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SUMMARY

Polycyclic aromatic hydrocarbons (PAHs)
have long been known to pose health risks
in humans and have become one of the
major environmental issues. Coal tar
products, retined petroleum products and
lubricating ~ oils are  among  the
anthropogenic sources, which contain
highly  toxic substances of which
benzo|a]pyrene and dibenz|[a,h]|anthracene
are the most potent carcinogens. Sensitive
and reliable chemical analyses of
contaminated soil and water are imperative
for health risk assessments and chemical
fingerprinting. The development of
techniques that can determine the pollution
source is motivated in part by the cleanup
costs, legal fees, and fines incurred by the
polluter.

In this thesis, direct solid-phase
microextraction (DISPME), followed by
capillary gas chromatography (GC) and
mass spectrometry (MS) in the selected
ion storage (SIS) mode was investigated
for the determination and characterisation
of PAHs in aqueous samples. The SPME
method of extraction is also compared to a
traditional liquid-liquid extraction method
that was based on USEPA method 8270.
It was found that several factors affected
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the extraction efficiency with a single
stage SPME extraction, such as the degree
of alkylation, fiber condition, absorption
time, sample pH, sample matrix, sample
temperature, agitation method, etc. The
technique  of  multiple  extractions
(MESPME) was investigated and found to
compensate for variations in analytical
conditions or sample matrix. The
suitability of the method for health risk
assessments was investigated. The results
were acceptable for this purpose because
the limits of detection were estimated at
the pg/em’ levels that were considerably
lower than the health risk based guideline
concentrations (10° cancer risk) for
drinking water specified by the United
States Environmental Protection Agency
(USEPA). The guideline concentration for
dibenz[a,h]anthracene (the most potent
carcinogen) is for example 0.0092 ng/cm3
compared to a detection limit of 0.0045
ng/cm’ achieved with the SPME-GC/MS
method. Detection limits for the other
carcinogenic PAHs were also found to be
lower than the USEPA guideline
concentrations.  The method was also
developed to include the quantification of
alkyl-PAHs, which 1is important for
interpretative methods such as chemical



fingerprinting (source identitication). For
this purpose detection limits of at least
0.01 ng/cm3 are required for individual
PAHs. The SPME extraction method used
in conjunction with GC/MS was found to
be sensitive enough for this purpose with
detection limits lower than 0.01 ng/cm3 for
all the PAHs. The method was in many
respects superior to traditional extraction
methods.

A headspace SPME (HSSPME) method,
followed by GC/MS, was developed for the
screening of soil samples. Vapor pressures
of target analytes were determined using a
capillary GC  method to identify
environmentally  important components
with a sufficiently high vapor pressure to be
analyzed in the headspace mode. The
method was optimized under non-
equilibrium conditions with simplicity and
automation in mind and does not require
any extraction procedure or sample
preparation, other than grinding, drying and
homogenizing. The analytical performance
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and the significance of the results for the
purpose of chemical characterisation,
source discrimination, determination of
individual isomer distributions and the
calculation of source and weathering ratios,
are discussed. The SPME method of
extraction was also compared to the
relatively new extraction technique known
as Pressurised Liquid Extraction (PLE).
HSSPME was found to be a very efficient
and sensitive technique for the confirmation
of PAHs of up to four-ring structures and
suitable for a tiered and adaptive approach.

The selective extraction and analysis
techniques that have been developed in this
thesis were finally used to develop
diagnostic ratios, which can be used to trace
contamination in the environment to its
source. The successful use of the analytical
data to match the chemical patterns of
target analytes with potential sources was
shown.
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SAMEVATTING

Die gesondheidsrisiko wat polisikliese
aromatiese koolwaterstowwe (PAHs) vir
mense inhou is lankal reeds bekend en het
in een van die mees belangrikste
omgewingskwessies ontwikkel. Besoedel-
stowwe soos koolteer, petroleum produkte
en smeermiddels bevat heelwat giftige en
karsinogene verbindings waarvan
benso[a]pireen en dibenso|a,h]antraseen
die giftigste is. ‘n Sensitiewe en
betroubare chemiese analise van grond- en
watermonsters word vir die ondersoek na
PAH en ge-alkileerde PAH besoedeling,
gesondheids gebaseerde risikobepalings en
chemiese karakterisering benodig. Kostes
verbonde aan opruiming, regskoste en
boetes is deels die motivering vir die

ontwikkeling van metodes wat
besoedelingsbronne kan identifiseer.

Die toepassing van direkte vastestof
mikroekstraksie (solid-phase micro-
extraction - DISPME), gevolg deur
kapillére gaschromatogratie (GC) en
massaspekrtometrie (MS) in  die

geselekteerde ioon (selected ion storage -

SIS) mode 1is vir die bepaling en
karakterisering van PAHs in
watermonsters ondersoek.  Die SPME
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ekstraksiemetode is ook met die
tradisonele vloeistof-vioeistof ekstraksie-
metode, gebasseer op die USEPA metode
8270, vergelyk. Daar is gevind dat die
effektiwiteit van ‘n enkelstap SPME-
ekstraksie deur verskeie faktore beinvloed
word, soos byvoorbeeld die graad van
alkilering, die SPME vesel se toestand,
absorpsietyd, monster pH, monstermatrys,
monster temperatuur, ens. Die tegniek van
veelvuldige ekstrasies (MESPME) is
suksesvol ondersoek om vir die variasies
in analitiese kondisies en monstermatrys te
kompenseer. Deteksielimiete  vir
individuele PAHs was in die pg/em’
gebied wat aansienlik laer is as die
riglynkonsentrasie (10° kanker risiko),
soos deur die USEPA (United States
Environmental Protection Agency)
voorgekryf.  Die riglynkonsentrasie vir
bensofa]pireen is voorbeeld 0.0092 ng/cm3
in vergelyking met ‘n deteksielimiet van
0.0045 ng/cm® wat met die SPME-GC/MS
metode verkry is. Deteksie limiete vir die
ander karsinogene PAHs was ook almal
laer as die USEPA riglynkonsentrasies.
Die metode is ook vir die kwantitatiewe
bepaling alkiel-PAHs aangepas. Hierdie
analietkomponente is  belangrik  vir



interpreteringsmetodes, soos gevorderde
chemiese karakterisering (bron-
allokering).  Vir hierdie doel word ‘n
deteksielimiet van 0.01 ng/em’® vir al die
PAHs vereis. Die SPME
ekstraksiemetode, gevolg deur GC/MS, het
aan  hierdie  vereistes voldoen en
deteksiemiete van laer as 0.01 ng/(:m3 1S vir
al die PAHs verkry. Die metode was in
baie opsigte beter as die tradisionele
metodes is.

‘n Dampruim SPME (HSSPME) metode,
gevolg deur GC/MS, is vir die
siftingsprosedure van PAHs in
grondmonsters ontwikkel. Die dampdrukke
van analietkomponente is met ‘n kapillére
GC metode bepaal om vas te stel watter
komponente in die dampruim geanaliseer
kan word. Die metode is onder nie-
ewewigskondisies geoptimiseer met
eenvoud e¢n outomatisasie in gedagte,
terwyl geen spesiale monstervoorbereiding
anders as droog, maal en homogenisering
vereis word nie. Die betroubaarheid van
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die metode en die geskiktheid van die
resultate vir chemiese karakterisering,
bronallokering, bepaling van isomeer
verspreidingspatrone en die bepaling van
bron- en verouderingsverhoudings is
ondersoek. Die metode is ook met die
relatief nuwe ekstraksie metode, naamlik
“Pressurised Liquid Extraction (PLE)”
vergelyk. Daar is gevind dat HSSPME ‘n
baie effektiewe en sensitiewe metode vir
die bepaling van PAHs tot en met vier-ring-
strukture is.

Die selektiewe ekstraksie- en analise-
metodes wat in hierdie studie onwikkel is,
is uiteindelik vir die ontwikkeling van
diagnostiese  verhoudings tussen twee
analiete gebruik. Hierdie verhoudings kan
gebruik word om plaaslike besoedeling aan
‘n besoedelingsbron te koppel. Daar is ook
aangetoon dat die analitiese data suksesvol
gebruik kan word om die chemiese patrone
van analietkomponente in omgewings-
monsters aan potensiéle bronne te koppel.
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Sediment - Mud and debris

SiIM - Single ion monitoring

SIS - Selected ion storage

SPME - Solid Phase Microextraction

SRS - Standard reference soil

STD - Standard

Sw - Water solubility

tr - Retention fime

USEPA - Unites States Environmental Protection Agency
Weathering -~ Dissolvation, evaporation, bio-degradation, photo oxidation

CHEMICAL COMPOUNDS

A - Anthracene

AC - Acenaphthene

AE - Acensphthylene

BA - Benzolalanthracene

BB - Benzo|bJfluoranthane

BI - Biphenyl

BP - Benzo[ghilperylene

BAP - Benzola]pyrene

BTEX - Benzene, foluene, ethyl benzene and xylenes
Cl- Methyl group

C2- Methyl-methyl or ethyl group
C3- Trimethyl, methylethyl or propyl group
C4- Tetramethyl, ethylethyl, methylpropyl or butyl group
C - Chrysene

C1-C - (Cy~-Chrysene

C1-D - Cy-Dibenzothiophene

C1-F - Cy~-Fluorenes

C1-N - G- Naphthalenes

C1-P - Cl-Phenanthrene/anthracenes
C2-C - Cz-Chrysene

C2-D - Cg-Dibenzothiophene

C2-F - Cp-Fluorenes

C2-N - Cp- Naphthalenes

C2-pP - Cp-Phenanthrene/anthracenes
C3-C - Cs-Chrysene

C3-D - Cs-Dibenzothiophene

C3-F - Cs-Fluorenes

C3-N - Cs- Naphthalenes

C3-P - Cs-Phenanthrene/anthracenes
C4-N - G4 nophthalenes

C4-P - Cy4-Phenanthrene/anthracenes
D - Dibenzothiophene

DA - Dibenz[shlanthracene

DI - Dibenzofuran
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Fluorene
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Chapter 1

INTRODUCTION

POLYCYCLIC AROMATIC
HYDROCARBONS AND RELATED
COMPOUNDS

During the last five years the spill of coal tar
has become a major issue in the South
African iron and steel industry, while it has
been an issue in other countries for at least
thirty years. Continuous spills and discards
of coal tar products, refined petroleum
products and lubricating oils over a few
decades have degraded the quality of water,
soil and sediments. These dense non-
aqueous phase liquids (DNAPLs) have
formed pools of “toxic blobs” in the
geosphere, and due to their low solubility in
water they can continue releasing small
quantities of  contaminants into  the
groundwater for centuries. Groundwater is a
source of potable water for many households
and farming activities nearby industrial areas
and chemical releases of coal tar and
petroleum products into the soils have
become a serious environmental problem.
The investigation into the occurrence and fate
of polycyclic aromatic hydrocarbons (PAH)
and related compounds in the environment is,
therefore, essential.  Experts sce  the
cokemaking process as one of steel industry’s
areas of greatest environmental concern. Coal
tar is a by-product in the iron making process
and i1s a heterogeneous mixture of various
classes of compounds, such as the poly
aromatic compounds. Other products are
produced from coal tar because of their stable
physico-chemical properties and industrial
uses. An example of such a product is
creosote, which is used as a wood
preservative, fuel, animal dipping agent or
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lubricant. The US Environmental Protection
Agency (USEPA) has classed some of the
compounds that occur in coal tar and its
products as probable human carcinogens. In
1999, one of the PAH compounds
(benzo[a]pyrene) was ranked no 8 by the
Agency for Toxic Substances and Disease
Registry (ATSDR). Most of the parent PAH
compounds are also listed among the other
275 compounds. The environmental
laboratory at Research & Development, Iscor
Limited, is concerned with the study of PAHs
and is responsible for the development of
analytical methods. The interpretation of
analytical data, using techniques such as
chemical fingerprinting, 1is imperative.
Chemical fingerprinting is an important
technological tool for companies facing
major liability claims for environmental
damages or clean-up costs under local
regulations. Every chemical mixture that
leaks into water or soil leaves behind a
characteristic pattern, which can be used to
trace contaminants to their source. An
advanced chemical fingerprinting (ACF)
strategy includes a suite of sampling,
chemical analysis and data interpretation
methods to enable chemists to differentiate
among multiple contaminant sources.

SCOPE AND PURPOSE OF THE
THESIS

Several technical and research papers have
been reported in the last couple of decades
concerning the chemical analysis of PAHs.
Various authors have developed analytical
methods with the following purposes:



a Identification of sources

a Obtaining insight into the transport, fate,
distribution, degradation and toxic eftects
of PAHs in the environment

0 Risk assessments

o Effective risk management strategies to
reduce environmental contamination.

Analytical methods developed require
sophisticated instrumentation and skilled
analysts. The work presented in this thesis
has the following objectives:

o To review available information
regarding analytical methods and data
interpretation methods

a To investigate the physico-chemical
properties of PAHs and related
compounds

a To develop more sensitive, faster and
more cfficient analytical methodology
for the extraction and determination of
PAHs and related compounds in water
and soil samples

a To investigate the suitability of
methods for hazard identification,
health risk assessments and chemical
fingerprinting.

a To use stringent quality control (QC)
measures to improve the quality of
results

o To validate methodologies that were
developed or modified during this
study

a To investigate the occurrence and
concentration of PAHs in water and
soil samples that have been submitted
to our laboratory for a PAH analysis

o To develop advanced chemical
fingerprinting techniques that can be
used to link contaminants to their
source

a To recommend strategies for future
research in the field of chemical
analysis.
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APPROACH AND PRESENTATION

This thesis describes the development of
methodology for the determination of
polycyclic aromatic hydrocarbons in water
and soil samples, with emphasis on data
interpretation strategies. In Chapter 2, a
general introduction into the nature of coal
tar pollution and the dense non-aqueous
phase liquid problem is given. The toxicity
of PAHs, drinking water standards, health
advisories and exposure limits are
considered. An overview is also given on
currently available analytical methods that
are used to determine PAHs in water and soil
samples. Conventional extraction
techniques, Accelerated Solvent Extraction,
Solid Phase Microextraction pre-
concentration  steps, matrix  clean-up
procedures and gas chromatography/mass
spectrometry are discussed. The potentials
and limitations of these methods are
considered. The need for analytical methods
suitable for Advanced Chemical
Fingerprinting is emphasised and recent
advances in this field are summarised. The
importance of reliable analytical results for
these purposes is shown.

In Chapter 3 the criteria are set for analytical
methods investigated and developed in this
study. A set of data quality objectives is
discussed that can improve the quality of
results and ensure reliable results.

Knowledge of physico-chemical properties is
necessary to forecast partitioning of PAHSs
into the environment and for modelling the
multiphase distributions. Properties of the
selected target analytes for this study are
discussed in Chapter 4. As data on some of
the compounds are unavailable, vapor
pressures were determined for a number of
compounds using gas chromatography and
determining the Kovats retention index of
each compound.



Currently available USEPA methods for the
extraction and determination of PAHs in
water and soil samples were refined to be
better suited for chemical characterisation.
The nature of the refinements and results are
discussed in Chapter 5. An alternative
method was developed using the technique of
Solid Phase Microextraction (SPME), first
introduced by Pawliszyn in 1989. The results
of this investigation are discussed in Chapter
6, focussing on efficiency, specificity,
selectivity, sensitivity, matrix interference
and representativeness. The suitability of this
technique for health risk assessments and
chemical fingerprinting is also discussed.
For the purpose of health risk assessments a
detection limit of 0.0092 ng/em’ is required
for the most potent  carcinogens
benzo|a]pyrene and dibenz|a.h]anthracene,
based on a one in a million non-cancer
hazard. A detection limit of at least 0.01
ng/cm’® for all the PAHs is required for
advanced chemical fingerprinting
applications.  The essence of the work
reported in Chapters 4 and 6 was written up
as a research paper and accepted for
publication in the Journal of Analytical
Environmental Chemistry. The manuscript is
included in Appendix 1. The work covered
in this publication was also presented as a
paper during the 3" Euroconference on
Analytical Environmental Chemistry in,
Chalkidiki, Greece. The abstract 1s included
in Appendix 2. The application of the
SPME-GC/MS  technique for Advanced
Chemical Fingerprinting was presented as a
paper during the Chromatography/Mass
Spectrometry Conference at Warmbaths,
October 2000. The abstract is included in
Appendix 3.

For the extraction of PAHs from soil and
sludge samples, the technique of Accelerated
Solvent Extraction was investigated in
Chapter 7. The suitability of this technique
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for chemical fingerprinting is discussed. A
fast screening technique was developed by
sampling PAHs in the headspace of a soil
sample using headspace SPME. The
analytical performance of this method is
discussed in Chapter 8, focussing on
extraction  efficiency, selectivity  and
suitability for chemical fingerprinting. This
work was written up as a research paper and
accepted for publication in the Journal of
Chromatography A.  The manuscript is
included in Appendix 4.

In Chapter 9, the data generated by the
analytical methods that were developed in the
previous chapters, are used to develop
diagnostic ratios. These ratios are used to
trace the contamination in the environment to
its source and to follow weathering
processes. An improved method was
developed for this purpose, based on single
isomer-to-isomer ratios, instead of using the
sum of the grouped isomers in an alkyl
homologue. The detection limits of isomers
that are used for this purpose are discussed.
The use of PAH distribution patterns is
illustrated to differentiate between coal tar
and petroleum sources.

In the general discussion presented in
Chapter 10, consideration is given to the
reliability of the analytical methods and data
interpretation techniques that were developed
during this study. Future needs in the field of
analytical methodology are considered and
recommendations are made with respect to
the scope and strategy of new developments.



Chapter 2

GENERAL ASPECTS OF COAL TAR POLLUTION, CHEMICAL ANALYSES AND
CHEMICAL FINGERPRINTING

INTRODUCTION

Environmental policies in various industries
are based upon comprehensive analysis of
air, water and soil pollution and aim to
protect the environment. Regulatory
bodies, such as the United States

Environmental Protection Agency
(USEPA), ensure that industry complies
with regulations before considering to issue
permits for the facilities and activities'.
The central concepts driving the new policy
direction are that pollution releases to each
environmental medium (air, water and
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land) affect each other. Environmental
strategies must actively identity and
address  these interrelationships by

designing policies for the "whole" facility.

The iron and steel industry produces iron
and steel mill products, such as bars, strips,
and sheets, as well as formed products such
as wires, rods and pipes. Blast furnace
products also include coke, coke gas and
products derived from chemical recovery in
the coking process such as coal tar and
distillates. In the by-products recovery
process, volatile components of the coke
oven gas stream, such as naphthalene,
ammonium compounds, crude light oils and
sulphur compounds, are recovered. Coal
tar is a heterogeneous mixture of various
classes of compounds, as illustrated in
Figure 2.2, where the compounds of most
frequent occurrence in coal tar is shown.
These compounds can be divided into two
groups:

o LNAPLs [Light Non Aqueous Phase
Liquids] containing compounds such as
benzene, ethyl benzene, toluene and
xylenes.

a DNAPLs [Dense Non Aqueous Phase
Liquids] containing compounds such as
the PAHs and alkyl-PAHs

The analysis of these compounds is
important because of their toxicity and the
wealth of information that can be obtained
from the quantitative results of the PAHs
and their alkyl homologues. The most
frequent interpretative uses of the analytical
results include advanced chemical finger-
printing and hazard identification. The
production and transportation of coal tar
and light oil in the steel industry has been
subject to many accidents involving spills.
Experts see the cokemaking process as one
of steel industry's areas of greatest
environmental concern.
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/ BENZENE
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Figure 2.2: Compounds of most frequent occurrence in coal tar
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Benzo[a]pyrene, benzo[b]fluoranthene and
dibenz[a,h]anthracene are individual PAHs
that occur in coal tar related products and
are listed as part of the “Top 20 Hazardous
Substances” by the ATSDR/USEPA. The
focus in this study is, therefore, to
investigate the analytical methods that can
be used to analyse DNAPL components in
soil and water samples and the usefulness
of the analytical data obtained for
interpretative methods.

The DNAPL problem?

Due to continuous spills over a few decades
the DNAPLs will form pools or "toxic
blobs" of coal tar in the geosphere.
DNAPLS also have been called "sinkers"
because they are heavier than water and
sink until they hit an aquitard, a change in
soil type or density. DNAPL movements
are directed more by gravity than the flow
of groundwater. If the base of the aquifer
slopes in one direction, then the DNAPL
will flow in the same direction seeking the
lowest point. Once they reach the low
point of their descent, these pools of toxic
waste will  slowly dissolve in the
surrounding water in the form of small
contamination plumes.  Since DNAPLs
have low solubility points, they can
continue releasing small quantities of
contaminants into the groundwater for
centuries. What makes DNAPLs so
dangerous 1s the fact that they all degrade to
other compounds, which might be even
more insidious. The formation of DNAPL
pools is illustrated in Figure 2.3.

Warning signs of a DNAPL problem2

Although all forms of NAPLs share low
solubility points to varying degrees, only
DNAPLs are heavier than water, which
make them very difficult to find and to
effectively remediate. Typically, the first
indication that a site may have a potential
DNAPL problem occurs during a phase |
site assessment. A key element of a Phase
1 assessment is a detailed review of the
site's history and use, including a record of
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all chemicals that may have been released
on the site (see Figure 2.13). Even after a
determination 1s made that DNAPL
compounds were released, the likelihood of
a DNAPL groundwater problem will still
depend on such factors as the total quantity
of the release, the period of time over
which the release occurred, and the make-
up of the saturated soils. If the site history
reveals significant releases of DNAPL
compounds, then the next phase of site
characterisation should include actual soil
and groundwater tests to determine if
DNAPLSs are present in the soil. Once a
determination has been made that a
DNAPL problem appears likely, then more
invasive procedures are required to measure
the severity and extent of contamination.
The most common techniques include
borings and drilling of monitoring wells at
various strategic points and at different
depths on the site. Computer modelling of
groundwater and contaminant flows at the
site and "behavioural" characteristics of the
DNAPL can assist in estimating the
location and migration of the pool and
resulting plume without additional invasive
testing. Modelling also helps to further
focus sampling efforts to intersect the most
likely pathways of contamination and
perhaps even to locate the pools of
DNAPL. The LNAPLs (light non-aqueous
phase liquids) are also useful for modelling
purposes and contain compounds such as
benzene, toluene, ethyl benzene and
xylenes (BTEXs).

Sources and occurrence of PAHs in
natural waters

The discharge of coal tar products, retined
petroleum products and lubricating oils into
the environment is among the common
anthrapogenic sources that have degraded
the quality of water and sediment,
impacting on health and biota. As indicated
previously, coal tar contains a wide variety
of chemical components that can pollute the
hydrosphere.
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The concentration of coal tar components
in aqueous samples is often in the low part
per billion (ng/cm’) to part per trillion
(pg/cm’) range due to the low solubility of
heavy PAHs and partitioning of all PAHs
back into stream sediments. Certain
aromatic compounds have the potential to
damage resources at low levels and can
affect the health of animals and humans in a
contaminated area. The European
Community directive 80/778/EEC states a
maximum level for PAHs in drinking water
of 02 ng/em’. Fluoranthene,
benzo[a]pyrene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[ghi|perylene
and indeno[1,2,3-cd|pyrene were used as
indicators to arrive this standard. This is a
generic figure that is used for overall
assessment of contaminant levels to
identify a hazard, but it cannot be used as
such for health risk assessments. For that
purpose the individual levels of PAHs must
be known because individual PAHs each
has a different relative potency.

CHEMICAL ANALYSIS
TECHNIQUES
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Contaminant Plume with Residual and Pooled DNAPL

During the past decade environmental
laboratories have put considerable effort
into the development of analytical methods
for the determination of PAHs in
environmental soil and  groundwater
samples, and the use of the analytical
chemical data in interpretation techniques.
These methods mainly rely on a solvent
extraction step to isolate the target analytes
from the soil or water matrix, followed by a
concentration step and finally an
instrumental analysis technique. High
Performance  Liquid  Chromatography
(HPLC) methods are often preferred for
the determination of low levels of PAHs in
water samples, due to the sensitivity of the
method. A disadvantage of the EPA HPLC
method 8310 is its dependence on retention
time for compound identification. Another
technique that is frequently used by the
USEPA is the Infrared Spectroscopy
Method 418.1 (EPA, 1983), which is
designed to determine the Total
Recoverable Petroleum  Hydrocarbons,
using Soxhlet or sonication extraction.
Douglas and co-workers® reported that
negative method bias may result when
samples are analysed by this method



because of*

o Poor extraction efficiency of freon for
high molecular weight hydrocarbons

a Loss of volatile hydrocarbons during
extract concentration

o Differences in molar absorptivity
between the calibration standard and
product type

a Fractionation of soluble low-IR-
absorbing aromatic hydrocarbons in
groundwater during water washout

a Removal of 5- to 6-ring alkylated
aromatics  during  silica  cleanup
procedure

o Preferential biodegradation of n-alkanes

They also showed that other EPA methods
are used for identifying and quantifying
certain hydrocarbons present in petroleum
products. EPA method 602 (EPA, 1983),
624 (EPA, 1983), and 8240 (EPA, 1986)
for analysing volatile hydrocarbons are
adequately sensitive, but identity only a
limited number of components in
petroleum, thus making it difficult to
identify the source. To be suitable for
advanced chemical fingerprinting, the
method must also include the identification
and quantification of compounds that are
target specific indicators.

Many laboratories have modified EPA and
American Society for Testing and Materials
(ASTM) protocols to be better suited for
the chemical fingerprinting of
environmental samples. The combined
technique of high-resolution capillary GC
and MS is normally ideal for this purpose
and is discussed below.

Gas Chromatography/Mass
Spectrometry

Sauer and Boehm® showed that the
identification of a single PAH compound,
using EPA Method 8270, is difficult when
petroleum hydrocarbons are present in the
sample. The method also lacks chemical
selectivity (i.e. types of constituents
analysed) and chemical sensitivity (i.e.
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analytical detection limits). These
deficiencies yield a larger problem, namely
the inability to interpret the data for
scientifically  defensible environmental
damage assessments®. Detection limits of
10 pg/em® for individual PAHs are
normally required for chemical
fingerprinting. Douglas® reported an
improvement in the detection limit of
USEPA Method 8270 from parts per
million to the parts per trillion level, by
basically:

o using the mass spectrometer in the
single ion monitoring (SIM) mode

0o concentrating the final extract to 250 ul

0 increasing the sample size.

Through this approach the contaminants
from petroleum and coal tar sources (PAHs
and volatile aromatic hydrocarbons) can be
quantified at very low (ppt) levels.
Analysis by GC/MS is necessary to enable
analysts to focus on complex PAH patterns
and to determine concentrations of specific
PAHs, including their alkylated
homologues and isomers. The complexity
and uniqueness of these compounds that
contain a wealth of “fingerprintable”
information at trace levels can only be
studied using a more selective and sensitive
analytical method, such as GC/MS.

Solid Phase Microextraction (SPME)

The technique of SPME was introduced by
Pawliszyn® in 1989 and has shown
advantages such as solvent free extraction,
relatively short analysis turnover time and
possibilities for automation. Typically a
fused silica fiber, coated with a thin layer of
polymeric stationary phase, is submerged
into a water sample or in the headspace of a
soil sample to extract the analytes. Once
the analytes are adsorbed the fiber is
inserted into the injection port of a gas
chromatograph for thermal desorption.
Phases such as polydimethylsiloxane (non-
polar) and polyacrylate (polar) are currently
commercially available.  Applications of
these phases for the analysis of a variety of



volatile components, includin§ PAHs ™*
have been reported. Liu et. al.” and Zhang
and Pawliszyn' showed the potential of
applying headspace SPME for analysing
organic compounds in a variety of matrices,
including soils and sludges. PAHs can be
extracted from aqueous samples with
SPME using a non-polar phase fiber such
as the 100um polydimethylsiloxane. The
technique has since been developed for a
variety of compound classes and has earned
a reputation for its simplicity, speed, high
sensitivity and selectivity. The extraction
of organic compounds using the SPME
technique eliminates most drawbacks to
extracting organics and detection limits in
the pg,/cm3 range can be achieved. SPME
is suitable to extract PAHs directly from a
water matrix or in the headspace of a soil
sample. A schematic diagram of the
technique is shown in Figure 2.4.

The basic theory behind SPME has been
detailed in previous publications“"z. It has
also been reportedI3 that the distribution
coefficient (K) of alkyl substituted
compounds vary with different degrees of
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alkylation. This is because PAHs with side
chains are more soluble in the hydrophobic
stationary phase, improving the partitioning
into this phase. This is an advantage for
chemical characterisation purposes because
it will result in an increase in the detection
limits of alkyl-PAHs, which is ideal or the
purpose of this study. Due to the absence
of standards, however, the quantification of
alkyl-PAHs is complex, especially when
using a equilibrium technique such as
SPME. This is due to the differences in
extraction efficiencies with a single
extraction step, which will introduce errors
when using the parent PAH response
factors and internal standards. Typically,
an enhanced profile will be obtained for
compounds with a higher degree of
alkylation. It is possible to overcome this
problem by using the technique of multiple
extraction MESPME. This technique
calculates the total area of an analyte in

solution by wusing the data of two
consecutive extractions and, therefore,
allows for differences between the

extraction efficiency of parent and alkyl-
PAHs.

PME Device for GC Application

Sample Introduction Steps

needle penetrates themal desorption focusing of the analytes
the septum of the analytes atthe column inlet

Septum Piercing

Needle

Fiber Attachment

Tuhing

Coated Fused Silica

Fiber

Ous atap ;lc pvap |



Accelerated Solvent Extraction

Pressurised Liquid Extraction (PLE), also
known as Accelerated Solvent Extraction'*
(ASE™), is a relatively new extraction
technique. The method is based on the
principle that a solvent is pumped into an
extraction cell that contains the soil sample,
which is then brought to an elevated
temperature and pressure. A schematic
diagram of the technique is shown in
Figure 2.5. This method replaces the
traditional Soxhlet extraction technique.
The advantages of PLE are the use of less
solvent, convenience, efficiency and

analysis speed. Typically, a 10gram sample
can be extracted in about 15 minutes with a
total solvent consumption of about 15 cm’.
PAH recoveries are reported to be
equivalent to traditional methods and meet
the requirement for the extraction of solid
waste as described in USEPA" method
3545. Following the extraction step, the
extract is transferred from the heated cell to
a standard collection vial for clean-up, pre-
concentration and analysis. For a
quantitative determination of individual
PAHs, the extraction step is then followed
by a GC/MS analysis.

ASE Schematic

Load sample into cell.

Fill cell with solvent. Time (min)

0.5-1
Heat and pressurize cell. <

Hold sample at pressure
and temperature.

Pump clean solvent into
sample cell.

Purge solvent from cell
with N, gas.

Extract ready for analysis. Total 12—-14

Figure 2.5: ASE Schematic Diagram

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.

Solvent

10

Purge Valve

=

Extraction
(of:1]]

Static
Valve

Collection
Vial

3§

' 12381-01

Nitrogen




CHEMICAL CHARACTERISATION

The development of Chemical
Fingerprinting Techniques

In the following paragraph a review about
hydrocarbon fingerprinting, which was
published by Page et. al.'’, is discussed.
They indicated that most work conducted in
organic geochemistry before the 1960s
focused on the exploration of fossil fuels.
Petroleum chemistry and hydrocarbon
fingerprinting developed further in the
1970s  with the passage of certain
environmental regulations in the US (e.g.
the clean water act). GC was one of the
earliest techniques to examine alkane
distributions in fresh oils. The application
of alkane fingerprinting was very limited
because the GC patterns changed over time

due to the effects of evaporation,
biodegradation, dissolution and photo-
oxidation.  Although GC analyses of

alkanes are still in use, they represent only
part of fingerprinting methodology. The
GC methods have since been replaced by
more advanced techniques such as GC/MS,
which focus on other classes of compounds,
especially the alkyl-PAHs. Fingerprinting
of hydrocarbons is made possible by the
variety of individual PAH compounds
found in hydrocarbon sources and in the
great variability in the relative abundances
of these compounds among different
sources. PAH analyses were first applied to
oil spills to determine the composition of
the more toxic fraction of petroleum and to
examine the weathering of hydrocarbons.
After the Exxon Valdez tanker incident on
the 24™ of March 1989 and the release of
11 million gallons of oil into Prince

William Sound, a need existed for
advanced method of chemical
characterisation. It was necessary to

investigate the rates of weathering of the
oil, the changes that occurred during these
weathering processes and to differentiate
between petroleum sources and coal tar
sources.

Chemical Fingerprinting objectives
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The interpretation methods that were
developed during the Exxon Vuldez
investigations'’, serve as a basis for
environmental pollution characterisation.
Hydrocarbon fingerprinting involves the
comparison of specific chemical patterns
that will distinguish potential sources from
each other and from background levels.
For example, conventional gas
chromatograms of diesel fuel, lubricating
oil, crude oil and coal tar can reveal the
presence of PAHs in all cases, but they
exhibit different chromatographic profiles.
Chemical mixtures that leak into the water
leave behind a characteristic pattern. A suit
of sampling, chemical analysis and data
interpretation strategies enables chemists to
identity specific contaminant sources and to
link a wide range of pollutants to their
sources. Advanced chemical fingerprinting
is the appropriate technique for land-based
and aquatic site contamination assessment
and cost allocations for remediation of
problems associated with crude oil releases.
This approach employs chemical analysis
technology to identify the constituents of
complex chemical mixtures, and/or unique
chemical markers, then matches the
patterns of those constituents against
chemical patterns of potential sources. As
indicated in the review by Page et.al.'®,
chemical fingerprinting has, over the last
two decades, evolved into a science by
which original source(s) of complex
chemical mixtures (e.g. petroleum or coal
tar) can often be identified. They showed
that the relative abundance of key
individual compounds (especially two to
four ring PAHs, and three ring heterocyclic
dibenzothiophenes) forms a chemical
pattern that can be used for source
identification. There are two major
objectives’ in the chemical characterisation
of contamination in environmental samples:

Short-term : To characterise the hazard and
to determine the concentration of the
environmentally important hydrocarbon
constituents in the contaminated samples.
These constituents include those that are
immediately toxic to organisms and those



that would be considered carcinogenic to
organisms. The intent is to determine the
potential toxicity of the coal tar components
as it is transported in the water and to help
estimate what components would be
available to affect a particular habitat.

Long-term . The application of advanced
chemical fingerprinting to determine the
concentration of major hydrocarbon
constituents that would be valuable as
source indicators and of the fate and
weathering of the coal tar in the
environment. Concentrations of key
individual ~ components  or  reference
compound are used to evaluate the coal tar's
behaviour and its toxicity as it persists in
the environment. The following advances
in chemical fingerprinting techniques have
been reported:

Source discrimination based on the
hydrocarbon distribution pattern
The compounds that are commonly

measured for these studies include the 16
U.S. EPA priority pollutant PAHs, their
associated alkylated homologues and
selected heterocyclic compounds. A list of
analytes and abbreviations are given in
Table 2.1. The method used for source
discrimination involves profiling the alkyl
substituted homologous seriesl(', e.g. Cyp-Cy
naphthalenes, Cj - C4 phenanthrenes, Cy -
C,4 fluorenes and C - C4 chrysenes. The
results are normally presented as an analyte
profile histogram and accurate quantitative
data for each alkyl homologue is necessary
for this purpose. The parent PAH 1is
accurately quantified with the help of
internal standards and the alkyl homologue
concentrations are  then  calculated,
assuming the same response factor for each
respective molecular ion signal.  All the
isomers within an alkyl homologue are
grouped together for this purpose. The
fundamental differences in the distributions
of PAHs are used to distinguish between
different sources. The characteristic
profiles of various sources of pollution,
which were obtained from AD Little Inc,
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Acorn Park, Cambridge, are illustrated
below:

Petrogenic hydrocarbons (Figure 2.6):
These sources are characterised by their
distributions of alkylated homologues of
naphthalene (N), fluorene (F), phenanthrene
(P), dibenzothiophene (D) and chrysene
(C), where the parent PAH for each series
is least abundant'®.

Pyrogenic hydrocarbons (Figure 2.7):
These sources are combustion related that
produce PAH distributions dominated by
the parent compounds of two to four ring
PAHs and containing large quantities of
fluoranthene (FL) and pyrene (PY)'™. The
characteristic profiles are used to establish
chemical matches between one ‘“suspect”
oil and the petroleum in an environmental
sample, and to distinguish between
petrogenic and non-petrogenic sources’.

Degraded oil (Figure 2.8): The protfile of
degraded oil is typical petrogenic and
dominated by phenanthrenes,
dibenzothiophenes and chrysenes. A build-
up of heavy PAHs and C; - C4 alkyl PAHs
is observed in degraded samples. The
build-up of C4-P > C;3-P > C,-P can, for
example, be observed in the figure. It is
also evident that the C,- to C4-chrysenes are
very resistant towards weathering as only a
slight change in the relative abundances of
alkylated chrysenes can be observed.

Diesel oils (Figure 2.9): The characteristic
profile of typical diesel oil is dominated by
the two and three ringed structures, with the
phenanthrenes showing a typical petrogenic
profile. Also note the absence of heavy
PAHs in the profile.

Atmospheric deposition (Figure 2.10): A
characteristic profile is mainly dominated
by heavy PAHs (four to six ring structures).
Atmospheric deposition normally occur
near airports or industry where aerosols fall
to the ground.

Creosote (Figure 2.11): Anthracene,
phenanthrene, chrysene, tluoranthene and
pyrene dominate the profile (naphthalenes
and other light PAHs are absent).



Table 2.1: Analytes measured for source discrimination based on hydrocarbon
distribution patterns showing abbreviations

Naphthalene N
C,- Naphthalenes CI-N
C,- Naphthalenes C2-N
C;- Naphthalenes C3-N
C,4- Naphthalenes C4-N
Acenaphthylene AE
Acenaphthene AC
Biphenyl BI
Dibenzofuran DI
Fluorene F
Cl-Fluorenes CI-F
C2-Fluorenes C2-F
C3-Fluorenes C3-F
Phenanthrene P
Anthracene A
C1-Phenanthrene/anthracenes Cl-P
C2-Phenanthrene/anthracenes C2-p
C3-Phenanthrene/anthracenes C3-P
C4-Phenanthrene/anthracenes C4-p
Dibenzothiophene D
CI-Dibenzothiophene CI1-D
C2-Dibenzothiophene C2-D
C3-Dibenzothiophene C3-D
Fluoranthene FL
Pyrene PY
Benzo[a]anthracene BA
Chrysene C
C1-Chrysene Cl1-C
C2-Chrysene C2-C
C3-Chrysene C3-C
Benzo|[b]fluoranthane BB
Benzo[a]pyrene BAP
Benzo[ghi]perylene BP
Dibenz[ah]anthracene DA
Indeno[ 123-cd]pyrene IP
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Figure 2.6: Typical Petrogenic Profile
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Figure 2.11: Typical Creosote Profile also showing the relative

abundances of P- D- and C-homologues

Relative amounts of phenanthrenes,
dibenzothiophenes and chrysenes

The relative amounts of these compounds
in an environmental sample are used to
differentiate among different crude oils,
petroleums and refined petroleums'®". In
crude oil, for example, similar abundances
of phenanthrenes and dibenzothiophenes
are found, with the chrysene series largely
absent in some cases (e.g. Exxon Valdez
crude o0il)'®. Major differences in the PAH
fingerprints between petroleum sources
have previously been found in the relative
amounts of dibenzothiophenes'x. Creosote,
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on the other hand, contains significant
amounts of five to six ringed PAHs with a
low relative abundance of dibenzothio-
phenes. The relative amounts of phenan-
threnes, dibenzothiophenes and chrysenes
in creosote are shown in Figure 2.11.

The use of source ratios

A source ratio is a ratio between two
characteristic analytes or group of analytes
in a source, which must be ideally unique to
that particular source. For the ratio to stay
constant the particular compounds must
degrade at similar rates and have similar



chemical and physical properties. Page et.
al.'é reported that selected alkyl-PAH
homologues are (1) relatively resistant to
weathering influences and (2) occur in
relatively  different  concentrations in
different petroleum sources. Douglas et.
al? reported that the ratios of Cs,-
dibenzothiophenes to C,-phenanthrenes
(Co-D/C5-P) and ratios of Cs-
dibenzothiophenes to  Cs-phenanthrenes
(C3-D/C5-P) stay relatively constant, even
when weathering has degraded up to 98%
of the total PAHs. They have also
demonstrated the stability and usefulness of
the source ratio over a wide range of
weathering and biodegradation of different
oils using double ratio plots of Cs-D/C3-C
(weathering ratio) versus Cs-D/C;-P (source
ratio).  The dibenzothiophene group of
compounds (Cy-D to C4-D) was found to
vary the most widely in different sources,
as their concentrations reflect the sulphur
content of the source’’. The resistance to
weathering, combined with the source
specific nature of the C3-D/Cs-P ratio in
spilled oil, makes them especially usetul for
the identification of multiple sources of

hydrocarbons®.

The use of weathering ratios

Ratios of compounds that change
substantially ~ with  weathering  and
biodegradation are termed "weathering
ratios". Weathering is the combined effect
of dissolution, biodegradation and photo-
oxidation. The bacterial degradation
within a PAH homologous series is"

C,-PAH > C\-PAH > C,-PAH > C;-PAH > C4-PAH

During a study of hydrocarbon sources
following the Exxon Valdez oil spill, Page
and co-workers'® reported the following
major compositional changes in sediments
and soils:

e Pronounced decrease in naphthalenes
(N) relative to other PAHs, which
occurs rapidly in the first few days of
exposure to the atmosphere.
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e Development of a "water-washed"
profile for each of the petrogenic
groups so that each group has the
distribution: Parent (Cy)<C;<C,<Cj.

e Gradual build-ups in the relative
abundances of the phenanthrenes,
dibenzothiophenes, and chrysenes as
the more soluble components are lost.
The chrysenes exhibit the most
pronounced relative increase because of
their low solubilities in water, and
resistance to microbial degradation.

In the study by Douglas and co-workers™
concerning the environmental stability of
petroleum hydrocarbons, they reported that
compounds that weather to below their
respective detection limits during the early
stages of oil degradation cannot provide
reliable weathering ratios. Bence and co-
workers®! developed weathering indicators
of varying sensitivity for different stages of
the weathering process. The ratio of Cs-
N/C,-P i1s a sensitive ratio and can for
example be wused for light product
degradation such as diesel fuel. A less
sensitive weathering ratio such as C3-D/Cs-
C may be used for crude oil degradation.

The use of individual isomer distributions

This method involves the profiling of
isomers of a certain alkyl homologuen,
e.g. isomers of C,-phenanthrene or Cs-
dibenzothiophene. A typical profile for
C3-dibenzothiophene isomers is shown in
Figure 2.12, illustrating the differences in
the relative distribution of individual
isomers.  For this purpose, an accurate
quantitative result is not required for each
isomer, but the result is presented as a
single ion chromatogram, based on the
major ion of the homologue, showing the
relative intensities of all the isomers. Page
et.al.'® have shown that the differences in
the relative distribution of individual
isomers within a homologous series, such
as the Cs-dibenzothiophene isomers,
present opportunities for fingerprinting
similar petroleum hydrocarbon sources.



They indicated that: Phases of an advanced chemical
fingerprinting Strategy
e the Cs.dibenzothiophenes as a group,

represent more than 20 individual The chemical characterisation of pollutants
abundance’s in oils from different in the geosphere and hydrosphere is an
sources integral part of the fingerprinting strategy.

‘ o A typical Advanced Chemical

e these isomer dlSt]‘lbUtl-O.nS reﬂect. the Fingerprinting (ACF) project'’ is a
source Carbon, c‘{eposmonal environ- sequence of separate but strategically
ment  during  formation and  the related steps that can be explained in the

existence of any diatonic sources. phases shown if Figure 2.13.
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Figure 2.12: Example of a Selected lon Chromatogram of C3-
dibenzothiophene isomers — (m/z =226 and 211).
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Phase1l -»

Evaluate contaminated
site and adjacent sites

Assemble a team of
specialists (in-house
and consultant)

Determine all
possible contributors

_>

Characterise sources
looking for
similarities and
differences

Phase 2 -

Develop case-specitic
sampling strategy to
include size, number
and location of samples
and stressing sample
integrity and statistical
replication.

Implement high
quality chemical
fingerprinting
analyses.

Phase 3 -»

Develop tiered
analytical strategy
combining lower cost
and rapid field
screening methods with
ACF to help select
samples for ACE.

Screen samples and
sclect subset for ACF

Select diagnostic
ratios

Develop and
implement mixing
models to establish
allocation.

Figure 2.13:

Phases of an Advanced Chemical Fingerprinting (ACF) project '’
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Chapter 3

CRITERIA FOR CHEMICAL METHODS DEVELOPED AND INVESTIGATED IN
THIS STUDY

ANALYTICAL DESIGN FEATURES

There is a constant demand for screening
methods capable to analyse at lower levels,
with shorter turnaround times and lower
analysis cost. Methods should be reliable
enough to characterise the type and source
of contamination, as this forms the basis of
sound decisions and action required to
protect public health and to improve the
quality of the environment.  High quality
environmental measurements are required
for a number of purposes, such as:

a Compliance with legislation

a0 Characterisation of hazardous waste
sites

0 Monitoring of the effectiveness of
measures taken to reduce contamination

Q Monitoring of site remediation

a Decisions and actions regarding waste
disposal

0o Studies related to the degradation of
PAHs in the environment

The need for analytical methods that can
provide expedited characterisation of
hazardous waste sites 1s critical.  Site
remediation is often delayed during the site
characterisation step because of slow
turnaround times of sample analyses. In
addition, once a sample is removed from
the location, its chemical integrity is always
a concern. Methods that minimise sample
handling and transport are needed to
improve data quality. The analytical
methodology developed in this study is
designed to fulfil these needs.

To achieve the objectives for a high quality
chemical analysis that is essential for a
successful fingerprinting strategy, four
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important features must be taken into
account:

1. Selection of the specific constituent
target analytes

2. Selection of analytical methods and
performance characteristics

3. Data use, interpretation
assessments

4. Quality assurance and quality control

and

The close relationship between sampling,
analytical determinations, data evaluation
and interpretation and environmental
management is shown is Figure 3.1.

Selection of specific constituent target
analytes

This study is focused on coal tar polluted
water and soil samples, which contains a
heterogencous mixture of PAHs, alkyl-
PAHs and heterocyclic compounds. The
analytes targeted for this study are those
listed in Table 2.1. In the case of the
alkyl-PAHs a C,-PAH indicates a single
methyl group attached to the specific PAH,
a C,-PAH the sum of all dimethyl or ethyl
isomers and a Cs3;-PAH the sum of all
trimethyl, methylethyl and propyl isomers.

Selection of analytical methods and
performance objectives

Contaminated coal tar samples can also
contain refined petroleum  products
(diesels, mineral oils, fuel oils, and
lubricating oils). These compounds are
co-extracted with the PAHs because they
are non-polar and can cause matrix
interference.
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Figure 3.1: Relationship between sampling, the laboratory and Environmental
Management
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Because the range of matrices in
environmental samples is very large it is
difficult to develop a “tailor made”
strategy for each case. A basic
requirement from a quality point of view is
that the overall trueness and precision
must be adequate for the objective of the
measurement. The selection of the
analytical method then also depends on the
regulatory requirements and other data
interpretation objectives.  The existing
USEPA method were used as a guideline
for this study, but considering the
inadequacies that were discussed in
Chapter 2, attention was given to specific
modifications and refinements for methods
to be more suitable for the characterisation
of coal tar pollution. New methods were
developed using SPME-GC/MS, mainly
because of the advantages associated with
this  technique, namely  simplicity,
efficiency, selectivity and sensitivity.
Modified and newly developed methods
were validated to ensure that it is fit for the
intended purpose and a range of
performance characteristics was
investigated for this purpose. Traceability
to a recognised reference (pure substance or
certified reference material) was
demonstrated where possible.

Criteria for Data Interpretation and
Assessment Use

Chemical Characterisation

As shown earlier, the detection of C,-, C,-
and Cs-isomers in an alkyl homologous
series plays an important role in the
development of source or weathering
ratios. Another assessment use of isomer
data is to compare the chemical
composition and concentration of spilled,
unweathered coal tar with the composition
and concentrations of the residual coal tar
in the environment.  Analytical data
obtained from these comparisons allow the
analyst to trace the fate, weathering, and
environmental partitioning of different
fractions of the tar and predict the potential
long-term impact of the spilled tar.
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Reliable determination of trace level
contamination is required for these
purposes. The objective was, therefore, to
achieve a high degree of specificity to
distinguish the isomers in an alkyl
homologue from other interfering analytes
or other compounds, with the required
sensitivity.

Hazard Identification

One of the objectives for environmental
measurements is to check compliance with
legislation. The standard used for hazard
characterisation this study is based on the
National ~ Primary  Drinking  Water
Regulations and Health Advisories of the
USEPA® and the Agency for Toxic
Substances  and  Discase  Registry
(ATSDR)*. Health risk based guideline
concentrations of PAHs in water can be
calculated on an age-weighted exposure
distribution. For a lifetime cancer risk of
one in a million, the risk-based
concentration for benzo[a]pyrene is 0.01
ng/cm’. For non-carcinogens the guideline
concentrations are normally higher, based
on exposure to a reference dose (RfD).
For naphthalene, for example, the
guideline value is 1500 ng/cm®. Limits for
the PAHs that are Ilisted in these
regulations are summarised in Table 3.1.
The table shows data that are available for
some parent PAHs, and except for 2-
methyl naphthalene, no data are available
for alkyl-PAHs. The data was used as a
guideline in the development of analytical
methodology, where the objective was to
achieve a quantification limit of individual
PAHs that is lower than the guideline
levels specified in the USEPA regulations.
For the purpose of a health risk assessment
and chemical fingerprinting a high degree
of sensitivity and low limits of detection
are necessary. Due to the toxicity of, for
example, the PAH reference compound
benzo|a]pyrene, a detectable concentration
of at least 0.01 ng/cm3 in groundwater
samples is required'®. The methods were
therefore developed to meet these
sensitivity requirements.



Table 3.1: Drinking Water Regulations and Health Advisories of the USEPA and ATSDR

1999 Rank Cancer Drinking HEALTH ADVISORIES FOR DRINKING
CARCINOGENS NONCARCINOGENS | 858 Group Water WATER
ATSDR Standard 70 ke Adult
Priority [a] ( g Adult)
Hazardous MCL  ~ [TATSDR USEPA USEPA guideline
Substance (ng/em’) MRLs RfD concentration for a
[b] mg/kg/day mg/kg/day 10" Cancer Risk
[c] [d] (ng/cm?)
le]
Anthracene - D - 10 03 11000
Acenaphthene 159 D - 0.6 0.06 2200
Fluorene 275 D - 0.4 0.04 1500
Fluoranthene 101 D - 04 - 1500
1-methyl naphthalene - - - 0.07 - -
2-methyl naphthalene - - - - 1500
Naphthalene 75 D - 0.02 0.02 1500
Phenanthrene 216 D - - - 1500
Chrysene 115 B2 - - - 2.09
Benzo|g.h.I|perylene - - - - - 0.42
Pyrene 253 D - - 0.03 0.11
Benz[a]anthracene 35 B2 - - - 0.092
Benzo|b|fluoranthene 10 B2 - - - 0.092
Indeno| 1.2, 3-cd|pyrene 185 B - - - 0.092
Dibenzja hjanthracene 17 B2 - - - 0.0092
Benzofajpyrene 8 B2 0.0002 - - 0.0092
Notes:

[a] -_Weight of evidence = EPA class designating overall evidence that a substance causes cancer in humans
A = Known human carcinogen

B = Probable human carcinogen, limited human data

B2 = Probable human carcinogen, inadequate or no human data

C =Possible human carcinogen

D = Not classifiable as human carcinogen

E = No evidence of carcinogenicity for humans

[b] — Maximum contaminant level (MCL) - The maximum permissible level of a contaminant in water
which is delivered to any user of a public water system. MCLs are enforceable standards.

[c] = Minimal Risk Level (MRLs) for Hazardous Substances. An MRL is an estimate of the daily human

exposure to a hazardous substance that is likely to be without appreciable risk of adverse noncancer health
effects over a specified duration of exposure.

[d] — Reference Dose (RfD). An estimate (with uncertainty spanning perhaps an order of magnitude) of a
daily oral exposure to the human population that is likely to be without an appreciable risk of deleterious

effects during a lifetime.

[e] — Guideline 10 Cancer Risk. Health risk based guideline for drinking water corresponding to an
estimated lifetime cancer risk of | in 1,000,000.

[f] = Lifetime Consumption. The concentration of a chemical in drinking water that is not expected to cause
any adverse noncarcinogenic effects for a lifetime exposure.
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Quality Assurance (QA) and Quality
Control (QC) Objectives

The awareness of QA for environmental
measurements has increased considerably
during the past few years. This is mainly
due to the fact that inaccurate
environmental analyses can lead to severe

economic and social implications, such as
undetected hazards or identification of
unreal hazards. The analytical methods
developed in this study were required to
have certain performance characteristics
and to conform to the following Data
Quality Objectives (DQO), as summarised
in Table 3.2.

Table 3.2: Data-quality objectives for groundwater and soil studles

PARAMETER EXPLANATON OF OBJECTIVES Comparauve
Accuracy or The main objective was to establisﬁ theﬁtrué
trueness of the concentration of contaminants at low levels | 80 - 120% recovery | 18— 137% recovery
measurements and in complex matrixes. CRMs were used to | for individual parent | for p-Terphenyl-d,
determine the recoveries of PAHs in soil PAHs
extracts.  Spiking techniques were used to
determine recoveries for water samples, in
which case CRMs are unavailable.
Precision To obtain agreement of measurements under
specific  conditions, using the same < 15% RSD N/A
instrument, same analyst and analysing
samples in batches.
Quantification limit | A Quantification limit of ten times lower 30 pg/em’ (water) --
g)(})é‘l;l)sfor individual than the MCL spec:ﬁed by the USEPA was 3 ug/kg (soil) 660 pg/ke

required.

Method detection
limit (MDL)

Detection limits were specified for each
individual PAH (see Table 1.1)

10 pg/em’ (water)
1 ng/kg (soil)

66 ng/kg

Procedural blank

Procedural blanks were used to check the

background levels. To ensure reliable results, 10 x MDL MDL
procedural and field blanks were limited to a
maximum concentration of ten times the
method detection limit.
Duplicate precision Field replicates were used to control the
representativeness, with the maximum relative <35 % RSD N/A
percent of duplicate values within £+ 30%.
Calibration: In the case of groundwater analysis the
instrument calibrated was optimised in the
%RSD of the RFs lower concentration range due to the poor
solubility of four- and five-ring PAHs. <30 % RSD N/A
Relative response factors for individual PAHs
are required to have a maximum RSD of 30%
over the linear range of the calibration.
Selectivity The objective was to distinguish the target
analytes from matrix compounds that may No peak overlap N/A
have concentrations of up to orders of from co-eluting
magnitude higher than the target analytes. compounds giving
mass fragments at
the selected mass
Specificity A differentiation among various isomers is | Baseline separation N/A

desired.
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Quality control procedures

The reliability of the GC/MS method was
improved by employing the following
quality control procedures before every
batch of samples.

GC/MS performance validation

The mass spectrometer was tuned regularly
for maximum sensitivity and resolution
using a standard tuning procedure, which
can be summarised by the adjustment of the
following parameters:

Resolution: _The optimum resolution was
adjusted on the 130 and 131 peaks of the
calibration gas mixture of the Saturn 2000
ion trap, by adjusting the axial modulation
amplitude.

Sensitivity: The optimum sensitivity was
adjusted by setting the RF modulation
response to 763 (highest) and 361 lowest,
and the filament emission current to 15 pA.
The multiplication voltage was tuned
automatically by the instrument software to
obtain a voltage that is high enough to
produce 10" electrons from one ion.

Mass calibration: A mass calibration was
performed weekly or when the operator
manually changes the:

0 ionisation time. The ionisation time is
normaly computed and set
automatically via the automatic gain
control (AGC).

a  Axial modulation voltage. The A/M
voltage must be adjusted to the proper
value before a mass calibration. [f the
voltage is too low, high molecular

weight ions will not be observed. If

the voltage is too high, the peak width
for low molecular weight ions will be
broadened and mass misassignments
may occur.

a ion trap temperature.

Trap function calibration: This calibration
was performed weekly.
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SIS calibration: The single ion storage
(SIS) amplitude was checked on a regular
basis to ensure optimum performance in the
SIS mode. SIS eliminates unwanted ions
from the trap. Trapped ions exhibit a
characteristic frequency of oscillation. This
frequency depends on the mass of the ion
and the amplitude of the fundamental
storage rf field.

After completion of the tuning procedure,
the performance verification was then
performed using a 40 pg/cm3 PAH
standard. The chromatogram was checked
for correct retention times, resolution, peak
areas and the mass spectrum was checked
for signal to noise ratios and peak
intensities.

Instrument calibration and verification
procedure

The typical calibration standards for
syringe injections were 20, 40, 60, 80 and
160 pg/cm3 PAHs in water, with 20 ug/cm3
deuterated PAH internal standards at each
calibration level.  Calibration standards
were run with 2pl injections of each
standard containing parent PAH analytes
and internal standards. The Calibration data
were checked for linearity and relative
standard deviation (RSD) and corrections
made. The maximum allowable RSD was
30% for the response factors (RF) over the
linear range for all target compounds with a
minimum RF of 0.05 (response relative to
internal standard). The typical calibration
standards for SPME analyses were 2, 4, 6
and 8 ng/ml PAHs in water, with 8§ pg/ml
deuterated PAH internal standards at each
calibration level.  Calibration standards
were run using a sample size of 1.2 cm’
containing parent PAH analytes and
internal standards. The Calibration data
were checked for linearity and RSD and
corrections made. The maximum allowable
RSD was 30% for the response factors over
the linear range for all target compounds
with a minimum RF of 0.05. A verification
standard was run in between samples to
check the calibration before and after a



maximum of ten samples using a mid-range
standard.  Results were checked to be

within 30% of the expected values. The
software automatically  performs the
concentration calculations of the

verification standard. The instrument was
re-calibrated where necessary. Checking
the internal standard peak areas for each
analysis to be within + 75 and — 75% of
those in the daily calibration check, and
within a given retention time window of 20
seconds, checked the instrument stability.

Control samples - spiked water sample

A 1000 em® of pure water was spiked with
5 ul of the 2000 pg/cm® PAH standard to
obtain a concentration of 10 pg/cm®. About
10 em® of methanol was added to keep the
PAHs in solution. The control sample was
analysed using the standard procedure after
every calibration and after every ten
samples.

Quantitative analysis using GC/MS

Gas chromatographic separation was
carried out using a DB-5 non-polar
stationary phase. The mass spectrometer
was operated in the full scan mode where
all masses between 45 and 450 are
acquired or in the SIS mode where only
the specified analyte masses are acquired.
Quantification of the 16 EPA priority
PAHs were performed using:

e the quantification ions specified in
Table 5.1, Chapter 5.

e response factors (RFs),

e peak areas

e calibrating on the deuterated internal
quantification standards

e a linear curve fit, forced through the

origin.
The deviation and calibration range
tolerance was set at 30%.  For the

identification of the target analytes, the
following criteria were used:

e Retention time window = (£) 0.200
minutes.
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e Mass spectrum match threshold = 700

e Minimum peak area = 1000

e Report threshold = 0.10 ng/cm’®

e Signal to noise ratio of the selected ion
current => 3:1

e Maximum uncertainty of the ratio
between the molecular ion and
qualifier ions = 20%.

Presently alkyl PAH standards for each
alkyl group of interest are not
commercially available. RFs are, therefore,
specified for each degree of alkylation by
assignment of the RF of the next closest
alkyl homologue group. They are then
quantified by grouping the peak areas of
individual isomer of each level of
alkylation and using the specified RF.

ANALYTICAL CONDITIONS

The following analytical GC/MS conditions
were used throughout this study, unless
otherwise indicated:

Module: Saturn 2000.40 Mass
Spectrometer

Saturn GC/MS Workstation Version 5.2.1
Module Software Version: FFOD

Module Option Keys: EI SIS MS/MS
Setpoints

Trap Temperature: 150 degrees C
Manifold Temperature: 35 degrees C
Transfer Line Temperature: 300 degrees C
Axial Modulation Voltage: 2.8 volts
Air/Water Check

Mass 28 Peak Width: 0.8 m/z

Mass 19 to Mass 18 Ratio: 14.3%

Total Ion Count: 3158 counts

Integrator Zero Set

DAC Setpoint: 100 DACs

Average Counts: 0.5 counts

Electron Multiplier Set

1075 Gain Value: 2050 volts

Final Gain Value: 2050 volts

RF Full Scale Adjust

DAC Setpoint: 132 DACs

Calibration Ion Used: 614 m/z

Mass Calibration

Method: FC-43




lon Mass Apex [on Intensity Scan Segment 3:

28 175.8 137 200 to 399 44.0 m/z 120%
69 433.1 1510 Scan Segment 4:
131 822.2 560 400 to 650 44.0 m/z 35%
264 1658.5 378
414 2601.2 108 Target TIC: 20000 counts
464 2916.2 42 Prescan lonization Time: 100 us
502 3155.8 118 Background Mass: 43 m/z
614 3865.5 21 RF Dump Value: 650.0 m/z
Average Calibration Slope: 6.263
DAC/m/z
Standard Deviation: 0.037 Module: 3800 Gas Chromatograph
Trap Function Calibration
Mass 69 Frequency: 258.900 kHz Front Injector Type 1079
Mass 131 Frequency: 257.400 kHz
SIS Calibration Temp Rate Hold Total
Amplitude Adjust Factor:  60% (€) (C/min) (min) (min)
Calibration Gas Adjust
lonization Time: 550 uSeconds 300 0 42.00 42.00
Total [on Count: 3726 counts
RF Tuning Adjust
Highest Count: 739 counts Time Split Split
Average Count: 351 counts (min) State Ratio

Initial On 25
Segment Number 1:

Description: FIL/MUL DELAY “Advanced Flow Control” for 1 ¢cm’/min

Emission Current: 0 microamps constant flow with pressure pulse
injection

Segment Number 2:

Emission Current: 15 microamps Pressure Rate  Hold Total

Mass Defect: 0 mmu/100u (psi) (psi/min) (min) (min)

Count Threshold: 2 counts

Multiplier Offset: 0 volts 15.0 0.00 0.10 0.10

Scan Time: 0.770 seconds 7.8 20.00 001 047

Segment Start Time:  3.00 minutes 11.8 0.40 0.00 1047

Segment End Time:  42.00 minutes 15.8 0.29 0.00 24.26

Segment Low Mass: 45 m/z 192 034 0.00 34.26

Segment High Mass: 450 m/z 226 1.13  4.00 41.27

lonization Mode: El AGC

lon Preparation Technique: NONE Column Oven

Stabilization Time: 0.10 min
El-Auto Mode:

Maximum lonization Time: 25000 ps Temp Rate Hold Total
(C) (C/min) (min)  (min)
Mass Range lon. Storage Level lon. Time 60 0.0 0.01 0.01
Scan Segment 1: 130 7.0 0.00 10.01
10 to 99 44.0 m/z 100% 200 5.0  0.00 24.01
Scan Segment 2: 260 6.0 0.00 34.01
100 to 199 44.0 m/z 140% 320 20 480 41.81
26
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Chapter 4

PHYSICO- CHEMICAL PROPERTIES OF COAL TAR COMPONENTS

INTRODUCTION

Compound properties

The global fate of compounds depends on
their transport and general distribution, as
well as their enrichment and transformation
in a specific environmental compartment™”
7 The environment is usually divided into
the major compartments air, water,
soil/sediment, biota, plants and particles, as
illustrated in Figure 2.1. The knowledge of
the  physico-chemical  parameters is
necessary to forecast partitioning into the
environment and for modeling the
multiphase distribution. Mackay™ used the

fugacity  approach  (relative  escaping
tendency) to determine the favorite
compartment of a compound. The most

important physico-chemical properties that
are relevant for environmental behavior, are
vapor pressure (POL), water solubility (Sw),
octanol-water partition coefticient (K,y) and
sorption coetficient on soil/sediment (K).
The K,w is a useful index of compound
hydrophobicity, and Log K, ol PAHs
reported in literature’® ranges from 3.36
(naphthalene) to 6.50 (benzo[a]pyrene).
This implies that the heavier PAHs (high
Log K.w) will partition strongly from water
onto soil/sediments due to their low
solubility in pure water. The water
solubility and volatility of PAH compounds
generally decrease with an increase in the
number of rings and degree of alkylation.
The tendency of a chemical to transfer to
and from gaseous environment phases (e.g.
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the atmosphere) is determined to a large
extent by its P’. This property is critical for
prediction of either the equilibrium
distribution or the rates of exchange to and
from natural waters. Even compounds with
very low ambient P’ are of environmental
importance, as these same chemicals have
low solubilities in water (high aqueous
phase fugacities), and partition appreciably
into the atmosphere. The chemical and
physical properties of target analytes were
hence investigated. The compounds, which
occur in coal tar, have a low volatility
(boiling points ranges between 200 and 400
°C) and experimental data on vapor
pressures of compounds such as the alkyl-
PAHs is very scarce.

Knowledge of the physico-chemical
properties of target analytes is also
important for the development of analytical
methods. It is, for example, necessary to
identify  those components with a
sufficiently high vapor pressure to be
analysed in the headspace mode. Headspace
sampling at room temperature is limited to
substances with sufficient vapor pressures.
Information of P’ is useful to understand the
behaviour of a given organic compound
during the headspace sampling process and
to predict the equilibrium distribution
between the soil, air and a SPME fiber.
Vapor pressure governs the vaporisation of
the analyte from soil, and consequently the
amount adsorbed onto the SPME fiber.

Capillary GC has been reported 62 a5 a



practical method to at least get a good
estimate of vapor pressures of low volatility
compounds, assuming the subcooled liquid
[P°(L)], since the molecules are dissolved in
the stationary phase. The vapor pressures
of selected target analytes were determined
using capillary GC.

EXPERIMENTAL

Standards

Chromatograms were obtained using the
tollowing certified petrochemical and PAH
mixtures:

a Diesel Range Organic Mix, Cyy - Cys ,
Chem Service Inc.

o Petrochemical Calibration Mix, Cq - Cas
Chem Service Inc

a TLC mixture, 2000 ppm each PAH
standard, Supelco

a Coal tar sample

GC/MS analytical conditions

The Varian Saturn model 2000 GC/MS was
operated under the conditions listed in
Chapter 3.

Determination of vapor pressures

The Petrochemical Calibration Mixtures
obtained from Chem Service Inc.,
containing n-alkanes from n-hexane (Cq) to
n-tetratetracontane  (Cy4) were used as
reference compounds with known vapor
pressures to calibrate the GC. A high-
resolution gas chromatograph equipped with
a DB-5 non-polar stationary phase was used
under the conditions as stated above.
Chromatograms were obtained for the target
analytes and the n-alkanes respectively to

determine the retention time of each
individual component at standard
instrumental conditions.  These retention

. . )
times were used to determine the Kovats >
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retention index for each component, using
the following equation:

RI =100.n +100.{tr()-tr(n)]/[tr(n+ | )-tr(n)] ...... 4.1

where:
RI =

index

n = carbon number of n-alkane eluting
before substance x

n+l = carbon number of n-alkane eluting
after substance x

tg = retention time

Using the assumption that vapor pressure is
proportional to the retention index the vapor

temperature programmed retention

pressures for the target analytes were
calculated at 298 K by linear regression 2
log P°L=aRl+b ... 4.2

RESULTS AND DISCUSSION

The results are presented in Figure 4.1,
showing the linear regression data. The
saturated vapor pressure of the PAHs, their
alkylated homologous series and
heterocyclic compounds are determined
using the values in Figure 4.1. The results
for the determined vapor pressures and the
water solubilities obtained from literature
are presented in Table 4.1 and graphically
presented in Figures 4.2 and 4.3. The POL
values obtained (298 K) range from 2.0 x
10 mm Hg for indene to 9.0 x 107" mm Hg
for benzo[ghi]perylene. The observed rules
for the wvapor pressure of coal tar
components are:

a There is roughly between 1 and 4 orders
of magnitude difference between the P,
of 2 and 3 ring structures, and between 2
and 10 orders of magnitude difference
between 3 and 4 ring structures.

a There is a trend in decreasing PY for
each methylene group added



y = 0.0071x - 5.5463
R?=0.9887

Log Vapor Pressure

0 500 1000 1500 2000 2500 3000 3500

Kovats Retention Index

Figure 4.1: Saturated vapor pressure of n-alkanes as a function
of Kovats index

TABLE 4.1 : Physical-Chemical Properties of Selected Coal Tar Pollutants — P'; determined experimentally

No COMPOUND RINGS KOVATS Log P, P’ Log Molar Sw
INDEX (mm Hg) (mm Hg) Solubilities” (mg/L)
1 Indene 1 1161 2.70 2.0E-03 -3.034 110
2 Naphthalene (N) 2 1255 3.36 4.3E-04 -3.606 32
3 2-Methyl naphthalene (C1-N) 2 1314 3.78 1.7E-04 -3.748 28
4 1-Methyl naphthalene (C1-N) 2 1330 3.90 1.3E-04 -3.705 25
5 Biphenyl (BP) 2 1397 4.38 4 2E-05 -4.345 6.6
6 1-ethyl-naphthalene (C2-N) 2 1413 4.49 3.3E-05 -4.162 10.7
7 1,3-dimethy! naphthalene (C2-N) 2 1458 4.81 1.6E-05 -4.292 8.0
8 1,5-dimethyl naphthalene (C2-N) 2 1425 4.57 2.7E-05 -4.679 33
9 2,3-dimethyl naphthalene (C2-N) 2 1438 4.66 2.2E-05 -4.716 3.0
10 2,6-dimethyl naphthalene (C2-N) 2 1443 4.70 2.0E-05 -4.888 2.0
11 1,2,5-trimethyl naphthalene (C3-N) 2 1556 5.50 3.2E-06 -4.923 2.0
12 Acenaphthylene (AC) 3 1470 4.89 1.3E-05 -—-- -—-
13 Acenaphthene (AE) 3 1503 513 7.5E-06 -4.594 3.9
14 Dibenzofuran (D1) 3 1537 5.37 4.3E-06 -—-- -
15 Fluorene (F) 3 1604 5.84 1.4E-06 -4.925 2.0
16 4-methyl dibenzofuran (C1-D1) 3 1639 6.09 8.1E-07 - -
17 3,4-diethyl-1,1-biphenyl (C2-BP) 2 1692 6.47 3.4E-07 -
18 2-methyl fluorene (C1-F) 3 1720 6.67 2.2E-07 -— -
19 2-ethyl fluorene (C2-F) 3 1823 7.40 4.0E-08 - -
20 Methyl-ethyl fluorene (C3-F) 3 1910 8.02 9.6E-09 - ---
21 Dibenzothiophene (D) 3 1775 7.06 8.7E-08 - -
22 Phenanthrene (P) 3 1803 7.25 5.6E-08 -5.150 1.30
23 Anthracene (A) 3 1815 7.34 4 6E-08 -6.377 0.08
24 Fluoranthene (FL) 4 2084 9.25 5.7E-10 -5.898 0.26
25 Pyrene (PY) 4 2136 9.62 2.4E-10 -6.176 0.14
26 1,2-Benzanthracene (BA) 4 2476 12.03 9.3E-13 -7.214 0.017
27 Chrysene ( C) 4 2486 12.10 7.9E-13 -8.057 0.002
28 3,4-Benzopyrene (BP) 5 2895 15.01 9.9E-16 -7.820 0.004
29 Benzo{k]fluoranthene (BK) 5 2780 14.19 6.4E-15 - -
30 Dibenz[a,h]anthracene (DA) 5 3243 17.48 3.3E-18 -—-
31 Benzolg,h,l]perylene (BP) 6 3323 18.05 9.0E-19 -9.018 0.0003
32 Indeno[1,2,3]perylene (IP) 6 3232 17.40 4.0E-18 -—-- ---
* - Data from Yalkowsky et. al.”
29
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high solubilities in water (pg/cm’ range).
35 The solubilities dropped to the pg/cm’ levels
for 6-ring PAHs. A decrease in the
solubility of alkylated compounds was also
observed, which was proportional to the
degree of alkylation. This is due to the fact
that alkylated compounds are more
hydrophobic than their corresponding parent

Solubility in ppm

———— compound. The occurrence of 5- to 6-ring
w a < > L—LJ Eé (@] g % % . . ~
& = PAHs in groundwater is, therefore, expected
Figure 4.2: Graphic presentation of PAH water to be in the very low concentration range,
solubilities especially those with a high degree of
alkylation.
Environmental distribution and fate of
PAHs
5.00E-04
4.50E-04 . . . . . .
o 400504 | [ The environmental distribution and fate of
E 350504 || PAHs depends on the physico-chemical
£ S00E04 ) properties as depicted in Table 4.1. Lower
5 2.50E-04 |} —_ 30 . .
2 5 ooeod ||, alkyl-PAHs possess greater P~ (low fugacity
& 150E04 ||| in the gas phase) while those with a higher
g 100E04 1] é degree of alkylation are less soluble and
5.00E-05 | | - . . U
oooeoo Ll W [ A more hydrophobic (l?lgh tugacn.y in aqueous
2722z gy gO558 solution). These differences will, therefore,
o 0 O o .y .
Figure 4.3: Graphic presentation of PAH vapor pressures govern the partltlonlng Processes between

- soil, air and water. Figure 4.4 is a diagram
which tracks PAHs in the various
compartments in the environment and their
transfer between and dissipation within
those compartments. This diagram shows
that the PAHs can degrade (disappear) in
many ways. During aerobic degradation
bacteria break down PAHs while abiotic
degradation involves the degradation
without any contribution by animals, plants
or microorganisms.  Abiotic degradation
includes  photodegradation,  oxidation,
hydrolysis, evaporation or absorption.

Compounds | - 25 have been identified as
contaminants with sufficiently high vapor
pressures to be analysed in the headspace
mode using a SPME fiber.  Of these
compounds, pyrene has the lowest vapor
pressure of 2.4 x 107" mm Hg, which also
indicates a relatively low soil to air transfer
potential.  Compounds with a molecular
weight lower than pyrene are of particular
interest due to both their high groundwater
and air transfer potentials. The conclusion
was made that the SPME headspace
technique is suitable for two- and three-ring, Distribution and fate in soil/sediments
as well as selected four-ring polyaromatic

. Due to their relative high water solubility,
and heterocyclic compounds.

the lighter and lower alkyl-PAHs are
expected to have a high convection into soils

The r in Tz 4.1 re h 2- . . .
Phe results in Table 4.1 reveal that the and sediments. The degree of transportation

ring and some 3-ring PAHs have relatively

30
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will also depend on the presence of other
organic matter or fluids, for example
DNAPLs. The convection of PAHs will
increase in the presence of co-contaminants
with a higher solubility for PAHs than
water, or with a high pH. Once dissolved
into a DNAPL, the movement of the
DNAPL will be mainly directed by gravity.

COMPARTMENTS DISSIPATION AND
DEGRADATION

PATHWAYS

DNAPL SPILL

GRAVITY Runoff
Volatilisation

Photodegradation

TOP cm of soil

Abiotic degradation

Aerobic soil degradation
Transformation

Soil layer n

Soil layer n+1

i ”

Anaerobic soil degradation
Plant uptake (root)

Bottom soil layer

!

To groundwater

Figure 4.4: PAH environmental fate

model

The heavier PAHs that are only sparingly
soluble in water are expected to be more
immobile, and will tend to remain on the
surface, unless they move together with a
DNAPL. Volatilisation from the soil
surface may also occur, especially those
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PAHs with a vapor pressure of > 1E-10 mm
Hg.

PAHs normally dissolved in DNAPLSs are in
a relatively stable environment and may
slowly decompose with photo chemical or
biological processes or dissolve in
surrounding groundwater. Larger PAHs
and those with a higher degree of alkylation
will have a lower rate of degradation. Photo
oxidation will be restricted to the top layer
of the soil, as sunlight cannot penetrate the
deeper soil levels.

Distribution and fate in
environment

an aquatic

[t is evident from Table 4.1 that the heavy
PAHs are highly insoluble in water. They
will, however, dissolve into groundwater in
sufficient proportions to pollute the
groundwater beyond limits set by the
USEPA. The solubility of benzo[a]pyrene
(PAH reference compound) is 20 times the
allowable concentration limit given by the
USEPA.  This indicates that even the
smallest amount of DNAPL found in soils
may contaminate the surrounding
groundwater above the EPA standards. Due
to the fact that the DNAPL density is greater
than water, it will sink deep into the earth
where it will deposit on an impermeable
layer of soil or rock. Once dissolved, the
most common mechanism for the removal of

PAHs from water is the sorption to
suspended matter or sediment. The
concentration of the heavy PAHs are,

therefore, normally higher in sediments than
in the overlaying water. Dissolved PAHSs
can also volatilise from surface water or
decompose with photochemical reactions.
They are, however, resistant towards
chemical oxidation and hydrolysis.



Chapter 5

THE ANALYSIS OF COAL TAR POLLUTED GROUNDWATER SAMPLES USING
LIQUID-LIQUID EXTRACTION AND GC/MS

INTRODUCTION

The solvent extraction method, using
methylene chloride, which was
investigated in this study, is based on the
USEPA method 8270°** and the modified
method reported by Douglas®. He refined
the USEPA method to meet the quality
objectives required for advanced chemical
fingerprinting.  Chemical fingerprinting
requires reliable data for the alkyl-PAH
isomers with detection limits of at least
0.01 ng/em’ for individual PAHs or alkyl-
PAH groups. The liquid extraction
method was investigated in this study for
its suitability to characterise coal tar
pollution in water samples and for health
risk based risk assessments. As discussed
carlier, a detection limit of 0.01 ng/cm’® is
required for all the PAHs and alkyl-PAHs
for chemical fingerprinting. For a health
risk assessment the lowest guideline
concentration (0.0093 ng/cm3 ) is for
dibenzo|a,h]anthracene, which is the most
potent carcinogen. Detection limits for the
other PAHs increase according to their
relative potency.  The following key
refinements were implemented to optimise
the method for chemical fingerprinting and
health risk assessments:

e An Ultra Turrax high performance
dispersing tool was used to enhance the
extraction efficiency.

e Sample analysis was optimised for low-
level target analytes with a signal-to-
noise of at least 3:1.
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e The same analyst was used for a batch
of samples

e Special attention was given to the very
low soluble 5-ringed PAH compounds.
The injection technique was optimised
to minimise mass discrimination and to
improve the sensitivity of four- and
five-ring PAH compounds

e The instrument was  carefully
maintained, checked for low noise
levels in the ion trap and the regularly
tuned for maximum resolution and
sensitivity

e The target analyte list was expanded to

include PAH, hetero-aromatic
compounds and their alkylated
homologues. Dibenzothiophenes are

among the important analytes because
the ratios of the sulphur compounds to
non-sulphur aromatics are
characteristic to specific sources

e A small volume of toluene was added
to the extract prior to evaporation (pre-
concentration) as keeper solvent, to
keep the target analytes in solution and
prevent their evaporation.

e A high level of quality assurance and
quality control (described in Chapter
3) was implemented to improve the
reliability of results

e The solvent phase was evaporated to a
known volume (usually 1 cm®) using a
rotary evaporator to reduce the sample
preparation time.

A list of target analytes is shown in Table
5.1. The sample purification and enrich-



ment schemes are shown in Figure 5.1. can interfere during the GC/MS analysis,
The purpose of the sample purification to remove moisture and to pre-concentrate
step was to remove polar compounds that the analytes.

Table 5.1: Target Polycyclic Aromatic Hydrocarbons, Quantitation Internal standards, Quantitation ions,
Retention Times, Average RF

Target Analytes Abbreviation Rings Primary Int. Retention Response
quantification Std. Time (min) Factor found
Ion (m/z)
Naphthalene N 2 128 A 9.84 1.14
C,- Naphthalenes CI-N 2 142 A
C,- Naphthalenes C2-N 2 156 A
C;- Naphthalenes C3-N 2 170 A
C,4- Naphthalenes C4-N 2 184 A
Acenaphthylene AE 3 152 B 15.55 1.49
Acenaphthene AC 3 154 B 16.28 1.23
Biphenyl BI 2 154 B
Dibenzoturan DI 168
Fluorene F 3 166 C 18.50 0.98
Cl-Fluorenes CI-F 3 180 C
C2-Fluorenes C2-F 3 194 C
C3-Fluorenes C3-F 3 208 C
Phenanthrene P 3 178 C 22.72 .11
Anthracene A 3 178 C 22.94 1.00
C1-Phenanthrene/anthracenes CI1-P/A 3 192 C
C2-Phenanthrene/anthracenes C2-P/A 3 206 C
C3-Phenanthrene/anthracenes C3-P/A 3 220 C
C4-Phenanthrene/anthracenes C4-P/A 3 234 C
Dibenzothiophene D 3 184 C
CI-Dibenzothiophene CI-D 3 198 C
C2-Dibenzothiophene C2-D 3 212 C
C3-Dibenzothiophene C3-D 3 226 C
Fluoranthene FL 4 202 C 28.07 1.34
Pyrene PY 4 202 C 28.98 1.42
Benzo[a]anthracene BA 4 228 D 34.19 1.14
Chrysene C 4 228 D 34.30 1.56
C1-Chrysene Cl1-C 4 242 D
C2-Chrysene C2-C 4 256 D
C3-Chrysene C3-C 4 270 D
Benzo[b]tluoranthane BFL 5 252 D 36.89 1.68
Benzola]pyrene BaP 5 252 D 37.46 1.86
Benzo[ghi]perylene BP 5 276 E 39.85 1.20
Dibenz[ah]anthracene DA 5 278 E 39.92 1.20
Indeno[ [23-cd]pyrene P S 276 E 40.42 1.20
Internal standards
Naphthalene-dg Ndy 2 136 A 9.84 1
Acenaphthene—dm Ad|() 3 164 B 16.15 |
Phenanthrene-d 10 Pdm 3 188 C 22.62 |
Chrysene-d |, Cdy, 4 240 D 34.09 1
Perylene -d;, Pdi, 5 264 E 37.57 |
33
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Methylene chloride
Extraction

| Litre water is

Sample
Concentration using
evaporation

Silica Gel Column
Clean-up

The DCM extract is

Addition of keeper
solution

3 .
~0.9 cm” hexane is

extracted in ~ 50 ~50 em® DCM loaded on 2 gram added as keeper
cm’ dichloro- extract is evaporated silica gel column and solution
methane (DCM) to ~ 2cm’ washed with ~20 cm®
pure DCM
8 7 6
GC/MS analysis Addition of Sample transfer Sample
deuterated internal Concentration using a
standards The sample volume is Rotovap or Kuderna-

-

adjusted to 1 cm’ and

danish concentrator

| transferred to a 2 cm®
GC autosampler vial ﬂ_

using a 1 cm” syringe

~20 ¢cm® DCM is
concentrated to ~ 0.9
cm’

Figure 5.1: The sample purification and enrichment scheme for the analysis of groundwater

samples

EXPERIMENTAL

GC-MS Analysis Conditions

The analytical conditions and QC/QA
requirements that are stipulated in Chapter
3 were used, unless otherwise indicated.

Groundwater Sample Extraction

Reagents and standards

Nanopure water was employed throughout.
All solvents and other reagents used were
of analytical grade. A standard mixture
containing 2000 pg/em’ each of the 16
EPA priority PAHs, was purchased from
Supelco (Sigma Aldrich, South Africa).
The internal standard mixture containing
deuterated PAHs was purchased from
Chemservice (Anatech, South Africa), and
added to all standards and samples.

Liquid-liquid Extraction Procedure

. 3 ~
o A 1000 cm” volume of the water
sample was transferred to a separation
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funnel using a measuring cylinder (this
volume was changed according to the
expected PAH concentration in the
sample).

A volume of 50 cm’® dichloromethane
was added to the sample followed by
30 drops of acetic acid to lower the pH
and increase the extraction efficiency.
The tip of the Ultra Turrax was
inserted into the sample. The distance
between the dispersion tool and the
vessel bottom was not less than 10 mm
and the filling level not less than 55
mm. The sample and solvent was
mixed for at least | minute.

The dispersing tool was removed, the
funnel stoppered and the sample and
solvent phases allowed to separate
(usually overnight, depending on
sample matrix).

The solvent phase was drained into a
250 cm’ round bottom flask through a
glass column containing glass wool and
anhydrous Na,SOy stationary phase.



u The stationary phase was washed with
10 cm® of dichloromethane.

a The excess DCM was evaporated under
a stream of air to obtain a final volume
of about 2 cm’.

a A glass column fitted with a porous
disk was filled with about 2 grams of
stationary  phase  (chromatographic
quality silica gel or neutral alumina).
The column dimensions was 10 mm X
300 mm. The height of the stationary
phase in the column was be about 50
mm.

a 'The stationary phase was equilibrated
with DCM and air bubbles removed by
shaking.

a The concentrated  extract was
transferred to the top of the stationary
phase in the column by using a | cm’
syringe. The flow rate was between |
and 5 em’/minute.

a The extract was passed through the
column and the eluent collected in a
clean 250 cm® round bottom flask. The
stationary phase was washed with an
additional 20 cm’ of pure DCM.
Hexane (0.9 cm®) keeper solvent was
then added to the round bottom ftlask.

a The DCM was evaporated using a
rotary evaporator to obtain a final
volume of just less than 1 cm’.

a The hexane concentrate was withdrawn
from the round bottom tlask using a 1
em’ syringe and small quantities of
toluene added to the flask until the
syringe was filled to the 1 cm® mark.

a The syringe contents were transterred to
a2 em’ GC autosampler screwcap vial
and sealed with a teflon-coated septum.

o The appropriate amount of internal
standard was added to each standard
and sample, to obtain a concentration of
20 pg/em’.

RESULTS AND DISCUSSION

Method Validation

The method performance characteristics
were measured against the data quality
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objectives (DQQO’s) listed in Table 3.4,
including accuracy, repeatability, linearity,
sensitivity, selectivity and specificity. The
analytical performance of the method was
also established to verify its suitability for
hazard and chemical characterisation.
The overall analytical results are
summarised in Table 5.2.

Accuracy and repeatability

The accuracy and precision  was
determined by analysing a spiked water
sample with known concentration several
times. Recoveries for individual PAHs of
between 85.3 — 103.3% were found, which
were well within the desired objective of
80 — 120%. The results are graphically
presented in Figure 5.2. Relative standard
deviations of better than 15% were
observed between these determinations.
The accuracy and precision was found to
be acceptable for the analyses of 16
priority PAHs using the drinking water
standards specified by the USEPA.

Calibration

Straight-line  calibration curves were
constructed for each PAH to validate the
calibration. The curves were found to
have good linearity over the range of 20
ug/cm3 to 160 pg/em’, characterised by
correlation coefficients of better than 0.99
for each PAH.

Method sensitivity and method specific
detection limits

The minimum concentration of a substance
that can be detected is governed by the
signal to noise ratio obtained with a given
amount, which is dependent on various
factors, such as the method performance
and the complexity of the sample matrix.
The estimated MDLs found in the full scan
mode ranged between 0.03 ng/cm’
(naphthalene) and 0.49 ng/em’
(benzo[g,h,i}perylene).
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Figure 5.2: Recovery of PAHs added to water at a 40 ng/cm3
level. Results are based on 10 independent determinations.

For chemical fingerprinting purposes, the
MDL of most PAHs (especially the 4- and
5-ring compounds) were found to be
higher than the desired limit of 0.010
ng/cm’. For health risk assessment
purposes the detection limits for the
carcinogens benzo[a]pyrene. benzo[g.h.i]-
perylene,  dibenz|[a,h]anthracene  and
indeno| 123-cd]perylene was found to be
higher than the USEPA guideline
concentration. The liquid extraction
method investigated in this chapter (based
on a 1000 em’ sample concentrated to 1
cm’) is, therefore, not sensitive enough for
chemical fingerprinting or health risk
assessment purposes. Douglas® has,
however, demonstrated that the required
limits for chemical fingerprinting can be
met by increasing the sample volume to 2
litres, decreasing the final volume to 0.25
cm’ and using the mass spectrometer in the
single ion monitoring mode. In the case of
an ion trap (used in our laboratory) the
alternative is to reduce the number of ions
in the ion trap (increase the sensitivity) by
using the mass spectrometer in the Single
lon Storage (SIS) mode. Acquiring data is
the SIS mode is unfortunately associated
with a loss of valuable mass spectral
information. Full scan spectra provide a
more assured identification of target
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routines to be performed on non-target
compounds. This enables the analyst to
distinguish target compounds in complex
matrices. When dealing with
environmental samples, it is desirable to
acquire as much information about the
sample as possible. In our laboratory SIS
is not used on a routine basis but only in
instances where lower detection limits are
required. The method used under standard
conditions 1is, therefore, not suitable for
chemical fingerprinting, without further
refinements.

Method selectivity

A typical chromatogram for a procedural
blank, 40 ng/cm’ standard and for a typical
groundwater sample respectively, is shown
in Figure 5.3. The groundwater sample
was taken in an area nearby a confirmed
coal tar spill and selected as an example
because it represents a typical sample that
is analysed by our laboratory.  The
procedural blank shown in this figure was
chosen as an example to illustrate the level
of impurities that can be expected under
normal laboratory conditions. A number
of unidentified peaks (compounds) were
observed in the chromatograms of the



procedural blank and the sample.
Contamination in the procedural blank was
mainly due to the glassware, acetic acid,
sodium sulphate and the solvents. It can
be seen from Figure 5.3 that interfering

the early parts of the chromatogram but do
not interfere with the PAHs. The
interfering compounds in the sample were
different from those of the blank, but did
also not interfere with the PAHs.

compounds in the blank mainly occur in

Chromatogram Plots

Plot 1: d:\saturnws\5522epblkb1.sms RIC

Plot 2: d:\saturnws\5522ep40ppmb1002.sms RIC

Blot 3: d:\saturnws\5522epno201.sms RIC
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Figure 5.3: Typical total ion chromatograms of a Procedural Blank, PAH standard and a
contaminated groundwater sample : (1)d10-naphthalene (2) naphthalene (3) d8-acenaphthene (4)
acenaphthene (5) acenaphthylene (6) fluorene (7) d10-phenenthrene (8)phenenthrene (9)
anthracene (10) fluoranthene (11) pyrene (12) di2-chrysene (13) benzoja]anthracene (14) chrysene
(15) d12-perylene (16) benzojk}fluoranthene (17) benzo|b|fluoranthene (18) benzo|e|pyrene (19)
benzo|ghi|perylene (20) dibenz|ahjanthracene (21) indeno]123-cd|pyrene
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Table 5.2: Calibration and analytical results

CALIBRATION ACCURACY AND PRECISION SENSITIVITY REPRESENTA | WATER

(5 levels) (n=10) TIVINESS STANDARDS
Compound Regression  Standard | Value found % %RSD fora | Signal to Quant. Detection | Procedural ©

Coefficients Deviation | for a 40 Recovery 40 ng/cm’ Noise (S/N)  Limit @ limit ® | Blank USEPA

(RY) (ng/em®) | ng/em’ spiked Standard At40 ng/cm’ ng/em’ Values ng/cm’ Guideline

sample (n=10) ng/em’ ng/cm’

Naphthalene 1.000 0.028 393 98.3 3.8 3484 0.11 0.03 0.77 1500
Acenaphthylene 1.000 0.067 40.7 101.8 7.6 1613 0.25 0.07 <0.10 1500
Acenaphthene 0.999 0.047 40.9 102.3 6.2 4360 0.09 0.03 0.34 2200
Fluorene 1.000 0.026 36.2 90.5 2.1 2260 0.18 0.05 0.26 1500
Phenanthrene 1.000 0.044 393 98.3 2.7 1394 0.29 0.09 0.80 1500
Anthracene 1.000 0.034 373 93.3 1.7 602 0.66 0.20 0.13 11000
Fluoranthene 1.000 0.011 39.1 97.8 1.8 4332 0.09 0.03 0.34 1500
Pyrene 0.999 0.026 392 98.0 23 4711 0.08 0.03 <0.10 0.11
Benzo[a]anthracene 1.000 0.040 353 88.3 13.5 1679 0.24 0.07 <0.10 0.092
Chrysene 1.000 0.021 38.0 95.0 32 1609 0.25 0.07 <0.10 2.09
Benzo[k]fluoranthene 0.997 0.099 41.3 103.3 15.8 1660 0.24 0.07 <0.10 0.92
Benzo[b]fluoranthene 0.990 0.035 384 96.0 8.8 1553 0.26 0.08 <0.10 0.092
Benzo[a]pyrene 0.997 0.077 35.5 88.8 4.0 759 0.53 0.16 <0.10 0.0092
Benzo[g,h,I]perylene 0.999 0.043 344 86.0 7.0 244 1.64 0.49 <0.10 0.42
Dibenz[a,h]anthracene 0.999 0.047 34.1 853 5.1 279 1.43 0.43 <0.10 0.0092
Indeno(1,2,3-cd]pyrene 0.996 0.077 40.7 101.8 7.1 253 1.58 0.47 <0.10 0.092

(a) - Signal to noise = 10, and based on a 1000x concentration factor
(b) - Signal to noise = 3, and based on a 1000x concentration factor
(¢) - Guideline concentration of the USEPA for a health risk based a 10 noncancer hazard.
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The laboratory has found that the
background peaks can be limited by using
ultra pure chemicals and by taking
extensive care to prevent contamination.
This is, however, not necessary for routine
analyses, as the method was found to be
selective towards PAHs with good
separation between the analytes of interest
and interfering compounds. The
chromatographic inertness criteria were
also measured against the requirements as
specitied in USEPA method 525. Baseline
separation ~ was  achieved  between
anthracene and phenanthrene and between
benzo|a]anthracene and chrysene, without
any co-eluting or interfering compounds.

Representativeness

The pretreatment procedure added a
considerable uncertainty to the overall
results, as evident by the high blank
values.  Procedural blank values were
- found for naphthalene (0.77 ng/em?),
acenaphthene (0.34 ng/cm’), (luorene
(0.26 ng/cm3), phenanthrene  (0.80
ng/cm3), anthracene (0.13 ng/cm?), and
fluoranthene (0.34 11g/01n3). These values
were generally lower than the maximum
contaminant levels allowed by the
USEPA, but much higher than the levels
required for reliable chemical
fingerprinting (0.001 ng/cm®). In order to
reduce and control this uncertainty, the
sources of errors that might occur during
the pre-treatment steps (as shown in
Figure 5.1) must be minimised. This can
be accomplished by taking special
measures as discussed i the previous
paragraph.

Advanced Chemical Fingerprinting and
Alkylated PAH Isomer identification

Advances in the use of summed alkylated
homologues (e.g. Cs-dibenzothiophenes),
as well as the use of relative abundances of
individual isomers in such a group, have
been discussed in Chapter 2. The extent
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to which individual isomers as well as
summed groups can be identified in water
samples using the modified USEPA
method 8270 discussed in this chapter, was
investigated. One of the main problems
with isomer quantification associated with
coal tar pollution is the low solubility of 4-
and 5-ringed PAH compounds in water
and the low concentrations of C, to Cy4
alkyl-PAHs in coal tar. Coal tar has a
typical pyrogenic profile where the parent
is most abundant and the alkylated PAH
less abundant. Generally, the higher the
degree of alkylation, the lower the
concentration. The concentration of alkyl-
PAHs in coal tar contaminated
groundwater  samples is, therefore,
normally found in trace level quantities,
e.g. in the low pg/em’® range.  The
sensitivity of the method for alkylated
PAH isomers is further complicated by the
fact that the total signal for the group is
distributed between several isomers. This
is illustrated in a study that was made
using the analysis data of the most
contaminated boreholes analysed by our
laboratory (sample No 11 and No 4) as
indicated in Table 5.3. The difficulty in
the detection of higher degree alkyl-PAHs
is shown in these examples. The selected
ion chromatograms of the Cj- to Cs-
naphthalenes are shown in Figure 5.4. [t
is evident from these chromatograms that a
strong signal is obtained for naphthalene
and the Cj-naphthalenes down to
concentrations of < 1 ng/em’.  The
detection of Cy-naphthalenes was near the
detection limit, while Cs3- and Cy-
naphthalenes could not be detected at all.
Besides the naphthalene isomers, the C-D
and C,-P isomers could also be detected. It
is, therefore, possible to determine source
ratios based on these isomers. The analyte
profile histogram of a sample that was
highly contaminated by coal tar is shown
in Figure 5.5 to illustrate chemical
characterisation of borehole samples using
PAH distributions.
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Figure 5.4 (b): Sclected ion chromatogram for
the naphthalenes — sample containing
< 10 ng/ecm3 PAlls
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Due to the lack of data on 3- to 6-ring
PAHSs, chemical characterisation based on
analyte distribution patterns (see Chapter
2), is difficult. The naphthalenes dominate
the profile and it is cvident that very
limited information can be obtained from
this set of analytical data. The majority of
borehole samples that were analysed in our
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laboratory had similar patterns and
presented the same difficulty in data
interpretation. The pattern is generally
similar to a pyrogenic profile (ratio
between  naphthalene and  methyl
naphthalene), showing minor signs of
weathering.

Specificity for alkylated PAH isomers

To demonstrate the specificity of the
method the selected ion current of the
phenanthrenes was compared to the profile
of a reference standard. The selected ion
chromatograms of the phenanthrenes are
shown in Figure 5.6. This sample was
contaminated by coal tar while the
reference standard was contaminated by
crude oil (CRM 103-100). The relative
differences between the abundance of the
alkyl-phenanthrenes are evident. These
examples were chosen to demonstrate the
difficulty in detecting the alkylated phe-
nanthrenes in coal tar polluted ground-
water samples, which probably only occur
in levels lower than the method detection
limit (< 0.085 ng/cm’). Interfering peaks
were also observed at the retention times
where CI-P and C2-P elute.  Similar
results were found for chrysene isomers
and it was concluded that the sensitivity
and specificity of this method is not
acceptable for determining diagnostic
ratios based on alkyl-PAH isomers

The occurrence of PAHs in typical
groundwater samples

The levels of PAHs normally found in
water samples at industrial sites and mining
operations were investigated using the
solvent extraction method outlined in this
chapter. The majority of samples were
contaminated with trace levels of PAHs at a
level of lower than 2 ng/cm’ for individual
PAHs. Contamination on industrial sites
was mainly coal tar related, while
contamination in mining operations was
mainly diesel and lubrication oil related.



The results for the 16 priority PAHs found
in several borehole samples are given in
Table 5.3. Note the absence of the heavy
PAHs (5 ringed structures) in these
samples, which do not seem to occur in any
of the groundwater samples at detectable
levels. This is probably due to their low
aqueous solubilities, high fugacities in

the heavy compounds in some coal tar by-
products is very low. Based on the average
concentration of PAHs in all the samples,
naphthalene (the most soluble PAH of the
list) was found to be the most abundant
contaminant, followed by acenaphthene.
Fluoranthene and pyrene were also present
in detectable quantities in most cases. The

water and partitioning back into sediments.
The occurrence and concentration of these
compounds also depend on the source of
contamination. The relative abundance of

relative abundance of these compounds is
typical of coal tar contamination, as
discussed in Chapter 2.

Table 5.3. Results for the 16 priority PAHs from various borehole samples, expressed
3
as ng/cm

(N JAC[AE|F [P A [FL[PY[BA|C [BK|BB |Ber [DA|BP [1P
Groundwater samples from industrial sites
No | 818 2.6 472 592 102 374 025 0.09 000 000 000 00 0.00 0.00  0.00  0.00
No 2 489 225 724 383 87 0.79 0.00 0.00 0.00 0.00 0.00 00 0.00 0.00  0.00 0.00
No 3 117 000 0.7 014 034 000 010 000 000 000 000 000 000 000 000 000
No 4 334 000 060 062 174 0.00 056 000 000 024 000 000 0.00 0.00  0.00 0.00
No S 227 0.00 037 038 1.04 000 031 0.00 000 000 0.00 000 0.00 0.00  0.00 0.00
No 6 183 0.00 031 027 054 000 0.19 000 000 0.00 000 000 0.00 0.00  0.00 0.00
No 7 262 000 044 039 091 000 026 000 000 000 000 000 0.00 0.00  0.00 0.00
No 8 0.00 000 000 000 000 000 000 000 000 000 000 00 000 000 000 000
No 9 050 000 028 0.04 000 000 000 000 000 000 000 00 000 000 000 000
No 10 129 335 373 110 047 000 009 000 000 000 000 00 000 000 000 000
No I 596 0.6 441 108 578 027 114 042 000 000 000 00 000 000 000 0.00
No 12 0.00 000 000 000 000 000 000 000 000 000 000 00 000 000 000 0.00
No 13 053002 000 009 048 000 013 004 006 006 000 00 000 000 000 000
No i14 52 038 173 293 134 318 722 502 143 198 000 00 0.00 0.00  0.00  0.00
Samples from mining operations
No 15 0.00 000 000 00 049 000 000 000 000 000 000 00 000 000 000 0.00
No 16 095  0.00 000 000 321 000 235 242 217 120 530 567 0.00 0.00  0.00 0.00
No 17 026 0.00 000 000 0354 0.00 000 000 0.00 000 000 00 0.00 0.00  0.00 0.00
No 18 0.00 000 000 045 040 000 000 000 000 000 000 00 000 000 000 000
No 19 0.00 000 000 079 056 000 0.00 000 000 000 000 0.0 0.00 0.00  0.00  0.00
Surface water from a sludge dam
No 20 112 0.00 000 000 544 033 6.5 701 552 570 119 120 0.00 0.00  0.00 0.00
Averages | 99 ‘ 0.46 ‘ 1.0 | 578 | 2.71 ‘ 0.42 } 0.94 . 0.75 ’ 0.45 ‘ 0.46 \ 0.86 ’ 0.88 lo.() } 0.0 l 0.0 ' 0.0
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Critical stages in the analysis procedure

Sampling and sample pre-treatment

The main consideration in the choice of
sample container and transportation is to
maintain the sample integrity and not to
alter the sample composition. The most
common factors affecting the stability of
PAHs in water is photo-degradation,
vaporisation, partitioning onto  micro-
particles in the water, partitioning into
organic phases and adsorption onto the
surface of the container. Preventing
sample contact with any type of plastic or
polymeric material can limit PAHs losses.
Transportation and storage precautions
must include cooling to below 5 °C and the
exclusion of light. The addition of 0.1-1.0
% methanol will help to dissolve the PAHs.

Sample extraction

All equipment and glassware should be
thoroughly cleaned betore use and
glassware must be treated in a muffle
tfurnace at 450 °C to remove any traces of
contamination from the glass surface. Only
solvents of a high analytical purity should
be used, as the extraction step is followed
by an evaporation step to preconcentrate the
analytes. Performing a procedural blank in
parallel with samples checks for solvent
purity and equipment contamination.

Sample clean-up

Adsorbents that are used for sample clean-
up, such as silica gel, must be purified
from contaminants by washing with pure
solvent. The quality of the adsorbent is
also 1mportant, as it may alter the
selectivity of the clean-up step.

GC separation

Non polar columns are normally used to
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perform PAH separations, but it is
important to use a column with the lowest
bleed possible due to the sensitivity of the
mass spectrometer. Columns with a high
bleed will contribute to a high background
and will lower the signal to noise ratio,
resulting in higher detection limits. The
resolving power and column bleed should,
therefore, be checked on a regular basis to
ensure the quality of results. Of the
columns tested in our laboratory the
Supelco Meridian column was found to
have the lowest bleed.

MS quantification

The low-resolution ion trap mass
spectrometer is considered to be less stable
than a flame ionisation detector, but is
essential for low detection limits and
identification purposes. The optimisation
and operation of the MS is crucial for
reliable results. The instrument is very
sensitive to carrier gas purity, leaks,
moisture, contaminated injection liner and
a contaminated ion trap. The moisture can
be removed by baking out the ion trap for
a few hours. Regular maintenance, such as
the replacement of the injection liner and
cleaning of the ion trap, should be
performed to ensure the optimal operation
of the system.

Standards

It is not so much the uncertainty of the
PAH concentrations in the commercially
available PAH standard mixtures that is of
concern, but the storage and preparation of
calibration standards. These standards are
normally prepared in small volumes,
resulting in larger dilution errors, and the
lower concentration standards are less
stable than the parent solution. A standard
practice adopted in our laboratory is to
prepare fresh calibration standards with
every batch of analyses.



CONCLUSIONS
The accuracy and precision of the
extraction method described in this

chapter, using a concentration factor of
1000, was found to be acceptable
compared to the data quality objectives
(DQOs) listed in Table 3.4. The lowest
quantifiable limit ranged from 0.03 ng/
em® for naphthalene to 0.46 ng/em’ for
indeno| 1,2.3-cd]perylene. The quantifiable
limits for the non-carcinogen PAHs were
found to be a tew orders of magnitude
lower than the USEPA  guideline
concentrations, but considerably higher in
he case of most of the carcinogens (see
Table 5.2). The liquid extraction method
is, therefore, not suitable for health risk
assessments without further refinements
and optimisation. The interpretative use of
the experimental data was also found to be

very limited (due to the low concentration
of alkyl-PAHs in coal tar) with the
conclusion that the method is not sensitive
enough for this purpose. Sub pg/cm3
detection limits are necessary to detect
individual isomers in an alkyl homologue
and the heavy PAHs.  Only limited
chemical characterisation is possible, for
example the identification of petrogenic of
pyrogenic profiles.  The most serious
disadvantage of this method was found to

be the high procedural blank values
obtained during standard laboratory
practices. Contamination levels ranged

from 0.1 to 0.8 ng/cm’. The overall
analytical performance of this method for
the analysis of coal tar contaminated water
samples, as measured against the set goals
and objectives of this study, is shown in
Table 5.4.

Table 5.4: Summary of analytical method performance for the analysis of coal tar

contaminated water samples

Performance Criteria Poor Not Acceptable | Excelient
acceptable
Accuracy
X
Repeatability X
Sensitivity (DL and QL) as required by USEPA X
Sensitivity (DL and QL) as required for Chemical X
Characterisation
Linearity of calibration X
Selectivity X
Specificity X
Representativiness X
Detectability of diagnostic ratios:
D/C1-P X
CI1-D/C1-P X
C2-D/C2-P X
C2-N/CI-P X
C3-N/C2-P X
C2-P/C2-C X
Suitability for advanced chemical fingerpriting X
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Chapter 6

THE USE OF SPME AND GC-MS FOR THE CHEMICAL CHARACTERISATION
AND ASSESSMENT OF PAH POLLUTION IN AQUEOUS ENVIRONMENTAL
SAMPLES

INTRODUCTION

The use of the Solid Phase Microextraction

technique (SPME), which was introduced by

Pawliszyn ' in 1989, was investigated in this

chapter for the extraction of PAHs from

aqueous samples. The following aspects

were investigated:

Q Method detection limits and method
validation

o Selectivity of SPME for PAHs

o Extraction efficiency of selected target
analytes

a Depletion studies of PAHs in a complex
matrix

a The suitability of the results for hazard
identification and characterisation

0 The suitability of the results for chemical
fingerprinting

This method serves as an alternative to the
modified liquid-liquid extraction technique
(USEPA method 8270) reported by Boehm
and co-workers' that was investigated in
Chapter 5. The technique of SPME was
chosen because of the advantages associated
with this method of extraction, which is
discussed in Chapter 2. The suitability of
the method for the following applications
was investigated

Hazard Identification

Hazard identification 1s based on the
confirmation of the presence or absence of
PAHs. The directive 80/778/EEC states a
maximum contaminant level of 0.2 ng/cm3
for the marker compounds fluoranthene,
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benzo-[a]pyrene, benzo[b]|fluoranthene,
benzo[k]-fluoranthene,  benzo|ghi]perylene
and indeno[1,2,3-cd|pyrene.

Chemical Fingerprinting

The determination of alkylated naphthalenes,
phenanthrenes and chrysenes, as well as C; -
C; dibenzothiophenes at trace levels is
critical for chemical fingerprinting purposes.
A detection limit of 0.01 ng/cm3 is required
for individual PAHs. The detection of trace
levels of alkyl substituted compounds is
necessary for determining reliable diagnostic
ratios” that can be used to differentiate
between coal tar or petroleum contamination.

Health Risk Assessments

The guideline concentrations of PAHs
required for health risk assessments are
shown in Table 3.1. The guideline
concentration for dibenz[a,h]-anthracene, for
example, is 0.0092 ng/cm’. Oral exposure
characterisation of drinking water s
calculated based on body weight, exposure
duration and amount ingested (see Table
3.1). The importance of a sensitive and
reliable analysis of PAHs was discussed
earlier and the application of direct SPME-
GC/MS  for health risk assessments is
emphasised in this study.

EXPERIMENTAL
Chemicals

Nanopure water was employed throughout.
An analytical reference standard mixture of
16 priority PAHs, 2000 pg/ml each and the
isotopically labelled PAH mixture, 4000



pg/em’ cach of naphthalene-d8,
phenanthrene-d10, chrysene-d12 and
perylene-d12 were obtained from Ultra
Scientific ~ (Anatech,  South  Africa).
Methylene chloride (analytical grade) was
purchased from Riedel-de-Haen (Sigma
Aldrich, South Africa).

GC/MS conditions
The conditions that are stipulated in
Chapter 3 were used, except for the

following changes:

e The GC was operated in the splitless
mode with an injector temperature of
280 °C.

e An inject liner with an internal diameter
of 0.75 mm was installed to increase the
cthiciency of the SPME injection.

Solid Phase Microextraction

A 100pum polydimethylsiloxane fiber was
obtained from Supelco (Sigma Aldrich,
South Africa). For optimum repeatabilty the
technique was automated using a Varian
Model 8200 autosampler. Organic
compounds were extracted from aqueous
samples by sampling in the liquid phase,
using a 1.2 em® sample in 1.8 em’ sample
vial sealed with a tetlon lined septum. The
fibre was immersed into the liquid and
agitated by the autosampler (vibrator) for 25
minutes and then immediately inserted into
the GC injector at 280°C for thermal
desorption, tollowed by GC/MS analysis.

RESULTS AND DISCUSSION
Method validation

The objective for the SPME-GC/MS method
developed in this study is to obtain reliable
measurements at low concentrations in
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complex matrices. The summary of the
analytical performance is given in Table 6.1.

Reference  materials for PAHs in
environmental water samples are not
currently available and the analytical

performance studies were performed using
laboratory prepared standards. The method
was optimised at the lower concentration
ranges and calibration standards were
obtained by spiking ultra-pure water with a
certified PAH standard mixture to obtain
calibration standards with concentrations
ranging from 02 ng/em’ to 8 nglem’.
Straight-line  calibration  curves  were
constructed and a good linearity was
characterised by correlation coefficients of
about 0.99.

The recovery and repeatability were
determined by the addition of a known
amount of PAHs (6 n,g/cm3 ) to ultra-pure
water. The recovery obtained (analysis result
using internal standards and response factors
divided by added amount) for each PAH
ranged from 96 to 142%. Relative standard
deviations (%RSD) were better than 20% in
all instances. A general trend of an increase
in RSD with an increase in the size of the
PAH was observed.

The detection and quantification limits stated
in Table 6.1 are estimated from the signal to
noise ratios. The method was found to be the
most sensitive for naphthalene, signal to
noise ratio of 8961 (signal = 112985 counts,
noise = 13 counts) at the 2 ng/cm3 level, and
an estimated corresponding detection limit of
0.0006 ng/cm™  Chrysene showed the lowest
signal to noise level and highest detection
limit. All the PAHs exhibit detection limits
and blank values well below the guideline
concentrations specified by the USEPA.
Blank values were obtained on ultra-pure
water samples spiked with internal standards
for quantification.



Table 6.1: Calibration and analytical results

CALIBRATION ACCURACY AND PRECISION SENSITIVITY REPRESENTA | WATER

(4 levels: 2 —8 ng/cm’) TIVINESS STANDARDS
Compound Regression % RSD Ave values % % RSD | Signal to Quant, Detection | Procedural Guideline

Coefficients found for a 6 Recovery (n=10) Noise (S/N) Limit @ limit ® | Blank concentrations'®

(R?) ng’cm’ spiked At2ng/em’®  ng/em’ ng/cm’ Values ng/cm’ USEPA

sample ng/cm’

Naphthalene 0.9998 2.21 6.12 102 8.9 8961 0.002 0.0006 0.000 1500
Acenaphthylene 0.9993 5.21 3.95 99 3.0 6143 0.003 0.0009 0.000 1500
Acenaphthene 0.9994 3.39 5.88 98 3.5 5940 0.003 0.0009 0.000 2200
Fluorene 0.9998 1.81 6.42 107 7.0 6254 0.003 0.0009 0.000 1500
Phenanthrene 0.9997 231 5.99 100 1.6 1407 0.014 0.0040 0.021 1500
Anthracene 0.9995 248 5.78 96 3.5 1856 0.010 0.0030 0.000 11000
Fluoranthene 0.9997 1.13 6.27 105 11.3 2725 0.007 0.0020 0.015 1500
Pyrene 0.9987 3.78 6.41 107 12.5 2970 0.007 0.0020 0.012 0.11
Benzo[a]anthracene 0.9768 239 8.42 140 6.3 1019 0.020 0.0060 0.000 0.092
Chrysene 0.8805 41.3 8.54 142 4.1 866 0.046 0.0070 0.031 2.09
Benzo[k]fluoranthene 0.8344 543 7.07 118 11.8 1945 0.012 0.0030 0.000 0.92
Benzo[a]pyrene 0.8962 432 7.71 129 17.8 1355 0.017 0.0045 0.000 0.0092

(a) - Signal to noise = 10
(b) - Signal to noise =3

(¢) — USEPA Guideline Concentrations for a 10 cancer risk.
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Some of the observed blank values were
found to be higher than the detection limits,
which shows that that the detection limits
obtained by extrapolation in Table 6.1
cannot be reached in practice due to
background levels (chemical noise). The
values were, however, relatively low and
indicate minimal carry-over from the
SPME fiber when analysing samples with
low contamination levels.  Analysis of
severely contaminated samples may lead to
carry-over problems.

The analytical performance ot the SPME-
JC/MS method (Table 6.1) were found to
be better than the performance of the
solvent extraction technique (Table 5.2).
The linearity of the calibration curves and
the  precision  measurements  were
comparable. Detection limits found with
the SPME method were between 10 and
100 times lower. The SPME signal to noise
ratios were found to be higher for lower
concentrations, for example naphthalene:
S/Ngpme = 8961 at 2 llg/CI]13 compared to
S/N[?X']‘RAC'I'I()N = 3484 at 40 ng/cm3. The
improvement found is mainly due to the
fact that the SPME injection is done in a
splitless mode while the extract is injected
with a 1:25 split ratio. The blank values
obtained with SPME were also much lower
than those obtained with the liquid-liquid
extraction technique, which improved the
uncertainty of the results. In the case of the
extraction procedure trace pollutants in the
solvents are also concentrated together with
the analytes and contamination is much
more likely due to all the glassware and
equipment involved during the analysis.
SPME, on the other hand, does not require
sample preparation procedures, such as pre-
concentration or matrix clean-up.

Selectivity for PAHs

The hydrophobic nature of PAHs suggests
high distribution coetficients between the
non-polar PDMS-fiber and the water
matrix.  The selectivity of SPME for
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individual PAHs is illustrated in Figure
6.1, which is a standard chromatogram
obtained from a water sample spiked with
2 ng/em’ each priority PAH.  Certain
chromatographic inertness performance
criteria as specified in USEPA method 525

are illustrated in Figure 6.1. Baseline
separation for anthracene and
phenanthrene and separation of

benzo[a]anthracene and chrysene by a
valley less than 25% of average peak
height, were achieved without difficulty.

Efficiency of a SPME fiber extraction

The absorption of analytes into the
polymeric phase is described by the
conventional volume-based distribution
coefficient™:

M,/ V;
Kav = e 6

Mw/Vw

where My is the mass of analyte extracted
by the fiber at equilibrium, M,, is the mass
of analyte remaining in the water, V, and
V. are the volumes of the fiber and water
respectively.  Another parameter, which
can be used to predict SPME fiber-water
partitioning behaviour, is the octanol-water
partition coefficients  (Kyw). Good
agreement between K, and K, obtained
with the 100um PDMS fiber, has been
reported in the literature for low molecular
analytes (such as benzene, toluene and
xylenes). Yang and co-workers®® reported
negative correlation between K, and Ky,
for analytes with higher molecular
weights. Based on the experimental data
they found, they concluded that K., could
not be used to anticipate the Ky, trend in
SPME for PAHs with molecular weights
higher than naphthalene. They also found
disagreement between Ky, values with
different coating thickness and
demonstrated that Ky, is not valid to
describe the sorption behaviour of these
analytes.
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Figure 6.1: Chromatogram ot 2 ng/cm® PAHs illustrating chromatographic and inertness
performance. (l)ds-naphthalene (2) naphthalene (3) acenaphthylene (4) d -
acenaphthene (5) acenaphthene (6) fluorene (7) d;p-phenanthrene (9) anthracene (10)
fluoranthene (11) pyrene (12) benzojajanthracene (13) chrysene (14)
benzo|b}fluoranthene, benzo|k|tluoranthene (15) d,,-perylene (16) benzo|alpyrene.

Better agreement was found when using a
surface-based sorption-partitioning
coetticient  (Kys). In this study, for
simplicity, the fractional amount of analyte
adsorbed onto the 100p PDMS ftiber
(extraction efficiency and sensitivity) was
determined experimentally. Analytes
included several PAHs and their alkyl
homologues. It is very usetul to define the
fractional amount of solute in each phase
after time  limited  non-equilibrium
extraction. The investigation  was
theretore not based on extractions where
equilibrium has been reached.
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As shown in a previous study’’,
equilibrium can take as long as a few
hours to days, which is not practical for a
routine method. It was also shown that a
proportional relationship exists between
the adsorbed analyte and its initial
concentration in non-equilibrium
conditions. A non-equilibrium extraction
time of 25 minutes was adopted for the
purpose of this study, a convenient time
that would allow automated extraction for
the duration of the previous GC/MS run of
typically 25 minutes. Extraction
efficiency was then determined by



averaging four independent determinations
of different concentrations ranging
between 0.2 and 8 ng/cm’. Due to limits
imposed by  aqueous  solubilities,
concentrations of chrysene,
benzo|a]anthracene, benzo|[k]fluoranthene
and benzo|a]pyrene are limited to a
maximum concentration of 2 ng/cm’ in
standards. = The sample volume used
throughout this study was 1.2 cm’. The
amount of analytes absorbed into the fibre
was determined as follows:

(1) the sum of peak areas 2 A; for a known
quantity of  analyte (C“m,) was
determined from two  successive
extraction steps, using the following
equation*

YA =AMA, - Ay) . (6.2)

(2) The amount extracted with a single
extraction (C;) was then determined

using:
Ch = A/ZA xC% s (6.3)
(3) The efficiency of a single stage

extraction was then determined as the
fractional amount found in the fibre
phase after equilibrium, and expressed
as % :

%P = (C| /C())X]OO

The range of extraction efficiency found
for selected PAHs and alkyl-PAHs under
the conditions used in this study is shown
in Table 6.2. It must be emphasised that
the extraction efficiency (%P) values
depicted in the table were obtained under
the specific non-equilibrium conditions of
this study. It illustrates the variation in %P
that is dependent on various factors, such
as the fiber condition (number of times
used), absorption time, sample pH, sample
matrix, sample temperature, agitation
method, etc. Examining the results in Table
6.2 reveals that the average extraction
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efficiencies found for parent PAHs range
between 20% and 65%.

TABLE 6.2: Extraction efficiency (P) of various
PAHs from ultrapure water

Analyte % P Range
Naphthalene 20 - 35
C,-Naphthalenes 3545
C,-Naphthalenes 55 -65
C;-Naphthalenes 50 - 60
C4-Naphthalenes 40 - 50
Biphenyl 45 -55
Acenaphthylene 4555
Acenaphthene 45-55
Fluorene 45-55
Dibenzofuran 45 -55
Dibenzothiophene 30-40
Phenanthrene 40 — 60
Anthracene 40 — 60
Fluoranthene 40 - 60
Pyrene 40 - 60
Benzo[a]anthracene 40 - 60
Chrysene 40 - 60
Benzo[k]fluoranthene 35-60
Benzo[a]pyrene 35 -60
Benzo[g,h,I]perylene 35-60
Dibenz[a,h]anthracene 35-60
Indeno[1,2.3-cd]pyrene 35-60

A general trend of an increase in extraction
efficiency with an increase in degree of
alkylation was observed. This agrees with
the findings of Liu et. al."”® that alkyl-PAHs
show much higher K values than the parent
PAHs, because PAHs with side chains are
more soluble in the hydrophobic stationary
phase and, hence, more completely
extracted. The extraction efficiency of C3-N
and C4-N was, however, found to be lower
than that of C,-N. This could be due to the
fact that the experiment was performed in
non-equilibrium conditions (relatively short
adsorption time) and that the heavier
compounds diffuse more slowly into the
fiber.

Chemical Characterisation of pollutants
by means of Multiple Extraction SPME
(ME-SPME)



Chemical mixtures that leak into water
leave behind a characteristic pattern, and
the main purpose of estimating the
concentrations of alkyl-PAHs is to match
the PAH distribution pattern of a sample to
that of a potential source.  Modified
solvent extraction techniques have been
reported for this purpose'®. Because
standards for alkyl-PAHs are presently
unavailable, the concentration of these
compounds are normally calculated based
on the total peak area of all the isomers in
an alkyl homologue and using the RF of
the corresponding parent PAH. Solvent
extraction techniques have been used for
this calculation method because similar
extraction efficiencies are obtained for all
PAHs. In the case of an SPME analysis
the variation of extraction efficiencies with
the degree of alkylation is the main reason
why the relative response of alkyl-PAHs
cannot be compared to the response of the
corresponding parent PAH. Other factors
that can contribute to these differences are
changes in sample matrix and small
changes in analytical conditions. The
analytical error of estimating alkyl-PAH
concentrations arises from the difference
between the extraction efficiency of the
parent PAH and alkyl-PAHs respectively.

The method of multiple extraction SPME

(MESPME) was investigated to
compensate for extraction efficiency
differences. An aqueous sample with
known naphthalene to Cj-naphthalene

concentrations, containing d8-naphthalene
as internal standard, was used for this
purpose. The 2A; of each alkyl
homologue was consequently obtained by
data from two extraction steps and
Equation 6.2. The RF for each alkyl
homologue was calculated and compared
to those obtained with direct SPME that is
“based on a single extraction. The results
are shown in Figure 6.2. For reasons
discussed earlier, the alkyl-naphthalene
RFs that were obtained with direct SPME
were much higher than the RF for the
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corresponding parent PAH (naphthalene).
The RFs found for the alkyl-naphthalenes
using MESPME were, however, much
closer to the expected value of 1.00. RF
values of the parent PAHs can safely be
used for all alkyl-PAHs provided that the
MESPME method is applied. The results
demonstrate the suitability of MESPME
estimate PAH and alkyl-PAH
concentrations even for compounds for
which standards are not available.

8.00

7.00 RS
DOMESPME

6.00 | BDISPME
5.00
4.00

3.00 S Y .

Response factors

2.00

1.00

Figure 6.2: Response factors for the
naphthalene homologous series using a
sample of known concentrations

As discussed earlier (Chapter 2) the main
assessment use of alkyl-PAH profiles is
source identification. The results obtained
with MESPME was found to be suitable to
construct an analyte profile histogram to
establish similarities and differences
between the sample and potential sources
as well as for comparison with literature
profiles. The basic use is to match the
profile to a typical combustion process
profile (pyrogenic) or a typical crude
oil/refined products profile (petrogenic)'.
Another use is to ratio the relative
abundance of the alkylated homologues of
one PAH family (e.g. C,-phenanthrene) to
that of another PAH family (e.g. C-
dibenzothiophene). These ratios are then
used to distinguish between different
sources. An ideal source ratio would be
unique to that particular source, and if the
two analytes would degrade at similar
rates®. Weathering ratios are determined
in a similar way except that two alkylated




homologues from two different PAH
families are chosen that degrade at a
different rate, e.g. C3-N/C,-P, where C3-N
will degrade faster than C,-P.

Depletion Studies for SPME in a
Complex Matrix

Aqueous environmental samples normally
contain diverse and highly complex
matrices in which multiphase systems
exist. An example of such a system is
water contaminated with a DNAPL. [t
was shown in a previous study® that less
of the target analytes are adsorbed on a
SPME fiber when analysing in matrices
other than water, such as biological fluids,
urine, milk or blood. Since SPME is an
equilibrium  partitioning  process, a
fractional amount of solute will be
extracted at equilibrium or at any other
period in time. This amount is linearly
related to the concentration of the analyte,
as long as the analysis procedure is
standardised. In a typical multiphase
environmental sample, the total number of
moles (n) of analyte in the system can be
described by Equation 6.5, where Cy is
the initial analyte concentration, Ve 1s the
total matrix volume, C; and V; is the moles
of solute in the fiber, Cy, Vy 1s the moles
of solute in the water phase and 2.Cw; Vi
is the moles of solute in the ith phase of
the matrix'%.

n= C()VMT = Cfo+ C\\'Vw + ZCMiVMi (65)

The fractional amount of solute adsorbed
on the fiber (py) at equilibrium can then be
determined using the following equation:

Py=CiVy/ CoVr

The amount of solute which can partition
into the sample matrix (2_Cmi Vi), can have
an effect on C;Vy and, hence, on P The
amount of analyte adsorbed normally
decreases as the matrix become more
complex, i.e. an increase in the number of
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phases in the sample and the volume (V)
of each phase according to Equation 6.5.
In the steel industry, for example, a
contaminated water sample can contain
lipids (rolling oils), mineral oil (lubricants)
and typical coal tar components (Figure
2.2). A previously characterised water
sample found to be contaminate<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>