
applied instrumental conditions are presented in Table 2.3. After the sediment
sample had been subjected to the extraction procedure, the solvent was transferred to
a Turbovap tube (which was pre-rinsed with DCM) using 3 x 4 ml of DCM to ensure
that the entirety of the chemical was transferred into the tube. It was then reduced in
volume, using a gentle stream of nitrogen and a water bath temperature of 40 °C, to
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the 0.5 ml mark. The resulting aliquot of sample was then cleaned up by application
onto an alumina column (see Section 2.6.2 for procedure).

2.5.3 Extraction of sediment using ASE

2.5.3.1 Samples containing nonylphenol

Prior to use, the metal ASE cells were rinsed with DCM and the glass collection vials
with hexane. A cellulose acetate filter paper was inserted into the bottom of the cell
and hydromatrix was added to the cell up to a height of 10 mm. Hydromatrix is used
as an inert agent to keep the internal volume of the cell constant. It is a special type
of flux-calcined high purity inert diatomaceous earth obtained from Varian.

A sediment sample (approximately 2.6-5 g) was accurately weighed into the cell and
the weight recorded. The cell was then filled (up to 5 mm away from the top) with
hydromatrix and sealed. As a procedural blank one cell was filled entirely with
hydromatrix and then subjected to the same extraction procedures. A known amount
of nonylphenol (100 j.d of 5 mg/l in acetone) was added to an aliquot of sediment and
mixed thoroughly in a beaker. This was used to find the percentage of chemical
recovered from the matrix, which gives a measure of the efficiency of the extraction
procedure. The spiked sediment sample was transferred into an ASE cell and filled
with hydromatrix. Collection vials and cells were inserted into their corresponding
places in the instrument and the extraction method started. Details are shown in
Table 2.4. Once the cycle had finished, the contents of the vials were transferred into
Turbovap tubes (pre-rinsed with hexane) using 2 x 4 ml of hexane to rinse the vials.
Using a Turbovap workstation with a gentle stream of nitrogen and a water bath
temperature of 30 ° C, the volume of solvent was reduced to 0.5 ml, which was then
applied to a silica clean up column (see Section 2.6.1 for procedure).
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2.5.3.2 Sediment samples containing NPEO X

Prior to use, the ASE cells and glass collection vials were rinsed with DCM. A filter
paper was inserted into the bottom of the cell and hydromatrix was added to the cell
up to a height of 10mm. A sediment sample (approximately 2.6-5 g) was accurately
weighed into the cell and the weight recorded. The cell was then filled (up to 5 mm
away from the top) with hydromatrix and sealed. As a procedural blank one cell was
filled entirely with hydromatrix and then subjected to the same extraction
procedures. A known amount ofNPEO 15 (100 p.1 of 10 mg/l in MeOH) was added to
an aliquot of sediment and mixed thoroughly in a beaker. This constituted the
recovery sample. The spiked sediment sample was transferred into an ASE cell and
filled up with hydromatrix. Collection vials and cells were inserted into their
corresponding places in the instrument and the extraction method started. Details are
shown in Table 2.4. Once the cycle had finished, the contents of the vials were
transferred into Turbovap tubes (pre-rinsed with DCM) using 2 x 4 ml of DCM to
rinse the vials. Using a Turbovap workstation with a gentle stream of nitrogen and a
water bath temperature of 40°C, the volume of solvent was reduced to 0.5 ml, which
was then applied to an alumina clean up column (see Section 2.6.2 for procedure).

Table 2.4 Accelerated solvent extraction parameters for the removal of NP and
NPEO X from solid matrices

Solvent mixture
Extraction temperature 1°C
Extraction pressure Ipsi
Heating stage /minutes
Static stage /minutes
Flush /seconds
Purge /seconds
Cycles

P.A. Smith

NP

NPEOX

Hexane/acetone 4:1
100
2000
5
5
60
60
1

DCMIMeOH 3:1
100
2000
5
5
60
60
1
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2.5.4

Soils

The same extraction methods as described in sections 2.5.2 and 2.5.3 can be used for
the extraction of NP and NPEO X from soils, except that a larger weight of sample
(approximately 10g) has to be used, as a greater concentration step is needed to
achieve the levels of sensitivity required. Recovery samples were spiked with a
known and recorded amount of chemical (either 100 p.! or 500 p.1 of 5mg/i NP in
acetone for NP determinations and with 250 p.! of 20 mg/i NPE015 in methanol for
NPEOX determinations). The end volume of the extract after cleanup (Section 2.6 for
procedure) was increased to 1 ml.

2.5.5

Sludge

The same extraction methods as described in sections 2.5.2 and 2.5.3 can be used for
the extraction of NP and NPEO X from sludge, except that approximately 0.5 g or less
of sample should be used. Recovery samples were spiked with 500 p.1 of 5mg/i NP
in acetone for NP determinations and with either 100 p.1 or 250 p.! of 20 mg/i NPE015
in methanol for NPEOX determinations. The end volume of the extract after clean up
(Section 2.6) was 1 ml.

2.6 Sample clean up procedure

2.6.1

Matrices containing nonylphenol

To remove unwanted interferences from a sample extract produced by a solid matrix,
before it is analysed by GC-MS, it is necessary to employ a clean up procedure. A
silica column is used when cleaning up a sample containing nonylphenol.
Preparation of the silica is achieved by heating the silica in an oven at 600 °C for four
hours, followed by the addition of 3% water (by weight) and shaking the container
for one hour. After this the silica is ready for use. Silica prepared in this manner had
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a shelf life of one week when stored appropriately in a desiccator (In-house method,
Scottish Water).
Glass columns (internal diameter 10 mm effective length 100 mm) with a sintered
fit, turbovap tubes and reservoirs with adapters were all rinsed with DCM prior to
use. Silica (3.00 ± 0.05 g) was poured into the glass column and tapped vigorously
with a pen for 15 seconds to remove air bubbles. Columns were not conditioned
with solvent prior to use. The aliquot of extracted sample was applied to the top of
the silica column and 2 x 0.5 ml of DCM was used to rinse the Turbovap tube. These
rinsings were also applied to the top of the silica. DCM (35m1) was poured into the
reservoir. The reservoir and adapter were joined to the top of the column and the tap
adjusted so that DCM was allowed to drip at a steady rate of approximately one drip
per second. Eluted solvent was collected into a Turbovap tube. Samples were
reduced in volume to 10 ml, using a Turbovap workstation with a gentle stream of
nitrogen and a water bath temperature of 30 ° C, whereupon hexane (10 ml) was added
and the solvents swirled to mix them. The volume of sample was then reduced to
--300 t1 and 125 tl of 2 mg/l d-PAH internal standard solution in hexane added.
Total volume of the sample was then made up to 500 p1 with hexane using the mark
on the teat of the Turbovap tube. This solution was transferred to a vial and sealed
ready for analysis by GC-MS.

2.6.2 Matrices containing NPEO X

To remove unwanted interference from a sample produced by a solid matrix, before
it is analysed by LC-MS, it is necessary to employ a clean up procedure. An alumina
column is used when cleaning up a sample containing NPEO X. Preparation of the
alumina is achieved by heating the alumina in an oven at 500'C for four hours,
followed by the addition of 7% water (by weight) and shaking the container for one
hour. After this the alumina is ready for use. Alumina prepared in this manner has a
shelf life of one week when stored appropriately in a desiccator (HMSO, 1986).

P.A. Smith

-58-

Chapter Two
Glass columns (internal diameter 10 mm, effective length 100 mm) with a sintered
fit, turbovap tubes and reservoirs with adapters were all rinsed with DCM prior to
use. Alumina (5.50 ± 0.05 g) was poured into the glass column and tapped
vigorously with a pen for 15 seconds to remove air bubbles. Columns were not
conditioned with solvent prior to use. The aliquot of extracted sample was applied to
the top of the alumina column and 2 x 0.5 ml of DCM was used to rinse the
Turbovap tube. These rinsings were also applied to the top

of the silica.

DCMIMeOH 20:1(35 ml) was poured into the reservoir. A reservoir and adapter
were joined to the top of the column and the tap adjusted so that DCMIMeOH
mixture was allowed to drip at a steady rate of approximately one drip per second.
Eluted solvent was collected into a Turbovap tube. The cleaned up sample was
reduced in volume to approximately 0.2 ml using a Turbovap workstation with a
gentle stream of nitrogen and a water bath temperature of 30 °C. 99.9% MTBE 0.1%
acetic acid was added to the tube until the 0.5 nil mark was reached. This solution
was transferred to a vial and sealed ready for analysis by LC-MS.

2.7 Analytical methods used to determine NP and NPEOX
concentrations in environmental samples

27.1

Analytical determination of nonylphenol

Samples were analysed using a bench top GC-MS (Thermoquest GCQ). The GCMS conditions are shown in Table 2.5.
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Table 2.5 GC-MS conditions used in the analytical determination of
nonyiphenol from various matrices

Column
Carrier gas velocity
Injection volume
Type of injection
Injector temperature
Scan mode
Transfer line temperature
Source temperature
Vacuum pressure
Oven program

Agilent Technologies }{P-5MS 30mx0.25mx0.25j.tm
1 ml/min (Helium)
2p.1
Hot, splitless
260°C
Selected ion mode - scanning for 107,121,135 and 162
275°C
200°C
30-40mTor foreline pressure
Hold at 80° C for iminute, then ramp to 160 °C at
25°C/ mm. Ramp to 280°C at 10°C/min and hold for 5
minutes before returning to initial temperature.

Quantitative analysis of the resulting data was achieved using Xcalibur (a software
package specially designed for use with the GCQ). An example of the
chromatogram and mass spectra produced by this software can be seen in Figure 2.7.
A deuterated PAH (d 10 acenaphthene, mlz = 162) was used as the internal standard
to correct for volume changes and variation in MS response (the software
programme automatically does this calculation). Technical grade nonylphenol
contains several isomers, the areas of which are summed to calculate the
concentration of nonyiphenol in a sample. If Figure 2.7 (a) is examined, it is seen
that the chromatographic peaks A-I indicate the area used to calculate the raw
amount of nonyiphenol. Sections (b) and (c) of Figure 2.7 show the major
fragmentation ions of peaks A-I. Using this information it was decided to use ions
with m/z values of 107, 121, and 135 when investigating samples with selected ion
monitoring as they had the greatest abundance overall in the spectra. Total ion
chromatograms were used in quantification of data when very clean matrices were
investigated.
To calculate the amount of nonylphenol, several factors, such as the recovery
correction factor (RCF), the blank correction (BC) and the concentration factor (CF)
are taken into account. The formula used in this calculation is shown in Equation
2.1.
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[[Raw concentration] - (BC x (RCF) x (CF) = calculated concentration (mg/1)
fromGCQ

J

To convert from mg/i to jig/l:
calculated concentration (mg/1) x 1000 = Reported concentration (jig/1)

Blank correction (BC) = raw concentration (if any) of NP in the blank sample (mg/1)
Raw concentration of NP from GCQ (mg/1)
Recovery correction factor (RCF) = (concentration spiked at)
((raw concentration of NP from GCQ) - (BC))

Concentration factor (CF) = (end volume of sample (ml))
(original volume of sample (ml))
Equation 2.1 Equation, and explanation of terms in equation, used to calculate
the concentration of nonylphenol in a sample.

An example of the application of Equation 2.1 is shown (Example 2.1) using data
obtained from S-21093, a wastewater sample taken from Livingston wastewater
treatment works influent.

Raw concentration of NP from GCQ (mg/1) = 6.102
Blank correction (mg/1) = 0.0
RCF = 1.13 (100/88.351)
CF = 0.001
6.102 x 1.13 x 0.001 = 0.006895 mg/i = 6.90 jig/l
Example 2. 1 Example of quantitative calculation of NP

P.A. Smith

- 61 -

Chapter Two
8.50

too

[IC MS

90

80

30

71.1 91.3

20
10

-,

107.2

68

RI:

135.0

75

Full scan

77.0

20

65

0
100

60

- •----

121.1

-.. - .........................

107.3

Re55
tall
veso
Ab
Ufl45
da
nc4O

Rt
Re
Full scan
lati
veSO
C
77.0
135.0
Ab
Un
149.0 191.0
da o --- ...L.L...L .... ...._ ........,.., .. ,.._
107.3
nc 41
Rt..

35

Full scan

30

30

20

25

10

20

0
57

121.1

191.0

E

40
135.0
77.0

8.0

8.5

9.0
Time

9.5

10.0

50

I

I

-.,

. ._-,_..,

RE

Full scan

80135.0

6040

H
77.2

Full scan

30

Rt

Fulli scan

10

148.9

1 111 I
10)
150

RE

40

107.1

20

iI

_____
LL

0

1

51 .

107.3

20

Full scan

Re
lab
ye30
77.1
121.1
Ab20
Un
91.3
i
I 149.0
dato
1.0
I 177.0
nc
-i-- ...L L
0
107.3
100-

08.7 135.9
149.0

10

7.5

RI:

D

I

77.1

'5

5

0
54

B

40

70

Full scan

Pull scan

A

107.3

I L21.9 163.0
...,.JLJ- ..........1.... ........................

85

RI:

RI:

2010

107.3

46

121.0

27

95

(c)

(b)

(a)

RT: 7.47-

I

200
m/z

_,..
II

I
250

I

I

lit

300

I
350
I

ot
50

100

150

200
m/z

250

300

350

Figure 2.7 (a) Total ion chromatogram (TIC) of nonyiphenol. Peaks used to determine area and hence concentration of sample/standard, are
indicated by the labels A-I. (b) and (c) Mass spectrum of each labelled peak in the TIC of nonylphe no).

P.A. Smith

- 62 -

Chapter Two

2.7.2 Analysis of NPEO

A Waters Alliance 2690 separations module connected to a Micromass ZMID
quadrupole mass spectrometer was used to analyse the extracts generated. Mass
Lynx software was used to establish the area of peaks corresponding to NPEO X in a
sample. The LC-MS conditions used to generate results are presented in Table 2.6.
Examples of the mass spectra and chromatogram produced by this system are shown
in Figures 2.8 and 2.9.

Table 2.6 LC-MS conditions used in the determination of NPEO X from
environmental matrices
Column
Packing
Guard column
Solvents

Flow rate
Pump program

100 nm-i x 2.1 mm internal diameter, stainless steel,
Hewlett Packard
APS Hypersil 5 itm
20 mm x 4 mm, APS Hypersil 5p.m
95:5:0.1 (v/v) mixture of acetonitrile, methanol and
acetic acid
99.9:0.1 (v/v) mixture of MTBE and acetic acid
0.4mIJmin
Hold at 15%B /85%C for 3 minute,' then a linear gradient
to 100%B over 15 minutes. Hold at 100%B for 12
minutes. Return to initial conditions over 1 minutes,
then re-equilibrate column for 9 minutes.
Mass spectrometer in APCI (+) mode
3.30 volts
35 volts
2
0.2
block 120°C

Detector
Corona voltage
Cone voltage
Extractor
RF lens
Source
temperature
APCI probe temperature
Desolvation gas flow
Injection volume
Column temperature
LM resolution
WvI resolution
Ion energy
Multiplier

P.A. Smith
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HPLC pump conditions mentioned in Table 2.6 are based upon a method published
by HMSO (1997). These conditions were modified to optimise parameters for this
particular system and to reduce the amount of solvent used.

Initially results were produced using the ESI technique. However, large amount of
background noise were observed in the chromatograms produced by this method and
so the ionisation technique was changed to APCI to solve this problem.

Figure 2.8 shows a typical chromatogram containing a series of peaks of increasing
mass. Using normal phase HPLC conditions to analyse nonylphenol polyethoxylates
ensures that the individual ethoxylate groups are represented in the resultant
chromatogram. The mass spectra displayed in Figure 2.9 shows that adding a
different ionisation promoter alters the m/z value for each peak (in this case changing
them by five mass units between the two spectra) but not their position within the
series. Ammonium acetate was added to the mobile phase to promote the formation
of ammonium adducts, whereas acetic acid was added to the mobile phase to
promote the formation of sodium adducts. Acetic acid was the ionisation promoter
used in this study (c.f. RMSO (1997) HPLC parameters). Forty-four mass units (this
corresponds to the mass of an ethoxylate group) separates each peak in the series that
is generated by a NPEO X oligomer.
To calculate the total amount of NPEOX in a sample, the individual areas of the peaks
must be summed and compared to the summed peak areas of a standard. The
formula used in calculating the concentration of nonylphenol polyethoxylates is
shown in Equation 2.2.
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[Raw concentration of NPEOX

-

(BC)] x (RCF) x (CF)

=

concentration (mg/1)

NPEOX concentration (mg/1) x 1000= NPEO X concentration (.tg/i)

Where
Blank correction (BC)

=

raw concentration of NPEO X in the blank sample (mg/1)

Raw concentration of NPEO X = itotal peak area of sample
(J- 0 t a l.

Recovery correction factor (RCF)

=

F' eak

1

x concentration of

l_ A

area of sf

LWI4 (.I.1

LaI1Ua1 U

(concentration spiked at)
((raw concentration of NPEO X)

Concentration factor (CF)

-

(BC))

(end volume of sample (ml))

=

(initial volume of sample (ml))
Equation 2.2 Equation, and explanation of terms in equation, used to calculate
the concentration of NPEO X in a sample.

The application of Equation 2.2 to data obtained from S-20991 a sample taken from
Livingston wastewater treatment works fmal effluent, is shown in Example 2.2.

Raw concentration of NPEOX

=

667

15126l1.5

x 5.18

~

Blank correction

=

1

=

2.328 mg/i

0.401 mg/i

Recovery correction factor
Concentration factor

=

=

1.07 (10.36/9.659)

0.005

[2.328-0.4011x 1.07x 0.005=0.01031 mg/i= 10.31 tg/i
Example 2. 2 Example of quantitative calculation of concentration of NPEO X.
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2.7.3 Summary
In summary, a Thermoquest GCQ GC-MS in selected ion mode was used to analyse
the fmal extracts from the various matrices for NP. Quantitative analysis of the data
was carried out using Xcalibur software. The analysis of extracts containing NPEO X
was achieved using a Waters Alliance 2690 (with a normal phase APS Hypersil
column - mobile phases consisting of 99.9:0.1 (v/v) MTBE/acetic acid and 95:5:0.1
(v/v) acetonitrile/methanol/acetic acid) connected to a Micromass ZMD (APCI +
detection). MassLynx software was used in data acquisition.
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Investigation of selected wastewater treatment works
for concentration and behaviour of nonylphenol and
nonylphenol polyethoxylates

This chapter is predominantly concerned with wastewater treatment and its effects
upon the aqueous phase concentrations of NP and NPEO X . A brief explanation of the
treatment processes used in purifying wastewaters is given in Section 3.1 to facilitate
the understanding of the processes involved in each of the selected wastewater
treatment works (WWTW). Section 3.2 describes the nature of inputs at the six
WWTW that were chosen for investigation and section 13 outlines the sampling
programme that was adopted. Sections 3.4 - 3.9 describe briefly the treatment
processes currently being used at each of the WWTW, the location of sampling
points within each of the works and the results generated by the investigation of
samples from these locations. Section 3.10 then follows with results for a more
detailed investigation of the Hawick WWTW which involved the collection of
sewage sludge, industrial effluent and nearby river water in addition to the influent
and effluent wastewater samples. All of the results are then discussed in section 3.11
and overall conclusions from this chapter are presented in section 3.12.

3.1 Summary of the processes occurring in wastewater
treatment

The following summary (Section 3.1) of the main processes used to treat wastewater
and sludge employs Gray (1999) as its principle source for information on
wastewater treatment options.
The treatment and discharge of wastewater within Britain must conform to a
European Union Directive known as the 'Urban Wastewater Treatment Directive'
(91/271/EEC). This sets minimum requirements for treatment depending upon the
size of the urban area and the receiving body of water that accepts the treated
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effluent. There is also a European Union directive concerned with the solid end
products (known as sludge) of wastewater treatment. It is called the European Union
Directive on Hazardous Waste (91/689/EEC). This directive combined with its
amendment (94/31/EEC) groups wastes as non-hazardous or hazardous. Depending
upon the constituents of sludge it can fall into both of these categories, e.g. normal
domestic sludge is non-hazardous, whilst sludge with a high metals content is
considered as hazardous.

In this case the term 'wastewater' covers water-based effluents from a variety of
sources. These sources can include domestic household sewage and used water,
liquid collected from drains and roofs, and industrial liquid waste. Suspended solid
matter is also found in wastewater, e.g. food, paper, faeces, grease, oil, sand, grit, fat,
wood and plastic. Therefore the composition of wastewater can vary greatly from
area to area, day to day and from season to season.
Amongst other aims, a wastewater treatment works is designed "to convert the waste
materials present in wastewaters into stable oxidised end products that can be safely
disposed of to inland waters without any adverse ecological effects" (Gray, 1999a).

To achieve this goal, water entering (influent) a wastewater treatment works
(WWTW) is subjected to a series of treatment processes to produce a final effluent
that is of a standard of purity that can be discharged to a receiving body of water.
There is a range of treatment processes that can be used separately, or in conjunction,
depending upon the composition of the influent to the works and the required level of
water quality of the final effluent. These treatments can have a physical, chemical or
biological basis.
Two important terms in the design of a WWTW are dry weather flow and population
equivalent. The dry weather flow (DWF) is defined as the "average daily flow to the
treatment plant during seven consecutive days without rain, following seven days
during which the rainfall did not exceed 0.25 mm in any one day" (Gray, 1999b).
The DWF gives an indication of volume of water that flows through the works and
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hence the physical size of the plant. One population equivalent (p.e.) is defined by
the Urban Wastewater Directive as "the organic biodegradable load having a fiveday biochemical oxygen demand (BOD 5) of 60 g of oxygen per day". It is used as a
guide in determining the level of treatment required for a wastewater. BOD is used
as a measure of the potential for a wastewater to deoxygenate the body of water
which accepts a treated effluent. The BOD of a wastewater is tested by determining
the amount of oxygen used by micro-organisms in a sample left in the dark at 20 °C
for five days. The amount of oxygen used is indicative of the organic fraction of the
water that can be oxidised biologically in five days. If wastewater has a high BOD
then less oxygen is available for other processes and organisms, so reducing the
efficiency of biologically based processes.

3.1.1

Preliminary treatment of wastewater

Preliminary treatment is the term given to a series of processes that occur as
wastewater enters a treatment plant. It can consist of several stages, the first being
the removal of large solid matter from the stream of the incoming liquid. This is
achieved by placing parallel steel bars spaced 20-30 mm apart in the flow of the
water. Large floating objects such as pieces of wood, faeces, plastic and paper are
caught against this barrier and removed to a landfill site or incinerated. If smaller
objects need to be removed a smaller screen can be inserted after the large screen.

Next grit, sand, gravel and other small dense fragments of material are removed from
the wastewater. The common methods of grit separation (as this stage is referred to)
from water are based upon sedimentation, either using centrifugal force to move the
grit to the outside of the container where it falls to the bottom, or tanks designed to
achieve a flow of liquid that allows dense material to settle out. The solid matter is
collected and disposed of to landfill.
Screening and grit separation remove objects that could block pipes, damage pumps
or silt up pipework. Usually (depending upon the composition of the wastewater)
screening and grit removal is all that is required at this stage. However, large
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quantities of fats, oils and grease (FOG) in the liquid require abstraction now to stop
pipe blockage. Flotation is the preliminary treatment method used to remove FOG.
This is achieved using gravity flotation, dissolved air flotation (DAF) or air flotation.
In gravity flotation, the lighter FOG particles rise to the surface of the water naturally
and are removed. DAF removes large amounts of FOG; influent is saturated with air
in a pressurised vessel and then introduced back into the main stream of water. The
change in pressure allows the dissolved air to come out of solution in the form of
bubbles, which rise to the surface of the water taking FOG along with it. Air
flotation involves the direct addition of air into the flotation tank using an impeller.
A mechanical skimming device removes any FOG that reaches the surface of the
water in a flotation tank.

If necessary, equalisation is the last stage utilised in preliminary treatment before
influent is subjected to primary treatment. Equalisation is a technique used to
balance out the composition and maintain a constant flow of wastewater. As
wastewater can have a variety of components which can change on a day to day
basis, it is possible that a toxic compound could disrupt processes, particularly those
with a biological basis. Water is directed into a tank that mixes it with other water
and then flows out at a constant rate, so minimising disruption in the rest of the plant.

Although the processing of storm water is not strictly a preliminary treatment
method, it will be discussed at this point because storm water processing begins
before the water reaches a primary treatment area. Storm water can be treated fully
up to three times the DWF with excess liquid stored in storm water settlement tanks.
Water stored in the storm water tanks can be screened, degritted and subjected to
settlement in the tanks before being returned to the inlet (start of the primary
treatment area) for reintroduction into the main treatment processes. A WWTW can
cope with a flow of six times the DWF before the excess is diverted, untreated, into
the receiving body of water.
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3.1.2 Primary treatment
Primary treatment of wastewater is based upon sedimentation of suspended solids by
gravity. Influent flows through specially designed tanks which causes water to flow
at a velocity that encourages sedimentation of particulate matter. The sediment that
collects on the bottom of a tank is known as primary sludge and is mainly composed
of organic matter. It is removed for further treatment (described later). Flotation
(section 3.1.1) may also be used to clarify wastewater at this point. Water leaves the
tank by flowing into a channel that connects it to the next treatment process; this
liquid is known as settled sewage and consists of dissolved and fine suspended
material.

A primary sedimentation tank is designed to keep the water within the tank for a
certain amount of time, known as the hydraulic retention time (HRT), which can vary
depending upon capacity of the tank and rate of flow of incoming liquid. This time
should be indicative of the time needed to subject the wastewater to all treatment
processes occurring within that system. Two to three hours at maximum flow rate is
generally required for primary sedimentation, to allow nearly all solids to settle out.
Primary treatment reduces biochemical oxygen demand (BOD), faecal coliforms and
suspended solids.

3.1.3 Secondary treatment
Secondary treatment of wastewaters involves the utilisation of biological organisms
to aid in the purification of wastewater and sedimentation to further process and
clarify the wastewater. Micro-organisms such as bacteria and fungi use the organic
matter within wastewater as a source of food. Bacteria and fungi using biosynthesis
and biological oxidation break down organic matter, resulting in the removal of
organic material from the water. The process of biological oxidation transforms
substances into mineralised components that are released with the final effluent.
Biosynthesis converts organic matter into a dense biomass which can be removed by
sedimentation in secondary settlement tanks.

P.A. Smith

-73-

Chapter Three
Although most biological treatment systems use aerobic conditions, it is possible to
use anaerobic and anoxic conditions if necessary. There are two main types of
aerobic biological treatments, based upon the natural characteristics of the microorganisms (such as bacteria, protozoa and fungi) used in purification. Some microorganisms prefer to be attached to a surface and have the water flow around them.
These are classed as fixed-film reactors. Others prefer to be suspended in water in
the form of flocs or non-flocculated organisms. These types of systems are known as
suspended growth or completely mixed systems.

In fixed-film reactors such as the percolating or trickling filter, the micro-organisms
grow as a layer over an inert, solid support medium such as plastic or clinker.
Settled sewage is spread evenly over a bed (around 2m in depth) of this material and
is allowed to filter down through spaces in between the support material. Spaces in
between the media allow air to circulate to improve the efficacy of the purification
process. The purified effluent drains through a layer of drainage tiles that props up
the media and is channelled into a sedimentation tank.

Biological oxidation of organic matter and oxidation of ammonia to nitrites and
nitrates can occur within the same reactor system or in separate units. The process of
oxidising ammonia is known as nitrification. A nitrifying filter is a type of biological
percolating filter that reduces chemical oxygen demand (COD) using the process of
nitrification. COD is the amount of oxygen consumed when considering the
breakdown of biodegradable and non biodegradable organic matter. In some cases
the wastewater is subjected to the process of de-nitrification as it contains large
amounts of nitrates.

Aeration tanks are an example of a completely mixed system in which floes are
combined with wastewater as a suspension within the aeration tank. Oxygen is
supplied to the tank by aerators, which also help to keep the microbial biomass in
suspension. Purification of the water occurs as the organic matter comes into contact
with the suspended micro-organisms. The biomass can be separated from the
purified liquid by secondary settlement. Not all of it, however, is disposed of as

P.A. Smith

-74-

Chapter Three
sludge, some of it being returned to the aeration tanks where it is known as activated
sludge. This ensures that an optimum amount of active biological organisms is
present in the tank for a maximum rate of biological oxidation.

The sludge produced by biological secondary treatment is known as humus. Its
constituents are different from that of sludge produced by primary sedimentation.
Humus sludge can consist of many things, e.g. fragments of the film, organisms from
the ecosystem contained within the reactor unit (including any faeces they produce)
and flocculated solids. It is allowed to settle out in secondary settlement tanks
(humus tanks) and then can be either pumped to the inlet of the primary tank for
introduction into the tank, sent to the inlet of the plant for reprocessing or sent to
secondary sludge digestion tanks. Clarified water produced by secondary treatment
can either be discharged from the works or sent to a tertiary treatment process for
further purification.

3.1.4 Tertiary treatment
Wastewater effluent that has not reached the required level of water quality (BOD 25
mg/l, suspended solids 35 mg/I - minimum standards for the effluent) is sometimes
subjected to tertiary treatment processes. These processes can be biological, e.g.
denitrification and phosphorus removal, or physico-chemical processes such as
chemical oxidation and carbon adsorption. Common tertiary treatment processes can
comprise of sand or gravel filters, fine mesh and long-term settlement in lagoons. If
the wastewater is to be discharged to an area in which recreational activities take
place, then disinfection is often used to remove pathogens from the water. There are
a variety of ways in which wastewater can be disinfected: ozonation, ultraviolet
treatment, chlorination or membrane filtration.

In this investigation the only tertiary process used within a wastewater treatment
works was application of wastewater to a sand filter. Therefore this will be the only
method discussed in any detail. A bed of sand is supported on perforated steel plates
which have been raised slightly above the floor of the filter to form a channel to
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remove the clarified effluent. Secondary effluent is added to the top of the sand and
allowed to filter through the sand by gravity until it passes into the channel. This
decreases the amount of suspended solids in the effluent by trapping them within the
sand. After treatment the effluent is discharged from the WWTW into the receiving
body of water.

3.1.5 Processing of sludge produced during wastewater
manipulation
Sludge produced by the various treatment processes can contain a variety of organic
and inorganic components, as well as varying amounts of water depending upon the
process used to generate it. When the water content of sludge is greater than 90% it
acts as a liquid, but below this value the viscosity and other characteristics of the
sludge change. Primary sludge is generally 95-96% water and so acts as a liquid,
thus allowing the use of pumps to move the sludge around the treatment plant.

Treatment of sludge consists of a reduction in water content by thickening of the
sludge to decrease the volume of sludge in need of disposal, after which it can be
stabilised (to stop anaerobic breakdown on storage) and occasionally subjected to a
further thickening step. Chemical addition (if required) then dewatering are the last
stages before the sludge is fully treated. Treated sludge can be disposed of to
landfill, incineration or application onto land.

Generally the first stage of processing is thickening of the sludge to reduce water
content and hence volume of sludge needed to be treated. One of the devices used to
thicken sludge is a 'picket-fence thickener' so called because of the shape (it
resembles a picket garden fence) of the stirrer employed in the device. Sludge is
directed into the top of the tank and allowed to settle. The weight of the sludge
compresses the sludge in the bottom of the tank, forcing out water. Use of the stirrer
improves particle settlement. Removal of the concentrated sludge occurs at the
bottom of the tank where it is pumped to the next treatment process area. The liquid
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produced from this process must be returned to the inlet for re-introduction into the
system as it contains large amounts of organic material.

In the next stage of processing, the sludge can be further dewatered or stabilised.
Heated anaerobic digestion is a stabilisation method used in some of the surveyed
treatment works. It reduces offensive smells, gets rid of pathogens in the sludge and
decreases the solids content of the sludge. Anaerobic bacteria use various
constituents of sludge as a food source. Some of the degradable components of
sludge are converted through a series of steps into methane. This gas is mixed with
carbon dioxide to form a biogas capable of powering the water boilers used to
provide hot water for the heat exchangers in the digesters (which keep the sludge at
the required temperature for optimum bacterial activity). Both primary and
secondary sludges with a 2-6% solids content can be stabilised using digestion.
"About 70% of the sludge is degradable and up to 80% of this will be digested
reducing the solids content by about 50%" (Gray, 1999c). Digested sludge is
removed from the digester after it has settled out. The liquid produced by digestion
has a high BOD and so must be sent back to the inlet of the works for treatment.
Sludge need not be thickened before digestion, but it must be thickened after the
digestion process has occurred.
If needed, sludge can be subjected to chemical conditioning before any dewatering
methods are applied. Chemical conditioning is achieved through the application of
selected chemicals to the sludge to help water separation and flocculation to occur.

To increase the percentage solids concentration of sludge, the amount of water
present in that sludge should be decreased. This is achieved through a process
known as dewatering, which combines a number of physical processes (e.g.
compaction, capillary action, filtration and centrifugal settling) to produce a solid end
product. The dewatering methods used by the investigated treatment works consist
of drying beds and belt presses.
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Sludge drying beds are normally used in smaller WWTW due to difficulty with flies,
smells and the amount of land needed. They are open shallow tanks consisting of
drainage channels underneath a bed of pea gravel covered by a layer of sand. Sludge
is placed onto the bed and the water drains away until the sludge is so compacted
onto the surface that drainage stops. The leftover liquid is decanted off and sent to
the inlet of the works. Further dewatering and drying of the sludge occurs through
evaporation, causing cracks to appear in the sludge. Sludge is ready for removal
when the cracks arrive at the sand and gravel. This method results in solids contents
of approx. 35-40% depending upon drying conditions. Chemical conditioning (e.g.
addition of coagulants) is not normally required for primary sludges, but secondary
sludges are harder to dewater so that conditioning of the sludge before application
onto the drying beds is required.

Belt presses are the other form of dewatering used by some of the investigated
WWTW. Sludge dewatered and dried by a belt press must first be conditioned by
the addition of a chemical such as poly -electrolyte. Conditioned sludge is pressed inbetween two continuous belts (one acts as a sieve and the other is impermeable to
water) forcing out water. Initially some water flows away because of the
polyelectrolyte, then squeezing of the sludge combined with a shearing effect
removes water until a sludge cake is formed. The dried sludge cake is then ready for
disposal. The liquid produced by this process is sent to the inlet of the WWTW for
treatment.

3.2 WWTW Survey
As part of a study to investigate wastewaters for the presence and behaviour of NP
and NPEOX in WWTW, six sites were chosen for investigation. The criteria for
choosing these sites were geographical location and type of input to the works, e.g.
domestic/industrial and treatment processes.
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Chosen sites around the former East of Scotland Water service area are shown below
with their approximate locations marked on Figure 3.1:
• Livingston - West Lothian area, with mainly industrial inputs.
• Hawick- Scottish Borders area, with a mix of domestic and industrial inputs.
• Fauldhouse - West Lothian. mainly domestic input.
• Dalderse - Falkirk, Central Scotland, with a mix of domestic and industrial
inputs.
• Bathgate- West Lothian, with a mix of domestic and industrial inputs.
• Pencaitland - East Lothian, with a mix of domestic and industrial inputs.
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© Crown copyright. All rights reserved. License number 9796/03
Figure 3. 1 Map indicating approximate locations of the selected wastewater
treatment works.

3.3 Sampling programme

Wastewater samples were taken from three locations within each of the selected
WWTW. The first sample was collected from the influent (as the wastewater is
referred to at this point). The second sample was taken from the primary settlement
tank effluent, as this process is common to all sites and the third from water that had
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undergone all the treatment processes in that particular WWTW, just before it is
discharged from the system. Sampling devices were set up to take samples (from
each of the three locations), over a period of twenty-four hours, which were
combined in situ into one composite sample representative of that time period. Each
sample was taken back to the laboratory and refrigerated until analysis. Analysis of
samples was undertaken as described in Section 2.5.1.

3.4 Livingston WWTW survey

Livingston WWTW at the time of this survey (9-17 October 2000) received most of
the bulk of its effluent from two electronic companies, with the rest made up of a
small amount of domestic sewage. It has a Dry Weather Flow (DWF) of
11 ,400m3/day. The design population equivalent of Livingston WWTW is 7,500.
Treatment of wastewaters consists of many stages, preliminary screening and grit
removal being the first. Before primary sedimentation of the sewage, the flow enters
a dosing chamber into which three chemicals can be added, ferric sulfate solution,
sodium carbonate (soda ash) solution or polyelectrolyte (promotes coagulation).
These three chemicals can be added to promote the settlement process but two of
them have other uses. Ferric sulphate (Fe 2(S 04)3) aids in the removal of phosphorus,
whilst sodium carbonate is normally used to remove hardness.

During primary sedimentation raw sludge is formed and transferred automatically to
a picket fence thickener, then onto two elevated sludge holding tanks. Sludge is
taken away by road tanker to Seafield WWTW (Edinburgh, Scotland) and treated onsite ready for disposal. Scum floating to the surface in the primary tank is removed
and discharged back into the sewage upstream of the inlet screen. Effluent from the
tanks is then directed into a nitrifying filter to undergo secondary treatment. Once
filtered, it flows into secondary settlement tanks.

Final settlement of the sewage is achieved in two secondary settlement tanks. These
tanks are referred to as humus settlement tanks and are similar in design to primary
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settlement tanks except they do not contain any skimming devices. The products of
biological filtration form humus sludge, which is pumped to the foul water sump and
then eventually back to the primary settlement distribution chamber and hence into
the primary settlement tanks. Liquid effluent leaves the tanks by overflowing over
the top into a channel and passing into the tertiary treatment stage. Not all WWTW
require a tertiary treatment stage. In this particular plant a sand filter is needed to
further decrease the amount of suspended solids in the aqueous phase. The effluent
is then ready to be discharged from the WWTW into the River Almond (ESW
operating manual for Livingston WWTW, 1999).

3.4.1 Sampling points at Livingston WWTW
Samples were taken from Livingston treatment works at the points marked "A", "B"
and "C" on the site plan (Figure 3.2). The point marked as "A" is where the first
sample was taken before the wastewater has been screened and degritted. Collection
of the second sample occurred at point B (which corresponds to liquid undergoing
primary settlement). Point C is where the final effluent is discharged from the works
after all treatment processes have occurred.

3.4.2 Results of survey
Results generated from the study of wastewater for the presence of NP in Livingston
WWTW over a period of six days within the period Monday 9 6' to Tuesday 17th
October 2000 are shown in Table 3.1 and displayed in graphical form in Figure 3.3.
Four of the sampling days were consecutive, then there was a break at the weekend
and sampling resumed on Sunday for two days. Samples labelled as influent refers
to the first sampling point (A), samples labelled as primary settlement tank effluent
refers to the sampling point (B) and samples labelled as final effluent refers to the
sample taken at the final effluent discharge point (C). A shortened version of sample
descriptions is used in the graphical representation of the data. Primary settlement
tank effluent is referred to as 'pte' and the final effluent is referred as 'final'. The
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influent sample retains its original description. This labelling system is common to
all results displayed in graphical form in this chapter.
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Figure 3.2 Plan of Livingston WWTW showing sampling points A, B and C.
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Table 3. 1 Results of NP determinations in aqueous samples from Livingston
WWTW

Sample type
Sampled

Influent /.tg/1

Primary settlement tank

Final effluent

effiuent/jg/l

/tg/l

date
9-10/10/00

8.5±0.1

5.4±0.1

2.2±0.04

10-11/10/00

4.9±0.1

6.0±0.1

3.3±0.1

11-12/10/00

7.0±0.1

6.4±0.1

3.1±0.1

12-13/10/00

6.9±0.1

6.4±0.1

1.8±0.03

15-16/10/00

nr

3.1±0.1

2.4±0.04

3.2±0.1

3.4±0.1

2.5±0.04

1617/10/00I
nr - not reported

10
8

—6
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:1.4
2
0
1516111210910/10/00 11/10/00 12/10/00 13/10/00 16/10/00 17/10/00

Days on which samples were collected
•influent Dpte Ulinal

nr - not reported
Figure 3.3 Graph showing results of NP determinations in Livingston WWTW
effluents over a period of six days
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Examination of Table 3. land Figure 3.3 reveals low levels of NP at each of the three
locations from which wastewater was collected. Concentrations of NP found in the
liquid samples remain below 10 tg/l over the entire sampling period. The
determination of the influent sample concentration for 15-16/10/00 was unsuccessful
due to the presence of unidentified co-extracted material not encountered on the
other sampling days. Data was recovery corrected using individual batch recovery
correction factors. The average percentage recovery of NP in this survey was 87.1 ±
1.7 % (n = 3). Standard deviation of recovery results is indicated by the plus/minus
value. The standard deviation of recovery samples was used in the calculation of
uncertainty.

If an initial assumption is made that wastewater entering the works should contain
the greatest concentration of NP as it has not been treated or excessively diluted, then
concentrations in the influent samples should be significantly higher than any other.
It then follows from this assumption that if the treatment processes in the WWTW
are capable of removing NP from the water, then each successive type of sample
should contain less of the chemical than the last. This assumption however, was not
valid for all of the results, as can be seen in Table 3.1 (and Figure 3.3). This table
shows that in some cases the samples taken at the primary settlement tank effluent
have concentrations higher than the corresponding initial influent sample. This could
be due to processes within the WWTW concentrating up the amount by reducing the
volume of liquid or a natural reduction in flow (e.g. less rain). Alternatively, the
breakdown of NPEO X could be introducing more NP at this stage.
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Table 3. 2 Percentage reduction of NP concentrations from the influent to the
final effluent
Sampled date

Percentage reduction of NP from
the influent to the final effluent

9-10/10/00

74

10-11/10/00

33

11-12/10/00

56

12-13/10/00

74

15-16/10/00

23*

16-17/10/00

22

* Percentage calculated using primary settlement tank effluent and final effluent
concentrations

Table 3.2 illustrates the percentage reduction in NP concentration from the initial
influent sample to the final effluent sample. This table shows that not all of the NP is
removed from the water in this particular treatment works. It was anticipated that a
large reduction in the concentration of NP in aqueous specimens would be observed
due to the hydrophobic/lipophilic nature of NP. NP is able to sorb to particulate
matter that could settle out into sludge, and thus a reduction in concentration of NP
should be observed in the aqueous phase of the treatment works. There is a
reduction in the concentration of NP in each day of sampling, but not as great as
anticipated. The hydraulic retention time of the primary settlement tank might not
have been sufficient to allow enough time for NP to sorb to particulate matter on a
large enough scale and settle out. This might be why some primary settlement tank
effluents contained concentrations of NP close to (and greater than) that of the
influent samples. Or it might have been the case that this was the effect of more NP
being introduced into the system by the in situ biodegradation of NPEO X . Treatment
process after this stage might not have been able to effectively remove NP from the
wastewater, dilution could have caused some of the observed reduction in
concentration.
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Wastewater samples collected from Livingston WWTW were also investigated for
the presence of NPEO X . The limit of detection (LOD) was calculated using the
equation LOD = 4.65

x ar

(Cheeseman et al., 1989) where

C3

equals within batch

standard deviation of non-blank corrected results. A standard solution at known
concentration can be used to generate the within batch standard deviation and then
the effect of the concentration step in the extraction methodology is taken into
account when reporting the LOD for a particular batch. Ideally the concentration of
the standard solution should be close to the expected LOD. In this case, however,
the concentration of the standard solution used in the calculation of the LOD was
greater than the expected LOD and this is reflected in the high LOD for this set of
results. Samples collected from 9-10/10/00 to 11-12/10/00 had an LOD of 62.0 jig/i,
whilst those collected on 12-13/10/00 had an LOD of 31.6 jig/I, and samples taken
on 16-17/10/00 had an LOD of 47.4 jig/i. An LOD could not be generated for
samples collected on 15-16/10/00 using Cheeseman' s method. It is possible to use
the concentration of the lowest standard run with the samples as a measure of the
LOD. Taking into account concentration factors, it could be said that the LOD for
this set of results was 25 and 27 jig/i. Nothing was detected above this concentration
and so these results could still be reported as <LOD. This means that results for the
determination of NPEOX from these aqueous samples were reported as below the
limit of detection. Individual batch recovery correction factors were applied to this
data. The average percentage recovery of NPEO X from this survey was 74.9% (n =
5).
In summary, aqueous effluents entering Livingston WWTW is subjected to primary
sedimentation, passed through a nitrifying filter, settled again in secondary
sedimentation tanks, then directed into a sand filter before discharge of the final
effluent into the receiving body of water. Concentrations of NP observed over the
sampling period remained below 10 jig/I. The concentration range of NP in the
influent, primary settlement tank effluent and final effluent were 3.2-8.5 jig/I, 3.1-6.4
jig/i and 1.8-3.5 jig/I respectively. NPEO X concentrations were not reported for this
WWTW.
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3.5 Fauldhouse WWTW survey

This WWTW receives domestic sewage and surface water run off from the village of
Fauldhouse and the area surrounding it. It was chosen as a site to survey because of
the lack of major industrial inputs. The WWTW has a design DWF of 1173 m 3/day
and a design population equivalent of 5,100. Sewage entering the works is screened
and the grit removed before primary treatment. Two primary settlement tanks are
used to form raw sludge that is discharged to the primary sludge digestion tank. The
settled sewage from this process flows into the next stage, biological filtration, which
uses two circular biological percolating filters. Effluent from these filters is then
discharged into two final (humus) seulement tanks. Humus sludge formed here is
returned to the secondary sludge digestion tank. As the final effluent is now ready
for discharge, it is allowed to flow into the receiving body of water (Breich Water).
Sludge produced at Fauldhouse WWTW is thickened by a picket fence mixer in the
digestion tanks and then permitted to settle. It is then dried on specially designed
drying beds into a sludge cake. This cake can be removed and taken off site for
disposal. Any liquid left over is decanted off and put back into the main sewerage
system upstream of the inlet channel (ESW operating manual for Fauldhouse
WWTW, 1999).

3.5.1

Sampling points

Figure 3.4 illustrates the points at which samples were taken in Fauldhouse WWTW.
A is the influent sample point, B is the post primary settlement tank effluent and C is
the final effluent sampling point.
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Figure 3. 4 Illustration of Fauldhouse WWTW showing sampling points A, B
and C.

3.5.2 Results of the survey
Wastewaters from Fauldhouse WWTW over a period of six days, from Sunday 1st to
Saturday 7th April 2001, were investigated for the presence of NP. Results revealed
that all sample determinations, except the primary settlement tank effluent sample
collected on 2-3/4/01 (1.9±0.3 ig/l), were below the limit of detection (<1.0 jtgfl).
This means that the behaviour of NP (with respect to percentage reduction/increase)
within this treatment works could not be observed. Recovery correction factors had
been applied to this data. The average percentage recovery of NP was 81.4 ± 12.2 %

(n = 5).
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Table 3.3 Concentrations of NPEO in Fauldhouse WWTW
Sample type
Sampled

Influent /ig/l

Primary settlement tank

Final effluent

effluent Ij.tg/I

/j.tg/l

date
1-2/4/01

12.0± 3.5

11.3 ±3.3

20.1 ±5.9

2-3/4/01

24.8±7.2

20.5±6.0

17.8±5.2

3-4/4/01

17.4±5.2

18.4±5.5

19.2±5.8

4-5/4/01

21.2±6.4

27.6±8.3

31.0±9.4

5-6/4/01

65.5 ± 41.3

48.0 ± 30.2

59.2 ± 37.3

37.9 ± 22.3

40.9 ± 24.0

* <5.8

L

6-71410'

* sample concentration<LOD of 5.8 J.g/

Results generated from the study of the same wastewater from Fauldhouse WWTW
for the presence of NPEO X are displayed in Table 3.3 and shown graphically in
Figure 3.5.
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Figure 3. 5 Graph shows concentration of NPEO in Fauldhouse WWTW
effluents over a period of six days.

P.A. Smith

-90-

Chapter Three
Average recovery of NPEO X in this study was 30.7 ± 12.2 % (n = 4). The results
shown in Figure 3.5 and Table 3.3 have been recovery corrected. Variable and low
recovery values were observed in this investigation, which led to a greater amount of
uncertainty in the reported concentrations. Nevertheless, the results show that much
larger amounts of NPEO X in comparison to corresponding concentrations of NP, are
,

observed in this treatment works. On three of the six sampling dates, the amount of
NPEOX observed in the final effluent was slightly in excess of that found in the
wastewater as it enters the works, suggesting that the effluent may in fact have
gained a small amount of this compound during its passage through the treatment
system. There was only one sample that was below the LOD for its batch (<5.8
jig/`i), the last final effluent sample taken on the last day or- the sampling period.

Table 3. 4 Percentage reduction/increase of NPEO X from the influent to the final
effluent

Sampled date

Percentage reduction/increase of NPEO X
from the influent to the final effluent

1-2/4/01

+68

2-3/4/01

-28

3-4/4/01

+10

4-5/4/0 1

+47

5-6/4/01

-10

6-7/4/01

-85

+ denotes percentage increase
- denotes percentage reduction

From Table 3.4, there was no strong evidence to support efficient removal of NPEO X
from aqueous samples in this WWTW. The percentage reduction in NPEO X is
variable in three of the samples and, in the other three, an increase in NPEO X
concentrations was observed. NPEOX molecules with three or more ethoxylate
groups are more water soluble than those with one or two ethoxylate groups and NP
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itself. The degree of water solubility dictates the likelihood of the compound having
a strong affinity for sorbing onto particles and settling out with the sludge, one of the
removal processes of chemicals from the wastewater. Thus a small reduction, but
not an increase in the concentration of NPEOX (e.g. sample collected 1-2/4/01),
would have been expected.

In summary, wastewater entering Fauldhouse undergoes primary settlement, passes
through biological percolating filters and is subjected to secondary settlement before
the final effluent is discharged from this works. -Only one NP determination was
observed above the limit of detection (1 tg/1) in this investigation, namely the
primary settlement tank effluent (1.9 j.g1l) collected on 2-314/01 - Tne concentration
range of NPEOX in the influent, primary settlement tank effluent and final effluent
were 12.0-65.5 ig/l, 11.348.0 .tg/l and 17.8-59.2 tg/l respectively.

3.6 Survey of Dalderse WWTW

Dalderse was built to serve the needs of Falkirk and Larbert, two towns in central
Scotland. It receives a mixture of domestic and industrial sewage. The DWF is
28,400 m3/day and the design population equivalent is 126,222 persons. If there has
been a large volume of storm-water, it must be directed so that it enters the WWTW
in a controllable manner. Depending on the velocity of the storm-water, it can be
screened, degritted and undergo primary settlement before discharge into the River
Carron or, if too fast a flow, it is not treated and flows directly into the river.

Effluent entering the works is screened, degritted and subjected to primary
settlement. Sludge produced in the primary settlement process is pumped to two
digestion tanks. The settled sewage is pumped into activated sludge aeration tanks,
which form part of secondary treatment of effluent. Settled sewage and active sludge
are mixed together and oxygenated by a rotating paddle. This allows microorganisms living on an active floc to feed on the biomass. After the organic material
in the settled sewage has been depleted, the sewage mixture is directed into the
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activated sludge separating tanks. The final effluent is separated and returned to the
watercourse at the inlet to the system and the activated sludge is recovered so that it
can be recycled back into the start of the process. Dalderse WWTW treats the sludge
produced in situ and other sludge imported onto the site by digestion and dewatering.
Digestion of the sludge is a heated process which decreases the organic content and
can reduce its resistance to dewatering. The bacteria used to breakdown the organic
matter must be kept within 28-42 °C as it is derived from the human digestive system.
A period of 25 to 30 days is the normal retention time of sludge in the digestion
tanks. Once digested, the sludge is moved onto five drying beds or onto two belt
presses. A compound called Zetag polymer is added to the sludge on the belt presses
to destroy the structure of the cells. Use of the belt presses allows any left over water
to be removed by drainage and compression. The sludge is finally stored in a
holding area pending removal for other uses outside of the works (ESW operating
manual for Dalderse WWTW, 1999).

3.6.1

Location of sampling points

The points from which the three kinds of wastewater samples were taken are marked
on Figure 3.6. Influent samples were collected at point A, the primary settlement
tank effluent from point B and the final effluent from point C.

P.A. Smith

-93-

Chapter Three
.1

z

I

'
---

-

Figure 3. 6 Site plan of Dalderse WWTW illustrating the places from which
samples A, B and C were collected.

P.A. Smith

- 94 -

Chapter Three

3.6.2 Results of survey
Results generated from the study of wastewater from Dalderse WWTW over a period
of six days from Wednesday 25th of April to Thursday 3 d May 2001 are shown in
Figures 3.7 and 3.8, and also in Tables 3.5, 3.6 and 3.7.

Table 3. 5 Results of NP determinations in aqueous samples from Dalderse
WWTW
Sample type
Sampled

Influent /tg/1

date

Primary settlement tank

Final effluent

effluent /p.g/1

/i.g/l

25-26/4/01

2.1±0.1

10.8±0.5

3.2±0.1

26-27/4/01

2.1±0.1

10.0±0.4

5.1±0.2

28-29/4/01

2.0±0.1

16.0±0.6

4.7±0.2

30/4-1/5/01

1.7±0.1

15.3±0.6

5.2±0.2

1-2/5/01

5.4±0.2

15.4±0.6

5.9±0.2

2-3/5/01

2.6 ± 0.1

19.3 ± 0.9

6.1 ± 0.3

Examination of the results shown in Figure 3.7 and Table 3.5 reveals an unusual data
pattern. On all days of sampling the concentration of NP in the sample collected
from the primary settlement tank effluent (pte) was greater than both the influent and
final effluent (final) sample concentrations. There appeared to be an increase in the
concentration of the pte samples over the sampling period. This could be due to the
breakdown of NPEOX to NP within the works leading to an increase in NP
concentrations at this stage. Alternatively, agitation of the sludge could be
remobilising the chemical back into the water column. Concentrations of NP in the
influent samples were very similar in five out of the six days of sampling. The
exception was the influent sample collected on 1-2/5/01 (5.4 p.g/l) which was more
than twice the concentration of the next nearest influent sample concentration (23/5/01, 2.6 jig/1). There also appeared to be a general increase in the concentration of
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NP from the influent to the final effluent. The average percentage recovery of NP
was 76.1 ± 3.1 % (n = 4). Recovery correction factors were applied to this data.
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Figure 3. 7 Graph shows concentrations of NP in Dalderse WWTW over six
days of sampling.

Table 3. 6 Percentage increase of NP from the respective influent to final
effluent sample

Sampled date

Percentage increase of NP from the influent
to the final effluent

25-26/4/01

52

26-27/4/01

143

28-29/4/01

135

30/4-1/5/01

212

1-2/5/01

9

2-3/5/01

135

Table 3.6 shows that there was an increase in concentration of NP in final effluent
compared with influent waters on all of the days in which samples were collected.
This trend was not anticipated on the basis of the previously discussed results from
the Livingston survey (Section 3.4.2). NP is able to sorb to sludges and so a
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reduction in the aqueous phase concentrations should be observed. Moreover, the
results were also unusual in that concentrations of NP in both the influent and final
effluent samples are much lower than their respective primary settlement tank
effluent samples. The greater concentrations in the primary settlement tank effluent
could be caused by the breakdown of NPEO X introducing more NP into this system
and hence the increase in the final effluent samples. It is also possible that the
primary sedimentation clarifying process was not operating correctly when these
samples were collected.

Table 3. 7 Results of NPEO X determinations in aqueous samples from Dalderse
WWTW
Sample type
Sampled

Influent /tg/l

date

Primary settlement tank

Final effluent

effluent /pg/l

/j.tg/l
* <9.3

* <9.3

25-26/4/01

153.3 ± 75.2

26-27/4/01

165.3 ±81.1

80.8 ± 39.6
* <93

28-29/4/01

* <93

* <93

30/4-115/01

21.6±5.3
s<5.2

24.7±6.1

1-2/5/01

* <93

28.7 ±7.1

$ <5.2
36.5 ± 13.1
* sample concentration <LOD of 9.3 j.tg/; r sample concentration <LOD of 5.2p.gI
2-3/5/01

34.3 ± 12.3

The results presented in Table 3.7 have been recovery corrected. Average
percentage recovery of NPEO X was 24.8 ± 8.4 % (n = 3). The low and variable
extraction recoveries has lead to a greater amount of uncertainty in the reported
results (Table 3.7). Examination of Table 3.7 and its graphical representation in
Figure 3.8, did show however, that concentrations of NPEO X found in the influent
samples taken from Dalderse WWTW on the first two days of the survey were much
greater than those found during the rest of the sampling period. This could be due to
a sporadic input of industrial effluent that contained this compound not encountered
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again during this survey. Concentrations of NPEO X in the primary settlement tank
effluent were also greatest on the first sampling date. The concentration of NPEOX in
the final effluent samples remained below the limit of detection throughout the
sampling period. It is possible that degradation of NPEO X as it passes through the
treatment works could lead to an increase in NP, this may be the reason for the
observed increase in NP concentrations from the influent to primary settlement tank
effluent.
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28-29/4/01 30/4-1/5/01 1-2/5/01
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Days on which samples were collected
•inftuent Opte M final

* sample concentration <LOD
Figure 3. 8 Concentrations of NPEO found in Dalderse WWTW during the
survey.

In summary. the principal methods of water treatment employed in this works were
primary settlement and activated sludge. Determination of NP concentrations for
this WWTW revealed an unusual pattern. On all days of sampling the concentration
of NP in the sample collected from the primary settlement tank effluent is greater
than both the influent and final effluent sample concentrations from samples
collected on the same day. The concentration ranges of NP in the influent, primary
settlement tank effluent and final effluent were 1.7-5.4 ig!I, 10.0-19.3 tg!1 and 3.26.1 ig!l respectively. Dalderse is the largest WWTW (p.e. of 126,222) investigated
in this study and the greatest observed NPEO X concentrations were also found here.
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The concentration ranges of NPEO X in the influent and primary settlement tank
effluent were 21.6-165.3 j.tg/l and 24.7-80.8 g/l respectively. Final effluent
concentrations of NPEO X were all below the limit of detection

3.7 Pencaitland WWTW survey

Pencaitland WWTW treats mainly domestic sewage from the village of Pencaitland,
East Lothian. The design DWF is 543 m3/day and the design population equivalent
is 2,600. Storm water and wastewater entering the works is screened and degritted.
If the amount of storm water is greater than 3xDWF, then the water is collected in
storm tanks before re-introduction at an appropriate time. Primary settlement of the
sewage is carried out in two tanks, and the sludge formed by this process is pumped
to the sludge holding tank. Settled sewage is filtered using four circular biological
percolating filters. Filtered effluent is directed into two final settlement tanks to
remove any suspended solids produced in the previous stage. Any sludge formed is
pumped back to the inlet works. Discharge of the clarified effluent is by outfall to
the River Tyne. Sludge produced by this system is pumped to a holding tank. The
supernatant is separated so that it can be treated. Air is blown through the
supernatant for several days, which decreases BOD and improves the quality of the
water. It is then returned to the start of the treatment works so that it can be reprocessed. The sludge is removed to another works for further processing (ESW
operating manual for Pencaitland, 1999).

3.7.1

Sampling points

Figure 3.9 illustrates the points at which samples were taken in Pencaitland WWTW.
A is the influent sample point, B is the post primary settlement tank effluent and C is
the final effluent sampling point.
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Figure 3. 9 Site plan of Pencaitland WWTW showing sampling points A, B and
C.

3.7.2 Results from survey
Results generated from the study of wastewater from Pencaitland WWTW over a
period of six days from Sunday 5 0' to Thursday 9th August 2001 are shown in Figure
3.10 and Table 3.8.

NP was not detected (<1.0 [tg/1) in any of the samples collected from Pencaitland
WWTW during this survey. Thus it was not possible to study the behaviour of NP in
this particular WWTW. Recovery correction factors were not applied to this data as
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all values were below the limit of detection. The average percentage recovery of NP
was 108.0±5.3%(n=2).
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Figure 3. 10 Graph shows concentrations of NPEO in Pencaitland WWTW
during the survey.

Figure 3.10 and Table 3.8 show the recovery corrected concentrations of NPEO X
found in samples from the Pencaitland WWTW. The average percentage recovery
was 18.7 ± 11.5 % (n=2). The size of the error bars on all the days of sampling
highlight the effect of low recoveries and variability in these recoveries, upon the
uncertainty. This means that this set of data should be treated with caution, as this is
a large inaccuracy associated with this data. Ideally the study would benefit from an
amendment to the extraction procedures and more samples taken at this site to gain a
clearer understanding of the concentrations observed in this WWTW. On the basis
of the obtained results, however, concentrations ranged from 25.6-101.7 tg/l and the
greatest concentration of NPEO X was found in the final effluent collected on 67/8/01. The data obtained for the concentrations of NPEO X in Pencaitland WWTW
can be compared to those found in Fauldhouse WWTW. These two WWTW share
the same principal treatment processes although Fauldhouse has a slightly larger
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capacity (p.e. of 5,100 versus Pencaitland p.e. of 2,600). The concentration values
are somewhat similar although the ranges of concentrations observed in Pencaitland
are broader than in Fauldhouse e.g. Pencaitland NPEO X influent concentrations range
from 25.6-77.7 .tg/l, whereas Fauldhouse NPEOX influent concentrations range from
12.0-65.5 jtgfl.

Table 3. 8 Concentrations of NPEOX in Pencaitland WWTW

Sample type

F

Sampled

Influent /tg/1

date

Primary settlement tank

Final effluent

effluent /p.g/l

/j.tg/l

5-6/8/0 1

65.0±39.5

44.6±27.1

52.6±31.9

6-7/8/01

77.7±47.2

85.5±52.0

101.7±61.8

7-8/8/01

45.8±27.9

45.3±27.5

50.8±30.9

8-9/8/01

25.6±15.5

*<06

27.5±16.7

* sample concentration <LOD of 0.6 jig/i

Table 3. 9 Percentage reduction/increase of NPEO X in Pencaitland WWTW
Sampled date

Percentage reduction/increase of NPEO X
from the influent to the final effluent

5-6/8/01

-19

6-7/8/01

+31

7-8/8/01

+11

8-9/8/01

+8

+ denotes percentage increase
- denotes percentage reduction

Table 3.9 shows the percentage reduction/increase of NPEO X concentrations from the
influent to the final effluent. On three of the four days of sampling there was a small
increase in concentration from the influent to the effluent waters. This was similar to
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the trend found for some of the samples found from Bathgate WWTW. The large
errors, however, mean that this trend could not be shown to be statistically
significant.

In summary, wastewater flowing through Pencaitland WWTW is subjected to
primary settlement and secondary treatment in the form of biological percolating
filters before discharge from the site. Pencaitland is the smallest (p.e. of 2,600) of
the treatment works investigated that receive a mainly domestic input. NP was not
detectable in any of the samples collected during this survey. The concentration
ranges of NPEOX in the influent, primary settlement tank effluent and final effluent
were 25.6-77.7 jig/i, 44.6-85.5 jig/i and 27.5-101.7 jig/i rcspcctiveiy.

3.8 BathgateWWTW
Bathgate WWTW treats sewage from the town of Bathgate and the surrounding area.
The actual DWF is 3888 m3/day and the design population equivalent is 20,000.
Storm water flowing into the works is screened and stored in tanks ready for reintroduction into the main treatment processes once conditions return to normal. If
the volume of storm water is too large it is discharged (after screening and degritting)
into Couston Bum. Wastewater entering the works is screened, degritted and
subjected to primary settlement in two circular tanks. Sludge formed at this stage
flows into the inlet well of the raw sludge pumphouse, so that it can be distributed to
the appropriate area for further treatment. The settled sewage is directed into six
biological filters that provide secondary treatment for the wastewater. The filtered
effluent is then distributed into the final settlement or humus tanks. Sludge produced
here is pumped back to the inlet distribution chamber of the primary settlement
tanks. The liquid product of the final settlement stage is pumped into a rotary
sprinkling bridge at the top of a de-nitrifying tower. This tower contains a plastic
filter media on which live bacteria capable of breaking down nitrites to nitrates.
Effluent is allowed to filter down the tower and the clarified effluent is collected at
the bottom. Tertiary treatment of the effluent is achieved using a sand bed filter to
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remove the last of the suspended solids. The effluent is dosed with sodium
hypochiorite before discharge to Couston Bum. The solids are returned to the inlet
distribution chamber of the primary settlement tanks. Drawing off the available
liquid in the sludge consolidation chambers dc-waters sludge produced in the
primary settlement tanks and the storm tanks. The liquid is returned to the start of
the works and the sludge is pumped to a holding tank. A road tanker is used to
transport the sludge to Kinniel Kerse (Scotland) for further treatment (ESW
operating manual for Bathgate WWTW, 2001).

3.8.1

Sampling points

Figure 3.11 illustrates the points at which samples were taken in Bathgate WWTW.
A is the influent sample point, B is the post primary settlement tank effluent and C is
the final effluent sampling point.
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Figure 3. 11 Site plan of Bathgate WWTW showing sampling points A, B and C.
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3.8.2 Results of survey
Results generated from the study of wastewater from Bathgate WWTW over a period
of six days from Sunday 19'h to Saturday 25 0' August 2001 are shown in Table 3.10
and graphically in Figure 3.12.

Results showed that concentrations of NP in Bathgate WWTW were below the level
of detection (<1.0 jig/I) over the sampling period. Average percentage recovery of
NP was 9l.4± 14.9%(n=5).

Table 3. 10 Concentrations of NPEO X in Bath gate WWTW

Sample type
Sampled

Influent /jig/l

date

Primary settlement tank

Final effluent

effluent /p.g/l

/p.g/l

19-20/8/01

*<2.9

*<29

*<2.9

20-21/8/01

*<29

*<29

*<29

21-22/8/01

*<2.9

20.7±4.7

25.7±5.8

22-23/8/01

56.6±23.1

59.0±24.1

58.8±24.1

23-24/8/01

*<2.9

36.1±14.8

57.4±23.5

24-25/8/01

*<2.9

*<29

* sample concentration <LOD of 2.9 tg/1

Table 3.10 contains the recovery corrected concentrations of NPEO X in Bathgate
WWTW samples. The results showed that on certain days (21-22/8/01, 22-23/8/01
and 23-24/8/01), the aqueous phase concentration of NPEO X increased after entering
the WWTW. The concentrations found for the final effluents on these days were
also greater than those in the influent samples. Bathgate WWTW is the largest of the
works investigated that utilises biological filters as a secondary treatment process.
There is a similarity in Bathgate NPEOX concentrations when compared to two other
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WWTW with this type of secondary treatment (cf. Pencaitland and Fauldhouse
results).
90
80
70
60
50
CD
40
30
20
10
0
-L

1920/8/0 1

2021/8/01

212218/01

2223/8/01

2324/8/01

2425/8/01

Days on which samples were collected
•infopte •liriaI

* sample concentration <LOD
Figure 3.12 Graph shows concentrations of NPEO found in Bathgate WWTW.

The data displayed in Figure 3.12 and Table 3.10 are recovery corrected. The
average percentage recovery of NPEO X was 14.3 ±4.3% (n = 3).

Table 3. 11 Percentage increase of NPEO during wastewater treatment in
Bathgate WWTW

Sampled date

Percentage increase of NPEO X from the
influent to the final effluent

19-20/8/01

n.d.

20-21/8/01

n.d.

21-22/8/01

24*

22-23/8/01
23-24/8/01

4
59*

24-25/8/01

n.d.

n.d. - not determined
* - calculated from primary settlement tank and final effluent samples
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It was not possible to determine the reduction/increase of NPEO X in the wastewater
samples for three of the collection dates (see Table 3.11), as all concentrations were
less than the limit of detection. The other three days of sampling showed an increase
in the concentration of NPEO X in the final effluent relative to the respective influent
sample. This increase was significant for samples collected on2l-22/8/01 and 23-

24/8/01.
In summary, wastewater flowing through Bathgate WWTW is subjected to primary
settlement, biological filtering, secondary settlement, passed through a de-nitrifying
tower into a sand bed filter and dosed with sodium hypochlorite before discharge.
Results showed that concentrations of NP were below the level of detection over the
sampling period. The concentration ranges of NPEOX in the primary settlement tank
effluent and final effluent were 20.7-59.0 2g/l and 25.7-58.8 pg/i respectively. Only
one influent sample was above the limit of detection (56.6 pg/l, 22-23/8/01).

3.9 Hawick WWTW survey
The WWTW that serves the town of Hawick and the surrounding area receives a
mixture of domestic and industrial inputs. Final effluent from Hawick WWTW is
discharged into Teviot water after secondary treatment. Sludge generated is removed
by tanker and, after treatment, disposed of to agricultural land. The WWTW has a
dry weather flow (DWF) of 4500 m 3/day and a design population equivalent of

25,000.

As the wastewater enters Hawick WWTW, it passes through an inlet

chamber, which includes a storm overflow weir and screen for the processing of
storm water. Water flows next into the screening channel where a fine screen is used
to catch small debris, which is collected for disposal. The effluent then passes
through a circular grit trap. Trapped grit is removed and placed into a skip. Sewage
then passes into two primary sedimentation tanks connected in parallel, where solids
settle out to form raw sludge. Sludge is removed from the sedimentation tanks into a
raw sludge holding tank. The clarified sewage (settled sewage) is allowed to flow
into the anoxic zone before the aeration tanks. Aeration tanks form part of secondary

P.A. Smith

-108-

Chapter Three
treatment by oxidation of organic material in sewage. Hawick WWTW has three
aeration tanks connected in parallel, which are preceded by a tank that contains the
anoxic zone and returned activated sludge (RAS) from the RAS pumping station. In
the aeration tanks, air is blown into the sewage to help the oxidation of organic
material by bacteria and micro-organisms living in the activated sludge. After the
organic material in the settled sewage has been depleted, the sewage mixture is
directed into the final settlement tanks distribution chamber which is connected to
the four final settlement tanks. At this stage, the leftover suspended solid settle out
and the liquid is discharged into Teviot Water. The sludge produced in the primary
stage of the treatment process is pumped into another tank containing a picket fence
thickener and then onto a sludge digester once thickened. Some activated sludge is
sent back to the anoxic zone to re-seed the tank Surplus sludge produced by final
settlement tanks is returned to the primary settlement tanks. After digestion the
sludge is removed and disposed of to agricultural land (ESW operating manual for
Hawick, 1999).

3.9.1

Location of sampling points

The locations of sampling points in Hawick WWTW are displayed in Figure 3.13.
Position "A" is the influent sampling site. Sampling point "B" is the primary
settlement tank effluent and point "C" is the place where the final effluent was
sampled.
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3.9.2 Results of survey
Table 3. 12 Results of NP determinations in aqueous samples from Hawick
IA
Sample type
Sampled

Influent /p.g/l

date

Primary settlement tank

Final effluent

effluent /p.g/l

/p.g/l

23-24/1/01

4.1±1.1

5.0±1.3

1.8±0.5

24-25/1/01

*<10

1.8±0.3

1.8±0.3

25-26/1/01

1.6±0.3

1.7±0.3

26-27/1/01

4.2±0.8

2.4±0.4

27-28/l/01

2.5±0.4

2.9±0.5

2.1±0.4

28-29/1/01

2.8±0.5

3.8±0.7

1.9±0.3

29-30/1/01

5.8±1.0

8.5±1.5

2.8±0.5

30-31/1/01

13.6±2.4

7.1±1.3

3.5±0.6

* sample concentrations<LOD of 1.0 p.g/l; ns - no influent sample received
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Location of
sludge
sampling

Figure 3. 13 Site plan of Hawick WWTW showing location of sampling points
A, B and C.
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Results generated from the study of wastewater from Hawick WWTW over a period
of eight days from Tuesday 23 - Wednesday 31St January 2001 are shown in Figure
3.14 and Tables 3.12 and 3.13.
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Figure 3. 14 Graph showing results of NP determinations in aqueous samples
from Hawick WWTW

Figure 3.14 and Table 3.12 show the recovery corrected NP concentration results
obtained for the Hawick WWTW. The primary effluent NP concentrations were
often higher than those in the influent waters which could potentially be due to the
biodegradation of NPEO X forming extra NP. It can be seen that the trend of values
for the 'pte" samples is varied. Concentrations of NP found in the final effluent
samples were, however, frequently lower than the corresponding influent and
primary treatment effluent values and consistently remained below 4 jig/l throughout
the sampling period. The greatest concentrations of NP in samples appeared to occur
towards the end of the sampling period in both pte' and influent samples. This
could be due to an increase in industrial inputs to this WWTW.
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Table 3. 13 Percentage reduction/increase in NP concentrations from the
influent to the final effluent

Sampled date

Percentage reduction/increase of NP from
the influent to the final effluent

23-24/1/01

-56

24-25/1/01

+80

25-26/1/01

+70

26-27/1/01

-43

27-28/1/01

-16

28-29/1/01

-32

29-30/1/01

-52

30-31/1/01

-74

+ denotes percentage increase
- denotes percentage reduction

From the percentage increase/decrease in NP concentrations shown in Table 3.13 a
reduction in NP concentrations in the final effluent compared with the influent
waters was observed for six of the eight days of sampling. The variability in
percentage reduction of NP could be attributable to the changes in the relative
efficiency of the competing processes, namely production of NP, from the
breakdown of NPEO X, versus the removal of NP by sorption to particulate matter in
the sludge. On the two days where an increase in NP concentration was observed, it
is important to note that both the influent and final effluent concentration remained
low.

The investigation of aqueous samples from Hawick WWTW for the presence of
NPEOX revealed that no samples contained concentrations of NPEOX above the limit
of detection (<10.0-<21.8 g/1). If a lower LOD could have been obtained, it would
be possible to ascertain if NPEO X was present in aqueous samples from this WWTW.
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In summary, wastewater flowing through Hawick WWTW is subjected to primary
settlement, secondary treatment in the form of aeration tanks, then settled again
before discharge. The concentration ranges of NP in the influent, primary settlement
tank effluent and final effluent were 2.5-13.6 tg/l, 1.8-8.5 jig/i and 1.7-3.5 j.tg/l
respectively. NPEO X was not determinable above the limit of detection (<10.0-<21.8
jig/l) in samples from this site

3.10 Further investigation of Hawick WWTW
Several textile/wool-processing industries were situated around the town of Hawick,
which could have provided possible sources of NPEO X and hence NP. These
industries, however, have been in decline for approximately the last three years and
as such there is less of this type of industrial effluent entering the wastewater
treatment works. A second survey of Hawick WWTW was carried out to investigate
the effect of time and closure of some of the textile industries, upon the
concentrations of the selected EDCs in the WWTW. The scope of the initial survey
was extended to include sludge from the WWTW, samples of industrial effluents and
river water samples from the river Teviot (into which the WWTW discharges).
The second set of wastewater samples were taken from Sunday 28th October through
to Friday 2nd November 2001. Sludge, river water and industrial effluent samples
were collected from Monday 29th October - Friday 2' November 2001.

3.10.1 Location of sampling points
Wastewater samples were taken from the same positions and under the same
conditions as the original survey. Sludge contained in this WWTW was snap
sampled (a one-off grab sample) on five consecutive days from the primary
settlement tanks (the red spot on the site plan - Figure 3.13). River water was snap
sampled from the positions shown in Figure 3.16 on five consecutive days. These
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sites correspond to positions upstream and down stream of the final effluent
discharge point for the WWTW.

3.10.2 Results of extended survey
Figure 3.15 shows the graphical representation of the results displayed in Table 3.14
for the determination of NP in wastewaters during a second, extended survey of
Hawick WWTW. NPEOX was not detectable (LOD <0.8-<7.3 ig/l) in any of the
samples collected from this WWTW.

Table 3. 14 Concentrations of NP found in the second survey of Hawick
WWTW
Sample type
Sampled date

Influent

Primary settlement tank

Final effluent

/p.g/l

effluent /ig/l

/pg/l

28-29/10/01

2.6±0.7

17.7±4.9

*<1.0

29-30/10/01

9.1±2.2

16.5±4.0

*<1.0

30-31/10/01

14.8±3.7

29.3±7.2

1.3±0.3

31/10-1/11/01

*<10

*<Ø

1-2/11/01

23.3±4.4

29.6±5.6

1.1±0.2

* sample concentrations <LOD of 1.0 jig/i

From Table 3.14 and Figure 3.15, it was evident that the greatest concentrations of
NP were generally found in the primary settlement tank effluent samples. The
influent sample collected on 1-2/11/01 was the only one where the concentration of
the influent sample exceeded that of the 'pte' samples. It is probable that
unidentified co-extracted material, not encountered on other sampling days, masked
any signal produced by NP in samples collected on 31/10-1/11/01.

Figures 3.14 and 3.15 showed that, in general, concentrations of NP were greater
during the second survey than in the first study of Hawick wastewaters. NP was,
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however, detected in every final effluent sample collected in the first survey, but only
in two final effluent samples in the second survey.

40
30
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[I]

282931/10- 1-2/11/01
3029/10/01 30/10/01 31/10/01 1/11/01

Days on which samples were collected
•influent Dpte M final

* sample concentration <LOD

Figure 3. 15 Graph shows concentrations of NP in Hawick WWTW during the
second survey.

Table 3. 15 Percentage reduction of NP concentrations from the influent to the
final effluent sample

Sampled date

Percentage reduction of NP from the
influent to the final effluent

28-29/10/01

62

29-30/10/01

89

30-31/10/01

91

31/10-1/11/01

n.d.

1-2/11/01

95

n.d. - not determined
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In contrast with Table 3.13, which showed examples of both a percentage increase
and decrease in NP concentrations during the sampling period. Table 3.15 showed
that a percentage decrease in NP concentrations was always observed during the
second survey of Hawick wastewaters (except for 31/10-1/11 /01 for which no value
was determined).

Sohxtherm extracts from the additional sludge samples from Hawick WWTW were
also analysed for the presence of NP, and the recovery corrected results are displayed
in Table 3.16. The average percentage recovery of NP from this matrix type was
79.5±15.2% (n=2).

Table 3.16 Concentrations of NP in Hawick WWTW sludge

Sample date
29/10/01
30/10/01
31/10/01
1/11/01
2/11/01

NP (mg/kg)
412±91
201±44
119±20
104±18
240±41

An initial assumption was that as these sludge samples correspond to five days of
consecutive snap samples from the same works, NP concentrations would be fairly
similar. Table 3.16 showed that this was not the case as concentrations of NP in this
sludge ranged from 104-412 mg/kg. The range of concentrations could be
attributable to the movement of the sludge from the primary settlement tank to the
picket fence thickener used as part of the sludge treatment procedures. All of these
were higher than the Danish limit of 30 mg/kg and so would not be usable for land
application in that country. The concentration of NPEOX was not determined in these
sludge samples.

In the effluents from the three selected textile companies. Lyle and Scott. Pringles
and Barnes. the presence of NP and NPEO X were not detected (sample
concentrations less than the LOD of 1.0 p.g/l for NP and 0.8-7.3 tg/1 for NPEO X
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with the exception of one particular Pringles sample where a concentration of 3.6
jig/i NP was observed.

Recovery corrected results showed that river water samples (sampling locations
shown in Figure 3.16) contained low but detectable concentrations of NP and NPEO X
(data displayed in Table 3.17). Average recovery for NP was 112.8 ± 24.4 %. The
average percentage recovery of NPEOx used in recovery correction was 57.5 ±
63.5%. Unexpectedly, occasionally greater concentrations of NP in the sample taken
from upstream of the sewage treatment works outfall was seen in comparison to
samples collected downstream of the outfall point. This could be due to an
unanticipated source of N
.P
. entering the river near the upstream sampling point.

Table 3.17 Concentrations of NP and NPEO X in Teviot river water samples

Sampled date
29/10/01
29/10/01
30/10/01
30/10/01
31/10/01
31/10/01
01/11/01
01/11/01
02/11/01
02/11/01

Sample description
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream

NP (jig/i)
5.4±1.5
<1.0
4.2±1.0
<1.0
4.1±1.0
1.1±0.3
1.1±0.2
<1.0
1.6±0.3
1.9±0.4

NPEOx (p.gIl)
12.0±3.1
<0.5
<0.5
<0.5
<3.7
<3.7
<3.7
<3.7
<0.4
<0.4

Concentrations of NP displayed in Table 3.17 are similar to the low end of the
concentration range of NP found by Blackburn and Waldock (1995) in their
unfiltered river samples.

It appears that the closure of some textile based companies did not have the
anticipated result (i.e. reduction in concentrations) upon concentrations of NP
observed in Hawick WWTW. It can be seen that greater concentrations of NP can be
observed in the second survey than in the first survey. It could be suggested that the
first survey occurred in a period of low production rates and as such lower
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concentrations would observed in the WWTW. To clarify this issue more samples
would need to be collected and analysed. It might also be suggested that samples of
the industrial effluents from the remaining textile companies should be investigated,
as those selected in this survey did not contain NP and NPEO X at significant levels.
In summary, the concentration ranges of NP in the influent, primary settlement tank
effluent and final effluent were 2.6-23.3 pg/I, 16.5-29.6 jig!1 and 1.1-1.3 jig/i
respectively. NPEO X was not detectable (<0.8-<7.3 jig/1) in any of the samples
collected from this WWTW. NP was detected in five snap sludge samples from this
treatment works between 104-412 mg/kg. As part of this investigation three
suspected industrial sources of NP and NPEO X were examined and resulis showed
that neither NP (<1.0 jig/I) nor NPEO X (<0.8-<7.3 jig/I) were detectable in these
samples with the exception of one sample from a company called Pringles (3.6 jig/I
NP). Investigation of river water samples collected from locations upstream and
downstream of the WWTW outfall pipe, showed that NPEO X was detected once in an
upstream sample (12.0 jig/I) whereas NP was detected in seven out of ten samples
collected, concentrations of NP ranged from 1.1-5.4 jig/i.
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Figure 3. 16 Diagram showing location of water samples taken from the River
Teviot.
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As part of a sampling trip to Loch Tay (Friday 22nd to Sunday 24th June 2001) two
sediment cores from the bottom of the loch and ten water samples from the loch and
surrounding area were collected. Using a Jenkin surface mud sampler (Ohnstad and
Jones, 1982), two sediment cores were taken from the same area near the 50 m
contour line on the north side of the loch (Figure 4.2). The coring tube was 50 cm in
length and 7 cm in diameter. Each sediment core was approximately 25 cm in length
overlain by bottom water. Cores were sliced into separate sections of 2 cm depth,
placed into pre-labelled individual plastic bags and stored in cool boxes. Each
sediment sample was freeze-dried, and the total section dry weight along with the dry
weights of the sub-samples used for subsequent extractions were recorded. Total
sediment sections weights are displayed in the appendix (Section A.4). Typically,
2.00-4.06 g and 2.20-5.57 g of freeze-dried sediment was used for NP and NPEO X
extractions, respectively. The methods used to extract NP and NPEOX from the
sediment samples were similar to those described in Section 2.5.2 (Soxtherm
extraction of sediments) except that the sediment samples were only boiled for 30
minutes and the extraction time was 90 minutes. These sediment extracts were not
cleaned up using column chromatography because a method had not been developed
at that stage of the project. All NPEO X sediment extracts were, however, filtered
using 0.45 J.tm Whatman filters to remove large particles that could interfere with the
analysis procedures.

Water samples were collected from selected streams and rivers in the area
surrounding Loch Tay (Figure 4.2). In addition to these water samples, the water
immediately overlying each core was siphoned off. This was done prior to sectioning
the core into the depth sections. A sample of the loch surface water and a mid-depth
(-P25 m) water sample were also collected. Each aqueous sample was placed in a
separate bottle and, on return to the laboratory, was handled in accordance with the
methods specified in Section 2.5.1.

Due to lack of availability of the LC-MS instrument generally used in this study,
sediment samples for NPEO X analysis were analysed by LC - fluorescence. Devices
used were a Perkin Elmer binary LC pump 250 connected to a Spark Holland Midas
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autosampler and a Perkin Elmer LC240 fluorescence detector. The data
manipulation package was PC controlled using Xchrom software. The HPLC system
employed the same pump program parameters as the LC-MS whilst the fluorescence
detector was set to an excitation wavelength of 230 nm (slit width lOnm) and an
emission wavelength of 302 nm (slit width 5nm) (I-IMSO, 1997). Fluorescence
detection of NPEO X has been used previously in published studies (Marcomini and
Giger, 1987; Synder etal., 1999) and was seen as a viable alternative in this instance.

4.1.1

Consideration of factors affecting analysis

As part of the investigation, the materials used to store the cores were investigated
for the presence of NP and NPEOX. Deionised water was added to a polythene bag
of the type used to store the cores whilst in transit and before freeze-drying, and also
to two plastic jars (referred to as jar (a) or jar (b)) of the types used to store the
freeze-dried sediment. These were stored in a refrigerator until analysis. The
deionised water was then analysed using the methods outlined in Section 2 .5.
Results showed that the polythene bag did not contain any detectable NP. Water
from plastic jar (a) did, however, contain a trace amount of NP. Examination of the
experimental data showed that the LOD for the sediment determinations was too
high for this small trace amount to make a difference to the amount reported for the
samples. Deiomsed water from the other type of plastic storage jar (b) did not show
any trace of NP. Analysis of the deionised water from the polythene bag and plastic
jar (a) revealed no traces of NPEO X

.

When freeze-dried, the percentage amount of water removed from each of the bottom
sediment core slices was slightly different in each section. Sediment sections nearer
the sediment-water interface contained a higher percentage amount of water than
those further away from the interface. This resulted in dried sediment sections of
differing weights and so the same weight of sediment could not be used in all of the
extractions. Each sample extract is a concentrated form of the original sample; this
concentration step must be taken into account when calculating the LOD for each
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extraction. Therefore a range of concentration factors was applied to the data to
generate LODs, resulting in a range of LODs within a core.

The calculation of the limit of detection (LOD) for the determination of the selected
chemicals from Loch Tay bottom sediments and associated water samples, is based
upon the knowledge that at the 95% confidence level, LOD can be defined as: LOD
= 4.65 x c r, (where cy equals the within batch standard deviation of non-blank
corrected results) (Cheeseman et al., 1989). To calculate o, the standard deviation
of a standard solution at known concentration, analysed with the sample extracts, is
used. Ideally the concentration of the standard solution used to calculate

CYr

should

be close to the anticipated LOD. in the case of the bottom sediment NPEO X
determinations however, the concentration of the standard solution used to calculate
LOD was greater than the expected LOD and this is reflected in the high LOD for
this set of results. As the standard deviation of a greatly concentrated standard
solution does not truly reflect the standard deviation of solutions near the anticipated
limit of detection, it might have been more pertinent to utilise the lowest standard
solution (1 mg/I NPEO X) run with the analysis to produce an appropriate limit.
Although the 1 mg/i standard solution was not run twice (i.e. not able to calculate
standard deviation) in each instrumental analysis of the bottom sediments, a strong
chromatographic signal was produced in each case. Therefore it could be said that
this could be taken as the concentration to base the limit of detection on. Taking into
account concentration factors, the limit of detection for core one and two would be
considerably less than quoted in the results section (4.1.3). LODs for core one and
two would be in the range from 0.50-0.91 mg/kg and 0.40-0.68 mg/kg respectively.
Using a different calculation to determine the LOD could change the detection limits
quoted in this study. Other methods include that used by Shang et al. (1999) who
uses "the minimum amount of a compound present in a sample that produces a
signal-to-noise ratio of 3 upon final analysis". Whereas Bester et al. (2001) used the
signal-to-noise ratio (s/n) of a standard solution that delivers a s/n <10 and defined
that as below the limit of determination.
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Preliminary method development indicated that acceptable recoveries could be
achieved in the analysis of NPEO X from solid matrices. However, this preliminary
work did not highlight the effects of filtering upon samples as it was carried out on
material that did not form particles in the final extract. It was felt that the large
particles seen in the final extracts of the sediment could possibly interfere with
instrumental analysis and so they were removed. It is thought that the filtering of
extracts could have greatly affected the results as some of the NPEO X could have
been attached to the particles and as it was removed upon filtering, so lower/variable
extraction efficiencies were observed.

4.1.2 Location of bottom sediment and water sample
collection sites
Sites from which water samples were collected are marked on Figure 4.2 by red
circles. These streams and rivers were chosen as they flow into Loch Tay. The
River Cononish (Figure 4.2 (1)) flows into Loch Iubhair (Figure 4.2 (2)) then the
flow of water continues eastwards into the River Dochart (Figure 4.2 (3)) and
eventually the flow enters Loch Tay. Positions 4, 5 and 6 on Figure 4.2 show the
locations of water samples collected from streams that flow into Loch Tay. The
River Tay is the main exit for water leaving Loch lay
(www.geo.ed.ac.uk/scotgaz/features/featuresfirst33 50.html) .

The yellow circle on

Figure 4.2 marks the approximate location of both bottom sediment collection and
loch water sample collection.

In this largely rural area it was anticipated that no traces of the investigated
chemicals would be found, as there should not be any large sources of these
chemicals entering the local aquatic environment. Domestic household use of
NPEOX in cleaning products has been phased out and so domestic effluent should not
be a source of this chemical. Typical industrial uses of NPEO X include pesticide
manufacture, industrial detergents and the production of paper. Effluents from these
processes would not be directly discharged to watercourses such as these under
present legislation. Industrial effluents have to be treated before being discharged

P.A.Smith

-130-

Chapter Four
into the environment. During wastewater purification, NP can be produced from the
breakdown of NPEO X (e.g. Giger etal., 1984). This process would be a source of NP
entering the local aquatic environment. However, large industrial complexes of the
requisite type are absent from the area in which water samples were collected.
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Figure 4.2 Map showing approximate area (yellow circle) from which sediment samples and locli water were collected. Red circles indicate
approximate location of water sample collection sites.
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4.1.3 Loch Tay results and discussion
All analytical results for sediments are quoted relative to the dry weight of sediment.
Examination of the data generated from the analysis of the two bottom sediment
cores from Loch Tay for the presence of NP revealed that it was not detected in
either of the cores. In core one, the limits of detection for NP ranged from 0.07- 0.47
mg/kg and in core two, from 0.13-0.52 mg/kg. Average percentage recovery of NP
from these sediments was 86.3 ± 21.1% (n = 5) using selected ion monitoring (SIM)
—GCMS.

Although there is room for improvement in the quoted limits of detection determined
in this examination of Loch Tay bottom sediments, it was felt that if these sediments
were contaminated with NP in line with some published results in the literature, then
these concentrations would be observable above some of the limits of detection in
this study. For example, in a study by Khim et al. (1999) 6 out of the 28 samples
collected contained NP above the highest LOD for core one and the same 6 out of the
28 samples collected contained NP above the highest LOD for core two.
Concentrations of NP in this study ranged from 0.1 to 3.9 mg/kg.

The presence of NPEOX was not detected in either of the two cores. NPEO X LODs in
core one ranged from 2.1 - 3.9 mg/kg and in core two from 2.0-3.5 mg/kg. The
limits of detection quoted here are based upon the standard deviation of a 20 mg/i
standard solution. As discussed in section 4.1.1, the limit of detection based upon a 1
mg/I standard solution would be 0.5-0.9 mg/kg and 0.4-0.7 mg/kg for cores one and
two respectively. These values are still greater than others quoted in literature. For
example, Jonkers et al., (2003) (<0.6 .tg/kg NPE03..15) and Shang et al., (1999) (low
jig/kg range- values not specified) where a greater amount of sediment per sample
was used in their extractions (i.e. 9-25 g of wet sediment and 15-25 g of freeze-dried
sediment respectively) than was used in this study.

P.A.Smith

- 133 -

Chapter Four
Average percentage recovery of NPEO X from these sediments was 59.4 ± 16.9% (n =

5). At the time these sediments were analysed a suitable blank material had not been
discovered and so a blank sample was not extracted with each batch. A 'procedural'
blank consisting of solvents used in the extraction procedure would have been an
acceptable alternative, but this was not included at that time.

Analysis of water samples collected for this study showed that the presence of NP
and NPEOX were not detected. All samples tested for the presence of NP were <0.9
tg/1 with the exception of the water overlying the cores which was < 3.5 pg/i. The
presence of NPEO X was not detected (<4.1-<14.4 tg/l). This indicates that the
investigated water entering Loch Tay and the water from the lake did not contain the
selected chemicals at detectable levels when these samples were collected.

In a study of female rainbow trout (Harris et al., 2001) it took a concentration of 8.3
tg/1 NP to generate an oestrogenic effect in these fish over a six, twelve and eighteen
week period. Therefore if NP was present in the tested waters below the detection
limits of NP stated in the last paragraph, it would be highly unlikely for it to have an
oestrogenic effect.

4.1.4

Summary

Neither NP nor NPEO X were detected in either of the two cores collected from Loch
Tay. Water samples from Loch Tay and the surrounding area also did not contain
detectable amounts of NP or NPEOX.

4.2 Loch Leven
Loch Leven is a fresh water loch situated at Kinross, Scotland (see Figure 4.1 for
location of Loch Leven). It is a shallow loch that has approximately two loch
volumes per year average flushing rate (Fanner et al., 1994). A variety of birds use
the loch, e.g. for procreation and as a stopover point or end destination in migration.
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Loch Leven is also used as a brown and rainbow trout fishery. It is the biggest
lowland lake in Scotland
(www.geo.ed.ac.uklscotgaz/features/featuresfirst2529.html).

It was decided to investigate bottom sediment from Loch Leven as in the past, the
loch has received both treated sewage effluent and industrial effluent from a
cashmere woollen mill, which makes it ideal for the purposes of this study. NPEOX
can be used in textile manufacturing to clean the raw wool and is also used in the
production of dyes that could have been applied to the wool.

Release of the woollen mill effluent into the South Queich ceased in October 1989.
This mill had also released dieldrin (a pesticide) into the environment from 1958 to
1964 as it was used as a moth-proofing chemical. Sewage effluents were discharged
directly into the loch with hardly any processing (effluents had solids removed, but
not much more treatment than that) through a pipe near to the entrance of the Queich
into the loch. It was also possible for untreated effluents to enter the loch when the
treatment works was over loaded. The sewage treatment works responsible for these
discharges was closed at some point between 1985 and 1995. Effluents are now
treated at Kinross North which releases treated effluents into the loch close to
Kinross Home Farm. The other source of wastewater effluents to the loch is from a
treatment works at Milnathort which discharges into the North Queich (Kirika,
personal communication).

A sampling exercise at Loch Leven was undertaken to collect sediment cores using a
Jenkin surface mud sampler. Loch Leven is a fairly shallow loch and the water depth
was not more than 6 metres in the area in which cores were taken. The sampling
location was influenced by the knowledge that industrial effluent from the woollen
mill had entered Loch Leven at the point where the South Quiech discharged into the
lake (see Figure 4.3). It was anticipated that this area would be the most likely for
the selected EDCs to be found in the bottom sediments.
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On Thursday 18th October 2001, three sediment cores were collected at positions 1, 2
and 3 indicated on Figure 4.3 (positions marked on Figure 4.3 are approximate).
Each core was sliced into 1-cm thick sections and bagged individually. To aid the
analysis however, sections were later combined to give a sample representative of a
2-cm slice. Each sediment core section was subjected to two extraction techniques,
ASE and Soxtherm, so that a comparison could be made.

4.2.1

Location of sediment samples
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Figure 4. 3 Map showing location of sediment cores extracted from Loch Leven.
Site one was approximately 100 m from the mouth of the South Quiech, site two
150-200 m and site three 200 m.
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Sites one, two and three indicated on Figure 4.3 correspond to cores A, B and C
respectively.

4.2.2 Consideration of factors affecting analysis
During the extraction and analysis of this particular sediment matrix it was found that
lower recoveries of both NP and NPEO X were observed than was expected. It was
anticipated that ASE and Soxtherm extraction methodology was capable of
reproducing the recoveries seen in the examination of Loch Tay bottom sediments,
however, this did not occur. It is possible that a change in the amount of spiking
solution used in this study could have affected results, but it was believed that the
main reason for the unexpected recoveries was the matrix itself. The two different
sediments (Tay and Leven) could be comprised of substantially different components
due to the disparate inputs received in each case. This difference could have a
marked affect on extraction and analysis. The differing composition could affect the
affinity of the sediments for the selected EDCs, making the use of an altered
extraction procedure necessary. For example a change in the p11 of the sediment
sample might be required to effectively extract the compounds. Alternatively,
changes to the extraction parameters of the ASE procedure could have improved
matters. In some Loch Leven sediment sections, during chromatographic analysis
for the determination of NP, it was possible to see a high background signal that was
probably produced by co-extractants. This could have had the effect of masking
some of the signal response produced by NP. Suppression of the ionisation by
matrix-based interferences during LC-MS analysis could be one cause of the low
recovery observed for NPEO X determinations. To resolve some of the extraction and
analysis issues, ring labelled internal standards and matrix matched standard
solutions could be employed. Although ring labelled standards could prove to be an
expensive option. Matrix matched standard solutions could prove effective in
negating the overall effect of matrix based suppression in LC-MS, however, it might
be expensive in terms of consumables and the amount of labour involved. Sediment
sample extracts were cleaned using alumina or silica, this is a stage in the
methodology where a loss of analyte might also have occurred.
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Although the recovery of NP from this matrix was low using both types of extraction
technique, recovery correction factors were applied to this data for the following
reason. The variability of percentage recoveries (indicated by the standard deviation)
was low by both techniques, suggesting that components of the sediment matrix were
affecting the efficiency of the extraction process, and as such recovery correction
factors could be applied to gain an understanding of the effects of the matrix upon
the recovery. The variability of percentage recoveries for the determination of
NPEOX indicated by the standard deviation of the recovery values, was low by ASE,
,

but was higher using Soxtherm. This suggests that components of the matrix
affected the recovery and that the procedure parameters may need to be altered also
to improve extraction efficiencies using these particular techniques.

4.2.3 Loch Leven results

On a previous sampling trip to Loch Leven a sample of the surface water and the
water overlying sediment cores were collected. Analysis of the data showed that
neither NP (<1 jig/l) nor NPEOX (<0.63 jig/l) was detected in the water samples.

Results of NP determinations using Soxtherm or ASE as the extraction technique, are
shown in Figures 4.4, 4.5 and 4.6 and Tables 4.1 and 4.2. All sediment results are
expressed on a dry weight of sample basis. The total weight of wet and dry sections
from each of the three cores is displayed in the appendix (Section A.5).
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4.2.3.1 Results of NP determinations using bottom sediment cores
from Loch Leven

Tables 4.1 and 4.2 present recovery corrected data from the analysis of Loch Leven
bottom sediment cores for the presence of NP. Soxtherm was the extraction
technique used to generate the data in Table 4. 1, whilst ASE was used in Table 4.2.
Data from these tables are shown graphically in Figures 4.4, 4.5 and 4.6.

Table 4.1 Results of NP determinations on Loch Leven bottom sediment cores
using Soxtherm as the extraction technique.

Sediment depth
(cm)

Core A
(p.gfkg)

Core B
(p.gfkg)

Core C
(p.g/kg)

0-2

214±35

629±104

328±96

2-4

8±2

337±56

178±52

4-6

105±3 1

97±25

217±45

6-8

48±10

128±32

104±22

8-10

481±79

40±10

97±20

10-12

-

12-14
14-16
16-18

77±22

43±10

-

-

-

-

-

631±141a

25±6a

- average recovery used in calculations
a, b - average recovery used in calculations and not blank corrected

Each of the sediment sections displayed in Figures 4.4, 4.5, 4.6 and Tables 4.1 and
4.2 corresponds to a 2-cm thick core slice. To obtain the NP data GC-MS/MS was
used as this gave an easily recognisable pattern for quantification purposes. Average
percentage recovery of NP from the bottom sediment cores using Soxtherm
extraction was 17.2 ± 3.8 %. Average percentage recovery of NP from the bottom
sediment cores using ASE was 34.8 ± 5.1 %. Although the recovery of NP from this
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matrix was low using both types of extraction technique, recovery correction factors
were applied to this data.

Table 4.2 Results of NP determinations on Loch Leven bottom sediment cores
using ASE.

Sediment depth
(cm)

Core A
(jig/kg)

Core B
(jig/kg)

Core C
(jig/kg)

0-2

72±12

145±24

46±6

2-4

38±6

41±7

137±17

4-6

<22

<25

120±15

6-8

<16

62±10

109±14

8-10

128±21

<18

136±2

<18

290±4

10-12

-

12-14
14-16
16-18

-

-

-

-

-

-

176±3
102±13
182±23

- not sampled

0-2

E
C.)

2-4

o AS E

4-6
0.
G)
Ide

DSoxtherm

6-8
8-10
0
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200

MI I

1.tglkg

Figure 4.4 Graph displaying results of NP determinations from Loch Leven
bottom sediment Core A. Extraction was accomplished using Soxtherm and
ASE.
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The axis labelled as 'depth' in Figures 4.4, 4.5 and 4.6 corresponds to the distance of
each sediment section from the top of the sediment core (i.e. where the water meets
the sediment). From Figure 4.4 it appeared that there was no definite trend in the
concentrations of NP in this sediment core. Concentrations of NP decrease
irregularly from the amount seen in the surface layer (0-2cm) but then a large
increase is seen in the deepest section of the core (8-10 cm).

0-2

E

2-4

(.)

4-6

DASE

4-I

6-8

o Soxtherm

a)
IMI

8-10
10-12
0

200

400

600

800

pgIkg

Figure 4.5 Graph displaying results of NP determinations from Loch Leven
bottom sediment Core B. Extraction was accomplished using Soxtherm and
ASE.

Using Soxtherm, the greatest concentration of NP (629 p.g/kg) was observed in the
sediment section 0-2 cm (Figure 4.5).

Concentrations decrease from the surface,

showing a general trend of increasing depth against decreasing concentration. The
minimum concentration observed in the sediment Core B, 40 tg/kg, occurs at 8-10
CM.

Data generated using ASE has a much lower concentration than its

corresponding section extracted using Soxtherm, although a defmite pattern cannot
be established.
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Figure 4.6 Graph displaying results of NP determinations from Loch Leven
bottom sediment core C. Extraction was accomplished using Soxtherm and
ASE.

Results of the analysis of bottom sediment core C for the presence of NP are
displayed in Figure 4.6. The general trend (for data produced using Soxtherm) is a
reduction in concentration of NP as the depth increases. The sediment section
corresponding to 12-14 cm in depth is slightly anomalous compared to the other
sections, as analysis procedures did not detect NP in this section. It is probable that
an error occurred in the extraction, as it is highly unlikely that it did not contain NP
when sections surrounding this slice did. The highest concentration of NP was found
in the 14-16 cm section near the bottom of the core. This is similar to the data
displayed in Figure 4.4 where the largest concentration is seen in the last section of
the core and is also much greater than other concentrations observed. Data produced
using ASE also shows that the highest concentrations are seen as the depth increases
although a definite trend cannot be established.
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The results of NP determinations using ASE as the extraction technique are
displayed in Table 4.2. Results for each of the cores are generally lower than those
determined using Soxtherm as the extraction technique. When comparing data
generated for each core using the two extraction techniques several observations can
be made. High concentrations of NP in Core A are seen in the first and last sediment
section in each case. The intervening sections in each core do not display any
similarities. Concentrations of NP in Core B decrease irregularly from the amount
seen in the surface layer (0-2cm) to the limit of detection. This is dissimilar to the
Soxtherm data where values above the limit of detection are seen in the deeper
sediment sections. Concentrations of NP in Core C do not seem to display a definite
trend towards an

in crease

or decrease in concentrations of NP. Comparison of this

data to that for Soxtherm extraction of Core C reveals no similarity in trends. Some
of the lack of similarity between sediment sections results produced by the differing
techniques could be caused by a lack of homogeneity in samples when they were
divided for each type of extraction.

4.2.3.2 Results of NPEOX determinations in bottom sediment cores
from Loch Leven

Results from the analysis of the three sediment Cores A, B and C for the
determination of NPEOX using both ASE and Soxtherm as the extraction techniques
are shown graphically in Figures 4.7, 4.8 and 4.9 and tabulated in Tables 4.3 and 4.4.

Average recovery of NPEOX using Soxtherm was 31±23% (n= 4). Using ASE, the
average recovery of NPEO X was 16.8±1.04% (n 3). The data presented in Figures
4.7, 4.8 and 4.9 and Tables 4.3 and 4.4 has been recovery corrected. The
low/variable recoveries obtained suggest that further work needs to be carried out to
rectify this problem. There are a number of stages where problems could arise; this
method needs further work to identify these areas.
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Table 4.3 Results of NPEOX determinations in bottom sediment cores from Loch
Leven using Soxtherm
Sediment depth
(cm)

Core A
(pgIkg)

Core B
(pgfkg)

Core C
(jig/kg)

0-2

847±630

1856±1380

867±645

2-4

1244±925

795±591

1005±748

4-6

915±681

358±266 c

6-8

1650±1227
1230±915 C

1378±1025

577±430 c

8-10

2983±2219

1212±902

683±508

10-12

-

12-14
14-16
16-18

1019±758
-

-

-

-

-

-

496±369 c
1353±1007C
909±676 C

732±545 C

c - average value of blank used in calculations
average value of recovery used in calculations

Table 4.4 Results of NPEOX determinations in bottom sediment cores from Loch
Leven using ASE
Core A
(pg/kg)

Core B
(pg/kg)

0-2

528±35

1334±88

2-4

1136±75

733±48

1240±67

4-6

2146±116

1157±77

1147±62

6-8

2806±180

1092±72

950±51

8-10

2674±176

964±64

1651±79

10-12

-

1261±83

2200±106

12-14
14-16
16-18

-

-

-

-

-

-

- not sampled
a

Core C
(jig/kg)

Sediment depth
(cm)

- not blank corrected
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Figure 4.7 Graph displaying trends in results of NPEO X analysis in bottom
sediment Core A sections using both ASE and Soxtherm as the extraction
techniques.

Figure 4.7 shows that there was a general increase in concentration of NPEO X with
increasing sediment depth (from 847 to 2983 jtg/kg for Soxtherm and 528-2806
jig/kg for ASE). For the Soxtherm extract from the sediment section corresponding
to 6-8 cm depth, an average value of the blank determinations was used in the
calculation of this result. The greater variability in recovery values resulting from
Soxtherm extraction accounts for the larger error bars shown in Figures 4.7. 4.8 and
4.9.
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Figure 4.8 Graph displaying trends in results of NPEO analysis in bottom
sediment Core B sections using ASE and Soxtherm as the extraction techniques.

In Figure 4.8, the highest concentrations of NPEO X were found in the section
corresponding to 0-2 cm depth. This was most pronounced for the results obtained
where Soxtherm had been used as the extraction technique. Below 2-4 cm, and for
both extraction techniques, there was very little change in sediment concentration of
NPEOX with values typically around 1100 tgIkg.

Mixing of the sediments after

deposition could lead to a uniform distribution with depth but would not account for
the near-surface maximum.
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Figure 4.9 Graph showing trends in results of NPEO X analysis in bottom
sediment Core C sections using ASE and Soxtherm as the extraction techniques.

It is conceivable that in a shallow loch like Leven, the effects of currents and wind
upon the sedimentation layers could be considerable. Wind and water currents could
cause mixing of these layers during stormy weather. This may account for the trend
in the depth profile as observed in Figure 4.9. Concentrations of NPEO X found using
Soxtherm varying between 358-1353 jig/kg. Using ASE, concentrations of NPEO X
vary between 950-2778 jig/kg.
If the results for Core A NPEO X concentrations using both of the extraction
techniques are examined, it can be seen that the range of concentrations are
reasonably similar between the two techniques. Core B also shows some similarity
between values generated using the two extraction techniques although Soxtherm
concentrations tend to be slightly greater than its respective value generated by ASE.
Examination of the results for Core C show that the trend followed by the two sets of
data is reasonably similar although ASE concentrations are greater than Soxtherm
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concentrations. Using ASE as the extraction technique, there is some agreement
between Cores B and C NPEO X concentrations.

4.3 Discussion
There is some variability seen in data obtained using the two extraction techniques
on the same sediment section. This could be due to a number of reasons, e.g. lack of
homogeneity in the sample before it was split or ASE extraction parameters could
need changing. For example, a study by Shang et al. (1999) used ASE in marine
sediment extraction. In their investigation of NPEO1.19, 65-93% recoveries were
achieved with relative standard deviation of 3.5-15.9%. Upon examination of ASE
extraction details it was discovered that the extraction temperature (100 °C) was the
same as this study, the extraction pressure was lower (1500 psi) and the solvent
composition was different. The ASE instrument was set to three cycles of extraction
rather than one, as was the case in this study. This is probably the reason for better
recoveries being achieved in Shang et al.'s study.

Concentrations of NP found in Loch Leven bottom sediment ranged from 8-631
igfkg using Soxtherm and from 38-290 tg/kg by ASE. These can be compared to
concentrations in the literature, examples of which are given in Table 4.5. The range
of concentrations of NP found in Loch Leven sediment are generally lower than
those determined by Khim et al. (1999) in their investigation of marine sediment
from Masan Bay, Korea. The range of concentrations of NP found in Masan Bay
was 113-3890 jig/kg (dry weight). Both Loch Leven and Masan Bay have had
industrial and wastewater inputs into their respective aquatic environments. The
composition of these inputs will differ slightly from each other due to population
density of the surrounding area and the nature of the industrial input. In Khim et
al.'s study, fresh inputs of chemicals are being discharged into the marine
environment, whilst the input of chemicals to Loch Leven should have stopped and
the sediment should contain chemicals introduced in the past. This could account for
the difference in results.
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Table 4.5 Concentrations of NP found in various sediments
Sediment
type

Sediment location

Estuarine

Western Scheldt estuary,
Holland
Rhine estuary, Holland

Estuarine
Estuarine
Marine

Jamaica Bay, Long Island,
NY
Tokyo Bay, Japan

Marine

Sumidagawa River,
Tokyo, Japan
Tokyo Bay, Japan

Marine

Masan Bay, Korea

Estuarine

Tees estuary, UK

Estuarine

Tyne estuary, UK

River

Six rivers in the UK

River

Concentration of NP

Reference

jig/kg dry weight
<0.4-1080

Jonkers etal.,
2003
1.5-92.2
Jonkers et al.,
2003
6.99-13700
Ferguson et
al., 2001
120-640
Isobe etal.,
2001
520-13000
Isobe etal.,
2001
Yamashita et
<10-5540
al., 2000
Khim etal.,
113-3890
1999
Lye etal.,
1600-9050
1999
30-80
Lye et al.,
___________________ 1999
Long et al.,
6-69
1998

The results of this experiment can be compared to the concentration reported in the
literature, examples of which are shown in Table 4.5. A study of estuarine sediments
by Ferguson et al. (2001) focused on NP and nonyiphenol polyethoxylates with one
to three ethoxylate groups. Sediments from Jamaica Bay, Long Island, New York
were collected; the concentrations of NP found ranged from 6.99 to 13700 jig/kg.
The highest value of 13700 jig/kg was from sediment collected near to a large
wastewater treatment works. Some of these values are within a comparable range to
those determined in this investigation. Differences could be caused by the larger
amounts of pollution entering Jamaica Bay.

Examples of some of the concentrations of NPEO X found in a variety of sediments
are shown in Table 4.6. Nonyiphenol polyethoxylates with a small number of
ethoxylate groups usually receives more attention in publications than those with a
higher number of ethoxylate groups, due to the greater estrogenic potential of NPEO X
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with one to three ethoxylate groups. It has been suggested by Shang et al. (1999)
that limiting analysis of NPEO X to x = 2, under-reports total NPEOX by a factor of
two. In a study of sediments from the Strait of Georgia, British Columbia, Canada,
the concentration of NPEO X with one to nineteen ethoxylate groups were investigated
by Shang et al. (1999). The average total NPEO X concentration was determined to
be 1500 jgfkg ± 130 pg/kg. This is less than the most concentrated sample
generated using Soxtherm (2983 pg/kg), and also much less than the greatest value
observed using ASE (2806 pg/kg). The range of NPEO X concentrations determined
in sediment from Loch Leven using Soxtherm and ASE was 358-2983 jig/kg and
528-2806 pg/kg respectively. Although the recoveries were low, the reproducibility
of the ASE extractions was good and although the reproducibility of the Soxtherm
extraction method was poor, the range of values obtained by Soxtherm was quite
similar to that obtained by ASE - thus giving some degree of confidence in the data.
Total NPEO X in this thesis has been determined for NPEO with 5 to 23 ethoxylate
groups, including 1 to 4 ethoxylate groups could increase the concentration of
reported results. This study concentrated on NPEO X with a higher number of
ethoxylate groups to gain an understanding of the range of NPEO X present in the
environment.
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Table 4.6 Concentrations of NPEO X found in various sediments
Sediment
type

Sediment details

Estuarine

Total NPEO0 Jamaica
Bay, Long Island, NY
NPE0315 Western
Scheldt estuary, Holland
NPE03..15 Rhine
estuary, Holland
NPEO 1 Jamaica Bay,
Long Island, NY
Jamaica Bay,
Long Island, NY
Jamaica Bay,
Long Island, NY
Average total NPE0 119
Strait of Georgia,
British Columbia,
Canada

Estuarine
Estuarine
Estuarine
Estuarine
Estuarine
Marine

- - Concentration
NPEOX

.. 15 ,

Jtg&g dry weight
<100-50,000

,

,

,

,

<0.6-198.9
12.5-247.3
26.4-13300
16.1-3580
4.23-876
1500 ± 130

of Reference

Ferguson etal.,
2003
Jonkers etal.,
2003
Jonkers et al.,
2003
Ferguson etal.,
2001
Ferguson et al.,
2001
Ferguson et al.,
2001
Shang etal.,
1999

4.3.1 Summary
In contrast with the Loch Tay sediments, NP was detected in the majority of samples
from all three cores taken from Loch Leven. Using Soxtherm as the extraction
technique, the concentration range of NP observed in Cores A, B and C were 8-481
j.tgfkg, 40-629 p.gfkg and 25-631 jig/kg, respectively. When the same sediment
sections were extracted using ASE, the concentration range of NP in Cores A, B and
C were 38-128 p.g/kg, 41-145 igfkg and 46-290 tg/kg, respectively. Soxtherm and
ASE methods were also used to extract NPEO X from the three cores from Loch
Leven. Again, in contrast with the Loch Tay sediments, NPEO X was detected in all
sediment core sections. When Soxtherm was applied as the extraction technique, the
concentration ranges of NPEO X observed in Cores A, B and C were 847-2983 p.g/kg,
795-1856 jig/kg and 358-1353 .tgfkg respectively. Concentration ranges of NPEO X
determined using ASE as the extraction technique, in Cores A, B and C were 5282806 jig/kg, 733-1334 jig/kg and 950-2778 jig/kg respectively. During the
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investigation of Loch Leven sediments, low and or variable percentage recovery
values were observed using these extraction methods. This has highlighted the fact
that further optimisation would be required to overcome the effect of the sediment
matrix upon extraction and analysis procedures. Although optimum conditions were
not established, the ASE extraction method did appear to be more reproducible than
the Soxtherm method and so further work on the former to increase recoveries may
be the more productive.

If results from Loch Tay and Loch Leven bottom sediments are compared, it can be
seen that neither NP nor NPEO X was detectable in sediment sections from Loch Tay,
but were detected from Loch Leven sediments. This may be due to a history of
industrial effluent discharge to Loch Leven from a woollen mill.

4.4 Conclusions
Neither NP nor NPEO X were present at detectable concentrations in any of the
environmental matrices from the Loch lay study. This was the expected result as
there are no large sources of these chemicals entering the area in large enough
quantities and over a long enough timescale for accumulation to overcome the effects
of dilution. All water samples tested for the presence of NP were <0.9 .tg/l with the
exception of the water overlying the cores which was < 3.5 j.tg/l. The presence of
NPEOX in the water samples was not detected (<4.1-<14.4 pg/l). In bottom sediment
core one, all sections were less than the limit of detection. The limits of detection for
NP ranged from 0.07- 0.5 mg/kg and in core two, from 0.1-0.5 mg/kg. NPEOX was
not detected in either of the two cores. NPEO X LODs in core one ranged from 2.1 3.9 mg/kg and in core two from 2.0-3.5 mg/kg.

Water samples taken from Loch Leven were determined as being below the limit of
detection for both NP (<1.0 tg/1) and NPEO X (<0.63 jig/1). NP and NPEO X can be
sorbed to sediments due to lipophillic characteristics so it is a possibility that aqueous
NP or NPEOX could be sorbed onto sediment. It could also be the case that the
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aqueous amounts of these chemicals entering Loch Leven are now very small and
that dilution in the loch makes them negligible in comparison to amounts that have
entered the lake in the past.

Results from Loch Leven indicate the presence of both NP and NPEO X in a range of
concentrations within the sediment. Using Soxtherm extraction, the concentration
range of NP found in Cores A, B and C was 8-481 jtg/kg, 40-629 jig/kg and 25-631
jig/kg, respectively. Using Soxtherm extraction, the concentration range of NPEO X
found in Cores A, B and C was 847-2983 jig/kg, 795-1856 jig/kg and 358-1353
jig/kg, respectively. Using ASE, the concentration range of NP found in Cores A, B
and C was 38-128 jig/kg, 41-145 jig/kg and 46-290 jig/kg, respectively. The
concentration range of NPEO X found in Cores A, B and C was 528-2806 jig/kg, 7331334 jig/kg and 950-2778 jig/kg, respectively using ASE. There is no trend in data
that can be observed throughout all the cores. This could be due to the shallowness
of Loch Leven allowing mixing of sediment layers to a greater depth than what
might be observed in a deeper loch. There are however, trends in individual cores,
namely a trend towards decreasing concentration as the depth increases for NP
concentrations in Core B using both extraction techniques, and an increase in NPEO X
concentrations (using ASE and Soxtherm) as the depth increase in Core A. From
work carried out during this investigation it can also be concluded that the extraction
methodology requires further refmement.
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Examination of selected matrices associated with
wastewater treatment
The investigation of matrices associated with the treatment of wastewater was
undertaken to gain a better understanding of the effect of wastewater treatment
processes on NP and NPEOX concentrations in wastewater, transfer to solid phase
sludge samples and the fate of these compounds in the wider environment. Section
5.1 describes the collection of sludge samples, the analytical procedures used to
extract NP and NPEO X and the results obtained in this study. A disposal route of
sludge and certain specific types of industrial effluent, is application onto soil and so
Section 5.2 investigates four sludge-amended and industrial effluent-amended soil
samples. Finally, treated wastewater is normally discharged to surface waters such
as streams and rivers. There is the potential for this type of water to enter an area
were water is abstracted for drinking water purposes and so Section 5.3 examines a
variety of surface waters for the presence of NP and NPEO X

.

5.1 Sludge samples
Sludge is the solid end product of wastewater treatment. Its composition can vary
greatly depending on the nature of the wastewater entering a treatment works and the
processes applied to the wastewater which form sludge. As some sludges are
disposed of to agricultural land (by spreading upon the soil surface) it is important to
know what and how much it contains, and whether or not the chemical can enter the
food chain. Chemicals could enter the food chain through direct ingestion of sludge
amended soil or through digestion of plant material which has taken up the chemical
through its roots. A question could then be asked "What is the fate and behaviour of
the chemical inside an organism, e.g. a grazing animal?" This issue is outside the
scope of this thesis, but is relevant in that characterisation of the selected EDCs
present in the investigated sludges is important.
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Nonyiphenol has a tendency to accumulate in sludge due to the lipophilic nature of
the chemical, and processes applied to sludge can concentrate up these chemicals in
the sludge. The degradation of NPEO X within sludge through aerobic or anaerobic
conditions can lead to the incomplete degradation of this chemical to produce
metabolites that can often be as toxic, if not more (i.e. NP), than the original
compound.

Several sludge samples (from wastewater treatment works in Scotland) were
analysed to determine if the selected EDCs were present. The methods used to
extract NP and NPEO X from the samples are described in Section 2.5. Section 2.6
describes the clean up methods anplied.

5.1.1

Results and discussion

Results of the analysis of the snap sludge samples are displayed in Table 5.1. The
percentage recovery of NP from Jedburgh sludge was 52.1%, from the Galashiels
sludge sample it was 90.2% and in all other samples the percentage recovery of NP
was 49.8 %. Percentage recovery of NPEO X from all of the sludges in Table 5.1 was
75.3% except the percentage recovery of NPEO X from the Galashiels sludge was
56.8%. All sample results were recovery corrected. All results are expressed as
mg/kg dry weight.
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Table 5.1 Miscellaneous sludge samples tested for the presence of NP and
NPEO using ASE and Soxtherm as the extraction technique
Sample description
Haddington tanker sludge
(21/8/02) (ASE)
Jedburgh sludge (28/8/02)
(ASE)
Cake from Bonnybridge
drying beds (19/8/02) (ASE)
Cake from Bonnybridge
drying beds (28/8/02) (ASE)
Kelso sludge (27/8/02) (ASE)
Thermally dried Galashiels
sludge (Soxtherm)

NP (mg/kg)
<3.1

NPEOX (mg/kg)
<10.6

3843±2001

<10.1

86±4

<5.4

90±4

<93

216±11
213±2

<10.8
<0.45

It was anticipated that a greater concentration of NP than of NPEOX would be
observed in wastewater treatment works sludges. As NPEO X molecules with an
increasing amount of ethoxylate units become increasingly water soluble, it becomes
less likely (but still possible) for them to sorb to sludge. Nonyiphenol is less watersoluble and more lipophillic than its parent compounds and therefore has a higher
affinity for sludge. This is reflected in the results displayed in Tables 5.1 where the
concentration of NPEOX is less than the limit of detection in every case. Lee et al.
(1997) detected NPE0317 in sludge samples. Samples taken from nine Canadian
WWTW had an NPE03..17 concentration ranging from 9-169 mg/kg. The difference
between Lee et al. 's results and those reported in Table 5.1 could be caused by
greater concentrations of NPEO X entering the Canadian WWTW and the composition
of the NPEOX molecule (re: number of ethoxylate groups).
The concentration of NP found in sludge from Jedburgh WWTW (Table 5.1) is much
greater than at any of the other sites. This could be due to the works receiving
industrial inputs containing these chemicals. A company specialising in the cleaning
of sheepskins discharges its effluents to this treatment works. Large amounts of
detergent are necessary to clean wool (approx. 5-10 kg per ton of raw wool), and
NPEO-containing detergents are still used for this application (Jones and
Westmoreland, 1998). Conditions in this works could encourage the breakdown of
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NPEOX to NP, accounting for the large concentration observed. High concentrations
of NP in sludge have been reported, e.g. a study by Marcomini and Giger (1987)
found a concentration of 1200 mg/kg NP in digested sludge from a treatment works
in Switzerland, and a lime-stabilised sludge in America was found to contain 820
mg/kg NP by La Guardia et al. (2000). In comparison to WWTW sludges examined
in Chapter Three (concentrations of NP in five Hawick WWTW sludge samples
ranged from 104-412 mg/kg), the concentrations of NP in Table 5.1 are generally
lower.

In a study by La Guardia et al. (2001) it was found that NP in what was termed
'land-applied sewage sludge (biosolids),' was capable of leaching

into water.

Concentrations of NP derived from two composted biosolids and one lime treated
biosolid were 9.4, 196, and 309 .tg/l, respectively. This could mean that leachates
from biosolids could be a major source of NP in the environment.

In summary, NP was observed in five of the six samples of sludge examined, the
concentrations ranged from 86-3843 mg/kg. NPEO X was not detected in these sludge
samples.

5.2 Investigation of sludge-amended soil

Four snap sludge-amended soil samples from a farm in Camelon, Falkirk, Scotland
were extracted and analysed using methods described in Section 2.5 (Soxtherm).

These samples were from four fields in this farm that had both sludge and industrial
effluent applied to the soil. Stirling WWTW, Dalderse WWTW and potentially
Boness WWTW, were sources of the applied sludge. The industrial effluent applied
to this soil was 'paper crumble' which is a residue produced from paper mill
operations. These substances are spread onto the surface of the soil in the field, then
after a few days, ploughed into the soil (paper crumble is left unploughed on the
surface slightly longer than sludge). Crops are grown on these fields that have had
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both sludge and industrial effluent applied to them (Mentiplay, personal
communication).

Results and discussion

5.2.1

Table 5.2 displays the results of this investigation for Soxtherm-extracted samples.
Percentage recovery of NP from M-11698 and M-11699 was 91.7% whereas
percentage recovery of NP from M-11700 and M-11701 was 49.8%. Average
percentage recovery of NPEO X from these soil samples was 68.6 ± 6.3%. All sample
results were recovery corrected. All results are expressed as pg/kg dry weight.

Table 5.2 Investigation of sludge-amended soils for the presence of NP and
NPEOX
Sample id
(LIMS no.)
M-1 1698
M-1 1699
M-1 1700
M-11701
a

Sample description

NP (p.g/kg)

NPEOX (tg/kg)

Sludge-amended
soil (7/3/02)
Sludge-amended
soil (7/3/02)
Sludge-amended
soil (7/3/02)
Sludge-amended
soil (7/3/02)

449±4

185±42

a

446±4

203±46

a

586±29

343±77

a

239±24

80±0.02

- not blank corrected

Concentrations of NP in these sludge-amended soils are much less than the 1600
tgfkg reported by Marcomini and Giger (1987). This could be due to a number of
reasons including concentration of NP in the applied sludge and biodegradation
conditions. It was anticipated that concentrations of NPEO X would be less than NP
in all of the samples (see explanation in Section 5.1) and this is reflected in the
observed results. Studies on sludge-amended soil tend to focus on NP and NPEO X
with a small number of ethoxylate groups, so data were not found for comparison
purposes.
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Degradation of NP in sludge applied to soil was investigated by Hesselsøe et al.
(2001). Under aerobic conditions in homogenised sludge/soil samples, NP
degradation occurred within 38 days. In non-homogenised mixtures with restricted
oxygen availability, NP degradation was not finished within 3 months. It was also
reported that "no detectable amounts of NP were transported from the sludge
aggregates to the surrounding soil".

In summary, NP was detected in the investigated samples (239-586 j.tgfkg) which is
much lower than the concentrations found in sludge. This suggests that either
degradation of NP in sludge, which has been applied to land, is an effective
concentration reduction process. Or alternatively, lower concentrations could be due
to dilution upon mixing of the sludge with the soil. NPEO X was detected (80-343
.tgfkg) in these samples but with concentrations much less than their respective NP
concentration. This was the anticipated result as NPEO X is less likely to sorb to the
solid sludge particles than NP.

5.3 Surface water matrices
Snap samples collected from various surface waters in Scotland were extracted and
analysed for the presence of NP and NPEOX using methods described in Chapter
Two. All locations except the River Earn, are potential drinking water supplies

5.3.1

Results and discussion

Results of the NP and NPEO X determinations in a variety of surface waters are
displayed in Table 5.3. Percentage recovery of NP was 81.1%; recovery correction
factors were applied to this data. Due to a low percentage recovery of NPEO X
obtained during this investigation data were not recovery corrected (this only affects
one data point as the rest are below the limit of detection).
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Table 5.3 Results of NP and NPEO X determinations in surface waters

Sample description
Acreknowe reservoir (23/10/01)
Glendevon lower reservoir
(26/10/01)
Castlehill reservoir (24/10/01)
Glenlarg reservoir (24/10/01)
River Earn abstractor (29/10/0 1)
Holl reservoir (26/10/01)
Loch Lomond (24/10/01)
Gartmom reservoir (24/10/01)

NP (p.g/l)
<1.0
<1.0

NPEOX (tg/l)
<0.5
<0.5

<1.0
<1.0
<1.0
<1.0
<1.0
<1.0

<0.5
<0.5
<3.7
0.5
<0.5
<0.5

Concentrations of NP in these water samples (Table 5.3) were below the limit of
detection (<1.0 p.g/1). NPEOX was just detectable in the sample from loll reservoir.
Reservoir water is often used for drinking water purposes, so it would be important
to know if these EDCs were entering the drinking water supply at significant levels.
These NP concentrations are below those required to induce an increase in the
amount of the protein vitellogenin in certain species of fish. An increase in the
amount of vitellogenin within a fish is indicative of an increase in oestrogenic-based
activity within the organism's endocrine system and thus can be used as an indicator
of endocrine disruption. In a study by Harris et al. (2001), female rainbow trout
were exposed to NP for a maximum of 18 weeks. It was found that a concentration
of 8.3 .tg/l was needed to induce an increase in the concentration of plasma
vitellogenin at 6, 12 and 18 weeks during the experiment.

In summary, concentrations of NP in the investigated surface waters were below the
limit of detection. All samples in the determination of NPEOx were below the limit
of detection with the exception of the sample from the Holl reservoir (0.5 .tg/l).

5.4 Conclusions

Nonyiphenol was found in WWTW sludges at concentrations up to 3843 mg/kg.
NPEOX concentrations in these sludge samples were below the limit of detection
(LODs <0.45-<10.8 mg/kg). Sludge-amended soils contained both NP and NPEO X at
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concentrations ranging from 239-586 pg/kg and 123-343 p.gfkg, respectively. The
investigation of a variety of surface waters revealed that all NP concentrations were
<1.0 jtg/l and that NPEO X concentrations were below the limit of detection except a
sample from Holl reservoir that contained 0.5 .tg/l of NPEO X.

Although Hesselsøe etal. (2001) reported that NP contained with a sludge matrix did
not transfer at detectable concentrations to the surrounding soil. La Guardia et al.
(2001) found that NP was capable of leaching into water from sludge. This raises
questions about which process is dominant under different environmental conditions.
It would still be possible for a grazing animal to directly ingest the sludge when
grazing on agricultural land that had sludge applied to it as a fertiliser. "By assuming
that, on average, soil/sludge generally comprises no more than 6% of the dry matter
intake of most grazing stock, a cow consumes 0.9 kg of soil/sludge and 14.1 kg of
vegetation per day" (Duarte-Davidson and Jones, 1996). This raises questions about
the possible uptake of NP into a grazing animal and about the effects/accumulation.
It could be suggested that as a precautionary measure until more information is
known about NP in sludges and its possible transferral to other environments, that
concentrations of NP in sludge are monitored and methods investigated for their
removal/reduction.
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6. Synopsis, conclusions and further work
There are many regulations concerning water and sludge quality to which water
industries in the UK must conform. Limits have been set for concentrations of a
wide variety of chemicals in water and sludges of relevance to these industries. It
follows from this that water industries, in this case Scottish Water, must have a good
understanding of the main types and concentrations of industrial/domestic inputs
entering their system to be able to meet current regulations. This can be achieved by
a programme of regular sampling and analysis, combined with knowledge of the
local area. As regulations can be modified to include new chemicals, Scottish Water
has to be proactive in its approach to changes, i.e. by initiating their own
investigations based upon a perceived need.

Of particular relevance to this study, was the growing awareness of EDCs in the
environment, especially through the discharge of wastewaters containing these
chemicals. Although there were many potential candidates for investigation, it was
decided to focus this investigation upon two chemicals, NP and NPEO X , as these
chemicals had been detected in some WWTW previously investigated by SEPA. It
was concluded that more knowledge about the analytical determination and presence
of these chemicals in matrices relevant to Scottish Water would be required. This
study was initiated so that issues relevant to the analytical determination and
environmental occurrence of NP and NPEO X could begin to be addressed. As such
there were two main parts to this study, analytical method development and the
examination of selected matrices using the adopted methods.

Beneficial knowledge about extraction and analysis conditions for NP and NPEO X
was gained during the method development stage of this study. NP and NPEO X
behave differently to each other, in extraction and analysis, due to the effect of the
ethoxylate groups. It was discerned that two different extraction techniques would
be needed for the determination of these chemicals in aqueous matrices, whereas the
same extraction technique could be used for both chemicals in solid matrix analyses
(with a modification in the type of solvent used). The analysis of NP in
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environmental matrices was carried out using GC-MS, whilst the analysis of NPEO X
necessitated the utilisation of LC-MS. Proposed experimental procedures were
investigated and modified in light of observed results, until a final set of conditions
was adopted. Procedures were then applied to the investigation of the selected range
of environmental matrices, e.g. WWTW effluents, WWTW sludges, industrial
effluents etc. It was found, however, that the application of extraction and analysis
methodology to certain environmental matrices posed a fresh set of issues for
consideration. Matrices such as those mentioned above, are potentially complex
mixtures of inorganic and organic components, of natural and (possibly)
anthropogenic origin. This can be reflected in the results of chromatographic
1....
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Figure 6.1 Illustration of potential transferral of NPEO X and hence NP, from
source to the environment.
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Application of developed methodology to the environmental matrices generated data
from which an understanding of the concentration of NP and NPEO X in each matrix
could be determined.

WWTW effluents and associated materials were investigated in Chapter Three.
Figure 6.1 illustrates the principal potential routes by which NP and NPEO X , after
utilisation in a variety of products, enters a WWTW and eventually comes into
contact with environmental matrices. It was anticipated that processes employed by
individual WWTW would be capable of efficiently/effectively reducing the
concentration of both NP and NPEOX in the aqueous phase, in its passage through the
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to the wider environment. It was discovered, however, that this was not the case for
all of the investigated WWTW.

It was determined that NP was detectable in aqueous (influent, primary and final
effluents) WWTW samples from Livingston (1.8-8.5 j.tg/l), from Hawick during the
first (1.7-13.6 g/1) and the second (1.1-29.6 g/1) surveys, from Dalderse (1.7-19.3
jig/l) and from one sample taken from Fauldhouse (1.9 ig/l, primary effluent). It
was not, however, detected in any of the WWTW effluents from Bathgate or
Pencaitland. Detectable concentrations of NPEO X were not found in Hawick
WWTW during either of the two surveys and were reported as less than the limit of
detection for the Livingston WWTW effluents. The presence of NPEO X was
detected in influent, primary and final effluents from Fauldhouse (11.3-65.5 jig/1),
Pencaitland (25.6-101.7 p.tg/l), Bathgate (20.7-59.0 p.g/1) and Dalderse (21.6-165.3
jig/I, influent and primary effluents only) WWTWs.

Examination of the day to day behaviour of these chemicals as they passed through
the treatment works revealed several trends. There were cases where the greatest
concentrations of an analyte were found in the influent samples and then
concentrations progressively decreased until they reached their lowest at the final
effluent discharge point. Then there were instances where the sample taken from the
primary settlement tank effluent had a greater concentration than both the influent
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and final samples. Finally there were occasions where the concentration of the
analyte were greatest at the final effluent stage.

If the results generated from each WWTW are examined individually, it can be seen
that there is a wide range of percentage reductions/increases in concentration of these
chemicals from the influent to final effluent stages. Percentage increases in NP
concentrations are observed along with percentage reductions during the sampling
period for the first Hawick WWTW survey were six out of the eight days of
sampling showed a decrease in final effluent concentrations, relative to its respective
influent sample (ranging from 16-74%), and two of the sampling days show a
percentage increase in final effluent concentrations relative to its respective influent
sample (70-80%). In Pencaitland WWTW, three of the four day of sampling showed
an increase in final effluent NP concentrations, relative to its respective influent
sample (8-31%), whereas a decrease was seen in the sample collected on 5-6/8/01 of
19%. Results for NP in Dalderse WWTW revealed an increase in concentrations at
the final effluent stages. Percentage increases varied from 9-212%. In the second
survey of Hawick WWTW, a reduction in NP concentrations at the final effluent
stages was observed, percentage reductions ranged from 62-95%. A reduction in NP
concentrations was seen in all days of sampling at Livingston. The removal
efficiency of NPEOX from aqueous phase samples in the investigated WWTW was
variable. Results for Fauldhouse displayed a mixture of percentage increase (1068%) and decrease (10-85%) in influent to final effluent waters. A percentage
increase in concentrations of NPEO X from influent to final effluent waters was
observed in three of the four samples collected from Pencaitland WWTW (8-31%)
and one of the collected samples showed a reduction (19%). A decrease in
concentrations of NPEO X from influent to final effluent waters was observed in all
samples collected from Dalderse WWTW. The removal efficiency of Livingston and
Hawick WWTW cannot be commented upon, as NPEO X was not detected above the
LOD in these sites.

Application of the developed methods to the investigation of fresh water loch bottom
sediments and associated water samples from Loch Tay and Loch Leven, (discussed
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in Chapter four) showed that neither NP nor NPEO X was detectable in sediments and
waters from the Loch Tay, but were detectable in sediment cores from Loch Leven.
These results were consistent with the knowledge that Loch Tay is not situated in an
area that features the relevant industries, whilst it is well known that Loch Leven has
received inputs of relevant industrial effluent and sewage treatment works final
effluents. Water samples taken from Loch Leven did not have detectable
concentrations of NP or NPEO X. The three bottom sediment cores collected from
Loch Leven were extracted using two extraction techniques, ASE and Soxtherm, for
comparison purposes. NP was detected in the majority of samples from all three
cores taken from Loch Leven. Using Soxtherm as the extraction technique, the
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tg/kg and 25-631 tg/kg, respectively. When the same sediment sections were
extracted using ASE, the concentration range of NP in Cores A, B and C were 28128 jtg/kg, 41-145 jig/kg and 46-290 pglkg, respectively. The three cores from Loch
Leven were also examined using ASE and Soxtherm for the presence of NPEO X .
NPEOX was detected in all sediment core sections. When Soxtherm was applied as
the extraction technique, the concentration ranges of NPEO X observed in Cores A, B
and C were 847-2983 gg/kg, 795-1856 tg/kg and 358-1353 tg/kg, respectively.
Concentration ranges of NPEO X determined using ASE as the extraction technique,
in Cores A, B and C were 528-2806 tg/kg, 733-1334 tg/kg and 950-2778 tg/kg,
respectively. The low and or variable recovery values found in this investigation
highlighted the fact that there was a problem with procedures used to extract and
determine concentrations of NP and NPEO X in these sediments. It may be that ion
suppression of the analyte of interest by the matrix caused lower extraction
efficiencies to be observed. Alternatively, the extraction methodologies would have
to be investigated to determine the factor(s) limiting the efficiency of the procedure.
These topics require further work to resolve these issues.

Chapter five was concerned with the investigation of matrices associated with
WWTW. WWTW sludges, sludge- amended (and industrial effluent- amended) soil
samples, and surface waters were examined for the presence of NP and NPEO X
Results from five WWTW sludge samples (from sites other than those previously
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mentioned in Chapter Three) showed that NP was detected in four out of the five
samples (86-3843 mg/kg) and that NPEO X was below the limit of detection. A
sludge sample from Jedburgh WWTW sludge was found to contain 3843 mg/kg NP
and <10.1 mg/kg NPEO X . It is believed that these concentrations reflect the longterm exposure of the sludge to NP, derived from the biodegradation of NPEO X

.

NPEOX molecules could undergo biodegradation until NP and the more biorefractory
metabolites e.g., NPEO1 and NPE02, remain. A company specialising in the
cleaning of sheepskins discharges its effluents to this works and, as this application
utilises large amounts of detergent, it could easily be the source of the large
concentration of NP observed in the sludge sample.

Sludge-amended soil samples from a farm near Falkirk, Scotland, were examined.
Fields in this farm have been exposed to sewage sludge and 'paper crumble', a
residue of paper manufacture. NPEO X has applications of use in paper manufacture,
so this residue could potentially be a source of NPEO X entering the solid environment
directly rather than through wastewater treatment purification products. It was
observed that both NP (239-586 j.ig/kg) and NPEO X (80-343 .tg/kg) were detectable
in samples taken from four individual fields.

Although the main thrust of this study has been the investigation of wastewater and
associated substances, several samples of surface water were examined for the
presence of NP and NPEO X. The majority of these samples were from potential
drinking water supply areas. It was found the NP was not detected in any of the
samples, whilst a concentration of 0.5 tg/l NPEOX was found in Holl reservoir water.

Results from the extended survey of Hawick WWTW and associated materials,
showed that detectable concentrations of NP (1.1-29.6 jtg/1), but not of NPEO X (LOD
0.8-7.3 tg/1), were found in aqueous effluents in the WWTW. Investigation of
sludge samples from lilawick WWTW showed that NP concentrations in these
sludges ranged from 104412 mg/kg. NPEO X determinations were not carried out on
these samples, so comments cannot be made. The examination of industrial effluents
from textile companies revealed that at the time of this survey, these effluents were
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not principal sources of NP and NPEO X. All sample concentrations, with the
exception of one NP determination on Pringle's industrial effluent (3.6 jtg/l), were
below the limit of detection. It was originally anticipated that these industrial
effluents would contain appreciable concentrations of the analytes of interest.
Previously, samples of some of these industrial effluents were examined (data not
shown) well before the commencement of the second sampling programme at
Hawick WWTW. Results showed that the presence of NPEO X was detectable. It is
probable that the companies could have changed the products used in their operations
and/or introduced some form of on-site treatment before discharge to the sewerage
system during this period. As part of the examination of materials associated with
Hawick WWTW, river water sampics were collected from positions upstream and
downstream of the point at which the WWTW outfall enters the river. Although
detectable concentrations of both NP (1.1-5.4 xg/l) and NPEO X (12.0 .tg/l) were
found in some of the samples, the majority of the greatest concentrations were
observed upstream of the WWTW outfall suggesting that WWTW effluents were not
the principal source of these chemicals in this river. Concentrations of NP were
determined at levels above the recommended safe level in fresh waters of 1.0 tg/l set
by the Environment Agency for England and Wales.

Overall, concentrations of NP were greatest in WWTW sludge samples and least in
surface waters. As a general trend, concentrations of NP in the investigated matrices
observed the following pattern: WWTW sludges> Loch Leven sediments, sludgeamended soil > aqueous WWTW samples > river waters> surface waters.

In contrast, concentrations of NPEO X were greatest in Loch Leven sediment samples
but again least in surface waters. As a general trend, concentrations of NPEO X in the
investigated matrices observed the following pattern: Loch Leven sediment> sludgeamended soil> aqueous WWTW samples > river waters > surface waters. The
investigated sludge samples did not contain detectable concentrations and are
therefore not included.
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There are certain areas in which further work could be undertaken. The extraction
and analysis procedures for solid samples such as sediments require modification.
The possible effect of ion suppression by the sediment matrix in NPEO X
determinations could be investigated by using an internal standard, to see if a
reduction in peak area is observed by mass spectrometric detection. The extraction
parameters could be made specific for that particular matrix by optimising solvent
composition and heating times, although this could be a very labour and timeconsuming process. The procedures used to determine NPEO X concentrations in
aqueous samples also require modification for future use.

The investigation of WWTW could be expanded in the future, to include a mass
balance study of the analytes in all the phases present in a treatment works. This
would improve the understanding of the behaviour of NP and NPEOX in treatment
works. It would also be of interest in the future to take sludge sample from those
WTWW in this survey that did not have NP concentrations in aqueous samples, to
see if there were appreciable concentrations in the sludge. Future work could also
include the re-visiting of those WWTW which displayed the greatest concentrations
of NP and NPEOX to determine firstly, if these chemicals are still present and
secondly if so, the estrogenic potential of these WWTW effluents could be examined
using a bioassay designed specifically for the task. This could be used in conjunction
with some form of fractionation equipment so that the fraction with the greatest
activity could be identified and see if this correlates with NP or NPEO X

.

A variety of environmental matrices were examined during this investigation in an
endeavour to gain understanding of the occurrence of NP and NPEO X in
environmental matrices of relevance to Scottish Water. The examination of six
WWTW revealed that if NP or NPEO X was present in aqueous effluents, then it was
not always efficiently removed from the wastewater before discharge to the receiving
body of water, e.g. stream, river etc. Taking into account the dilution effect of
discharge to a river or stream, it is highly unlikely that the concentrations of NP and
NPEOX found in this study would prove problematic to wildlife on a short-term basis.
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As wastewater effluents are a cocktail of chemicals, there is the potential for
interaction of these chemicals with other EDCs. As such it might be possible for
small concentrations to have a greater effect than at first anticipated. If NP and
NPEOX continue to be released into the environment, there is the possibility that
accumulation could prove to be problematic also. Bioaccumulation factors for NP
and NPEOX in organisms inhabiting these environments would have to be taken into
account in the long term. NP is a stronger EDC than NPEO X and also is seen to
accumulate in sludge and other lipophilic substances. Sludge is applied to land to
recycle essential nutrients and organic matter. The potential persistence and
transferral of NP from this matrix into plants, grazing animals and groundwater
would have to be considered, to gain an understanding of the wider implications of
NP in the environment.
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A..1 Precision test
When developing an extraction and analysis method for the investigation of
nonylphenol in different types of water, there are several factors that should be taken
into consideration. One of these is the precision of the method. An experiment can
be designed in such a way as to investigate this parameter. A set of data is generated
using the extraction and analysis conditions that are to form the normal procedure for
the determination of nonyiphenol in waters. This data is then entered into a
statistical software programme (in this case AQC94) which calculates the precision
of the method.
To generate the required amount of data, a series of practical experiments are carried
out. These experiments are designed so that the performance of the method can be
examined over several points of the desired analytical range (0.1 -5Oug/l), e.g. near
the anticipated limit of detection, and at the low/high end of the range by spiking
water samples with a known amount of nonyiphenol and recording the results. Table
A.1 shows the names of the samples in this experiment, the corresponding
percentage of the range and other details. Each extraction carried out at a certain
level of concentration (including any blanks) must be done in duplicate so that
certain statistical parameters can be calculated.
Distilled deionised water (referred to as elga water in the text) is extracted along with
the water matrices to give an indication of the performance of the method in a clean
matrix. Both waste water and industrial trade effluents are composite samples of
waters that should reflect the components of the type of samples to be examined in
this investigation. One complete set of data generated using the conditions shown in
table A. 1 is called one batch. A minimum of five batches can be used to investigate
the precision of a method.
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Table A.1 Experimental details for precision test conditions
Sample
Sample name and
no.
percentage of range
1
High std (elga)
90%
90%
2
High std (elga)
10%
Low std (elga)
3
10%
4
Low std (elga)
0%
Blank (elga)
5
0%
Blank (elga)
6
LOD std (elga) 0.2%
7
LOD std (elga) 0.2%
8
80%
WW
9
WW
80%
10
WW
5%
11
5%
WW
12
WW
blank
0%
13
WW blank
0%
14
80%
TRD
15
TRD
80%
16
5%
TRD
17
TRD
5%
18
TRD blank 0%
19
TRD blank 0%
20
WW = waster water composite sample

Details
450u1 of 100mg/i NP in acetone
450u1 of 100mg/i NP in acetone
50u1 of 100mg/i NP in acetone
50u1 of 100mg/i NP in acetone
Unspiked water
Unspiked water
lOOui of 1mg/i NP in acetone
1 00u of lmg/l NP in acetone
400ui of 1 OOmg/l NP in acetone
400u1 of 1 OOmg/l NP in acetone
25u1 of lOOmg/1 NP in acetone
25u1 of lOOmg/l NP in acetone
Unspiked water
Unspiked water
400u1 of 100mg/i NP in acetone
400ul of 100mg/i NP in acetone
25ui of 100mg/i NP in acetone
25ui of 100mg/i NP in acetone
Unspiked water
Unspiked water

TRD = trade effluent composite sample

A.1.1 Results generated by AQC94
Blank corrected (if needed) data is entered into AQC94 as one set of elga water data
with one of the water matrices to form the data set for that type of water (see Tables
A.2 and A.4). The software program output for each type of water matrix is shown
in Tables A.3 and A.5.
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Table A.2 Data used in the determination of statistical parameters for the
analysis of NP in wastewaters.
Solution name

Batch
1
1
2
2
3
3
4
4
5
5

True
Concentration
Replicate
1
2
1
2
1
2
1
2
1
2

LOD std
(elga)
/ig/l
0.10

High std
(elga)
4tg/l
45.00

Low std
(elga)
/p.g/l
5.00

Waste
waters
(high) /p.g/l
40.00

44.77
47.67
47.70
51.65
52.86
50.90
42.61
38.74
38.11
34.73

4.11
3.93
5.76
6.06
5.05
5.01
5.00
5.51
3.87
3.99

43.03
50.09
40.17
40.79
39.77
27.28
40.82
33.44
36.60
35.35

0.15
0.13
0.12
0.00
0.51
0.38
0.08
0.09
0.05
0.09

1

1

Waste
waters
(low) /p.g/l
2.50

3.38
2.76
3.42
4.09
2.21
2.06
2.11
1.78
2.30
2.15

Table A.3 Precision test results generated by AQC94 for the determination of
NP in waste waters.

Statistical parameter

LOD std
(elga)
0.16
0.0518

Mean
Between-Batches Mean
Square
Within-Batches Mean Square
F-Value
Significance
Within-Batches SD
Between-Batches SD
Total SD
Relative SD
F 0.05
F-Value
Estimated D.F.

Absolute target
Percentage target (%)

Solution name
Waste
Low std
waters
(elga)
(high)
4.83
38.73
44.97
1.424 50.8137
81.4763

Waste
waters
(low)
2.62
1.1678

26.2389
1.9366
N.S.
5.122
0.198
3.505
0.832
6.207
0.855
16%
18%
1.94
2.37
1.141
0.468
8
4

0.0989
11.8071
**
0.315
0.731
0.796
30%
2.21
0.405
5

High std
(elga)

5.4354
0.0033
15.7496 14.9899
**
**
2.331
0.057
6.166
0.156
6.592
0.166
15%
103%
2.21
2.21 1
0.955
0.018
5
5

1.25
15

Key:
N. S. Not significant
** Significant at the 0.01 level
" Significant at the 0.001 level
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Table A.4 Data used in the determination of statistical parameters for the
analysis of NP in trade effluents.
Solution name

Batch
1
1
2
2
3
3
4
4
5
5

True
Concentration
Replicate
1
2
1
2
1
2
1
2
1
2

LOD std
(elga)
/tg/I
0.10

High std
(elga)
/tg/I
45.00

Low std
(elga)
/j.tg/l
5.00

Trade
effluents
(high) /p.g/l
40.00

44.77
47.67
47.70
51.65
52.86
50.90
42.61
38.74
38.11
34.73

4.11
3.93
5.76
6.06
5.05
5.01
5.00
5.51
3.87
3.99

41.30
33.23
29.96
22.89
25.24
33.91
28.75
22.12
35.23
34.35

0.15
0.13
0.12
0.00
0.51
0.38
0.08
0.09
0.051
0.09

1

1

[

Trade
effluents
2.50

2.81
3.05
1.31
2.29
2.35
2.64
1.50
2.01
2.35
1.94

Table A.5 Precision test results generated by AQC94 for the determination of
NP in trade effluents.

Statistical parameter

0.16
0.0518

Mean
Between-Batches Mean
Square
Within-BatchesMeanSquare
F-Value
Significance
Within-BatchesSD
Between-BatchesSD
TotalSD
RelativeSD
F0.05
F-Value
EstimatedD.F.
Comments

Absolute target
Percentage target (%)

Solutionname
Trade
Low std
(elga)
effluents
(high)
4.83
30.70
44.97
81.4763
1.424 53.5329

Trade
effluents
(low)
2.23
0.4901

5.4354
14.9899
**
2.331
6.166
6.592
15%
2.21
0.955
5

0.1526
3.2108
N.S.
0.391
0.411
0.567
25%
2.1
0.206
6

High std
(elga)

LOD std
(elga)

0.0033
15.7496
**
0.057
0.156
0.166
103%
2.21
0.018
5

1.25
15

Key:
N. S. Not significant
** Significant at the 0.01 level
Significant at the 0.001 level
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0.855

18%
2.37
0.468
4

23.4958
2.2784
N.S.
4.847
3.875
6.206
20%
2.01
1.816
7
Possible
bias

Appendix
In the comments section of Table A.5 it indicates that there is a possibility of a bias
in the data for this type of sample. If further work were to be carried out on this
project, this is one of the areas in which further investigation would be needed so that
the source of the possible bias could be decided.

The method is considered to have passed the precision test when the calculated
deviations are not significantly larger than targets set in the design stage of the
experiment. In this case, both of the precision tests are considered to have passed.

A.2 Contamination
As nonyiphenol can be used in the manufacture of certain types of plastic, the plastic
products used in the project were tested for any indication of being a source of
contamination. The plastic bags used to store sediment core sections in transit and
the plastic storage jars used to store the freeze-dried sediment sections were
investigated. Elga water was added to a bag and samples of the plastic jars used,
they were then stored in a refrigerator for a set period of time and the water analysed
to see if nonylphenol had leached into the water. Results showed that nonyiphenol
did not leach into the water from the plastic bag but that a very small trace amount
(much less than the limit of detection) was seen in water from one type of storage
jars. As this was a trace amount in water and the sediment samples are stored as
freeze-dried sections it was felt that this would not affect the analysis.

A.3 Inter-laboratory test
Analysis methodology for the investigation of nonyiphenol can vary between
research groups/laboratories. The performance of an individual procedure in relation
to other developed methods can be tested. An experiment can be designed which
involves the participation of several laboratories to generate a set of data, which can
be used to compare methodology by comparison of the results. An organisation
known as the Water Research Council (WRc) is an UK based company which
designs and sends out experiments such as these to participating laboratories. The
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WRc then collates the results of these experiments and information generated is
cascaded back to the participants.
The experiments are designed so that all participants receive the same solutions at the
same concentrations and also are supplied with a sample of water with which
extractions can be carried out. One set of solutions are at a given concentration,
whilst the other is at an unknown concentration which is to be determined as part of
the experiment. The normal extraction and analysis conditions of the participating
laboratory are used to determine the concentration of the unknown solution, then the
results are sent to the WRc who compare the results as a whole to see if any specific
conclusions can be drawn. The inter-laboratory comparison test completed by myself
gave acceptable results as experimental concentrations were within 10% of the WRc
defined reference value.

Table A.6 Results of inter-laboratory test
Determinand

WRc defined

Mean result

Percentage

value (p.g/1)

from TIC

difference between

ana1ysis(pg/l)

experimental and
reference values

4-n-nonylphenol

5.04

5.15

2.2

Technical grade

6.62

6.05

8.6

nonylphenol
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A.4 Weights of sediment sections from Loch Tay bottom
sediment cores

Table A.7 Wet and dry weights of sediment sections in Core 1 collected from
Loch Tay
Depth from
surface
(cm)

Weight of
dish only
(g)

0-2
2-4
4-6
6-8
810*
10-12
12-14
14-18
18-20
20-22
22-24
24- 1

2.15
2.17
2.15
2.10
2.16
2.19
2.16
2.39
2.38
2.40
2.36
2.41

1

Weight of
dish + wet
sediment
(g)
74.76
76.16
84.01
79.38
83.36
77.64
76.54
77.39
78.57
73.59
76.96
20.59

Wet
sediment
only (g)

Weight of
dish + dry
sediment
7.20
11.12
14.30
13.94
15.18
15.66
17.91
18.31
18.52
19.91
6.92

1

72.62
73.99
81.86
77.28
81.20
75.44
74.38
75.00
76.20
71.19
74.61
1
1 18.17

1
1

Dry
sediment
only (g)

Percentage
water loss

5.05
8.96
12.15
11.84
14.06
12.98
13.50
15.52
15.93
16.12
17.55
4.51

93.0
87.9
85.2
84.7
82.8
81.8
79.3
79.1
77.4
76.5
75.2

1

1
1
1
1
* denotes problem with freeze-drying apparatus causing sample to be re-dried, so
percentage water loss was not calculated.
$ - section depth smaller than 2cm.

Table £8 Wet and dry weights of sediment sections in Core 2 collected from
Loch Tay
Depth from
surface
(cm)

Weight of
dish only
(g)

0-2
2-4
4-6
6-8
8-10
10-12
12-14
14-18
18-20
20-22
22-24
24-26

2.16
2.20
2.16
2.16
2.18
2.22
2.21
2.12
2.29
2.13
2.19
2.23

P.A.Smith

Weight of
dish + wet
sediment
(g)
75.28
79.73
77.25
75.89
81.15
77.55
73.20
78.40
82.24
78.02
81.29
75.04

1

Weight of
dish + dry
sediment
(g)
7.04
11.81
13.62
14.55
15.72
15.85
15.55
16.34
18.86
18.45
19.76
19.45
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1

Wet
sediment
only (g)

Dry
sediment
only (g)

Percentage
water loss

73.12
77.53
75.09
73.74
78.97
75.33
70.99
76.28
79.95
75.89
79.10
72.80

4.88
9.62
11.45
12.39
13.54
13.64
13.34
14.22
16.57
16.32
17.57
17.22

93.3
87.6
84.7
83.2
82.9
81.9
81.2
81.4
79.3
78.5
77.8
76.3

1

1

Appendix

A.5 Weights of sediment sections from Loch Leven bottom
sediment cores
The three bottom sediment cores collected from Loch Leven were sectioned into 1
cm slices at the loch and any large stones or twigs removed. Each slice was placed
into a labelled polythene bag and stored in a cool box during transit. Sediment
sections were transferred into individual pre-weighed amber glass bottles in the
laboratory and the weight recorded. Samples were stored in the freezer until freezedrying occurred and the weights of the sections were recorded when dry. Samples
were mixed by stirring vigorously with a metal spoon for thirty seconds and stored in
amber glass bottles in the dark at room temperature. It was decided to combine two
dry 1 cm slices into a section representative of 2 cm depth in the core to give the
required analyte concentration range and to give enough sample for analysing using
ASE and Soxtherm. The 2 cm sections are used in Chapter four.

Wet and dry weights of sections from Cores A, B and C and displayed in Tables A.9,
A. 10 and A. 11. The original 1 cm section weights are given in Tables A.9, A. 10 and
A. 11, to find the dry weight of the 2 cm section, combine sections 0-1 and 1-2, 2-3
and 3-4 etc.

Table A.9 Wet and dry weights of sediment sections in Core A collected from
Loch Leven
Depth from
surface (cm)

Weight of
bottle
only (g)

0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9

94.40
94.42
93.43
93.70
93.59
94.22
93.58
94.20
93.65

P.A.Smith

Weight of
bottle + wet
sediment
(g)
138.59
145.00
146.01
147.34
144.33
148.61
151.79
145.12
143.52

Weight of
bottle + dry
sediment
(g)
105.79
118.05
115.42
116.46
115.18
117.86
118.70
116.81
116.48

-186-

Wet
sediment
only (g)

Dry
sediment
only (g)

Percentage
water loss

44.19
50.58
52.57
53.63
50.74
54.39
58.21
50.92
49.87

11.39
23.63
21.99
22.76
21.58
23.64
25.12
22.62
22.82

74.2
53.3
58.2
57.6
57.5
56.5
56.8
55.6
54.2

1
1

Appendix
Table A.10 Wet and dry weights of sediment sections in Core B collected from
Loch Leven
Depth
from
surface
(cm)
0-1
1-2
2-3
34
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Weight of
bottle only
(g)
93.69
93.54
94.39
93.64
93.54
93.59
93.66
93.59
93.65
93.46
93.96
93.53

Weight of
bottle + wet
sediment
(g)
129.86
135.80
139.67
139.95
135.28
136.73
140.73
134.37
137.98
140.89
144.67
121.52

Weight of
bottle + dry
sediment
(g)
97.99
102.97
107.74
106.61
105.74
107.01
109.04
106.88
108.59
110.28
112.81
103.83

Wet
sediment
only (g)

Dry
sediment
only (g)

36.17
42.26
45.28
46.32
41.74
43.14
47.07
40.77
44.32
47.43
50.71
27.99

4.30
9.44
13.35
12.97
12.21
13.41
15.38
13.29
14.94
16.83
18.85
10.30

1

1

Percentage water loss

88.1
77.7
70.5
72.0
70.8
68.9
67.3
67.4
66.3
64.5
62.8
63.2

Table A.11 Wet and dry weights of sediment sections in Core C collected from
Loch Leven
Depth
from
surface
(cm)
0-1
1-2
2-3
34
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17

P.A.Smith

Weight of
bottle only
(g)

Weight of
bottle + wet
sediment (g)

Weight of
bottle + dry
sediment (g)

Wet
sediment
only (g)

Dry
sediment
only (g)

Percentage
water loss

93.55
93.73
94.17
93.99
93.62
93.71
93.59
93.66
93.58
94.47
93.74
94.12
93.68
94.13
93.70
93.61
93.46

133.60
137.10
138.23
137.95
138.72
138.83
137.88
136.66
138.37
136.54
140.18
139.18
139.34
139.04
140.18
141.07
131.41

98.52
102.25
103.05
103.30
103.75
104.52
104.50
104.71
106.31
106.95
109.58
108.86
109.33
108.57
109.31
110.37
107.48

40.05
43.37
44.07
43.97
45.10
45.12
44.29
43.00
44.78
42.08
46.44
45.06
45.66
44.91
46.48
47.46
37.94

4.97
8.53
8.88
9.31
10.13
10.81
10.91
11.05
12.73
12.48
15.84
14.73
15.65
14.44
15.61
16.76
14.01

87.6
80.3
79.8
78.8
77.5
76.0
75.4
74.3
71.6
70.3
65.9
67.3
65.7
67.9
66.4
64.7
63.1
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